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Summary

The thesis starts with a short introduction to smooth dynamical systems and
Hamiltonian dynamical systems. The aim of the introductory chapter is to collect basic
results and concepts used in the thesis to make it self-contained.

The second chapter of the thesis deals with the interaction of two charges moving
in R? in a magnetic field B. This problem can be formulated as a Hamiltonian system
with four degrees of freedom. Assuming that the magnetic field is uniform and the
interaction potential has rotational symmetry we reduce this Hamiltonian system to one
with two degrees of freedom; for certain values of the conserved quantities and choices
of parameters, we obtain an integrable system. Furthermore, when the interaction
potential is of Coulomb type, we prove that, for suitable regime of parameters, there
are invariant subsets on which this system contains a suspension of a subshift of finite
type. This implies non—integrability for this system with a Coulomb type interaction.
Explicit knowledge of the reconstruction map and a dynamical analysis of the reduced
Hamiltonian systems are the tools we use in order to give a description for the various
types of dynamical behaviours in this system: from periodic to quasiperiodic and chaotic
orbits, from bounded to unbounded motion.

In the third chapter of the thesis we study the interaction of two charges moving
in R3 in a magnetic field B. This problem can also be formulated as a Hamiltonian
system, but one with six degrees of freedom. We keep the assumption that the magnetic
field is uniform and the interaction potential has rotational symmetry and reduce this
Hamiltonian system to one with three degrees of freedom; for certain values of the
conserved quantities and choices of parameters, we obtain a system with two degrees
of freedom. Furthermore, when the interaction potential is chosen to be Coulomb we
prove the existence of an invariant submanifold where the system can be reduced by a
further degree of freedom. The reductions simplify the analysis of some properties of
this system: we use the reconstruction map to obtain a classification for the dynamics
in terms of boundedness of the motion and the existence of collisions. Moreover, we
study the scattering map associated with this system in the limit of widely separated
trajectories. In this limit we prove that the norms of the gyroradii of the particles are
conserved during an interaction and that the interaction of the two particles is responsible
for a rotation of the guiding centres around a fixed centre in the case of two charges
whose sum is not zero and a drift of the guiding centres in the case of two charges
whose sum is zero.



Chapter 1

Introduction

A dynamical system is a rule describing the evolution with time of a point in a given set.
This rule might be specified by very different means like ordinary differential equations,
iterated maps, partial differential equations or cellular automata. In this thesis we will be
most concerned with a very special case of differential equations: Hamilton's equations.
Indeed, some famous examples of dynamical systems are mechanical systems that can
be written in terms of Hamilton's equations like the harmonic oscillator, the pendulum
and double pendulum and the N-body problem.

The mathematical theory of dynamical systems has its roots in classical me-
chanics, which started to be developed in the XVI and XVII centuries by Galileo and
Newton, respectively. In 1686, with the publication of the Principia, Newton laid down
the mathematical principles of classical mechanics with three laws governing the motion
of bodies under the presence of external forces and described the universal law of gravity.
This inspired the work of mathematicians like Euler, Lagrange, Hamilton and Poincaré
that built on the shoulders of Newton!

The work of Poincaré was a great influence to the present state of the subject
since it led to a change in the motivation from the quantitative to the qualitative and
geometrical study of such mechanical systems and more general systems of nonlinear

differential equations. This change was a key step for the development of the modern



theory of dynamical systems during the XX century. This qualitative way of looking at
nonlinear dynamical systems was further developed by Birkhoff in the first half of the
XX century. At the same time the subject was flourishing in the Soviet Union with
the works of Lyapunov, Andronov, Pontryagin and others. A new wave of development
came by around 1960 with the influential works of Smale and Moser in the United States,

Kolmogorov, Arnold and Sinai in the Soviet Union and Peixoto in Brazil.

1.1 A short introduction to smooth dynamical systems

In a more precise way, a dynamical system is a triple (M, <bt,K) where M is called the
phase space and is usually a smooth manifold, ¢! : M x K — M, called the evolution, is
a smooth action of K in M and K > t is either a subset of R in the case of a continuous
time dynamical system or a subset of Z in the case of a discrete time dynamical system.

Throughout this thesis we deal mainly with dynamical systems determined by a
special type of ordinary differential equations called Hamilton's equations. In this section
we will introduce basic concepts of the theory of dynamical systems that will be used in
this thesis. We will concentrate only on introducing concepts related with the analysis
of dynamical systems defined by ordinary differential equations and iterated maps. All
the concepts, statements and its proofs in this section can be found in [16, 20, 31, 34]

and references therein.

1.1.1 Basic definitions and results: maps

In this section we introduce a class of dynamical systems with an evolution rule of the
form

x = f(xi—1) , te K, (1.1.1)

where, for simplicity of exposition, we assume that f : M — M is a C* diffeomorphism
with & > 1. For convenience, we will assume that M is a connected Riemannian

manifold (with a metric d: M x M — R).



The forward orbit of a point p is the subset of M defined by

O*(p) ={f"(p) : n >0} ,

the backward orbit of a point p is the subset of M defined by
O~ (p) ={f"(p) :n <0}

and the (whole) orbit of a point p is the set
O(p) =0"(p)UO (p) .

Definition 1.1.1. We say that a point p € M s a fixed point of f if f(p) = p. A point
p € M is a periodic point of period N if there exists N € N such that f(p) = p and
f/(p) # p for every 0 < j < N.

If p is a periodic point of period N then O(p) = {p,f(p),...,fN_l(p)}. If
N =1 then p is a fixed point and O(p) = {p}.
Next we introduce the concept of stability of points. Such concepts are of crucial

importance for applications of dynamical systems.

Definition 1.1.2. A point p is Lyapunov stable if for any € > 0 there is § > 0 such that
if d(q,p) < 0 then d (fj(q), fj(p)) < € for every j > 0. A point p is asymptotically
stable if it is Lyapunov stable and there exists a neighbourhood V' of p such that for

every q €V, d(f7(q), f7(p)) tends to zero as j tends to infinity.

Intuitively, if p is a Lyapunov stable point, then for every point g close enough
to p its orbit stays close to the orbit of p. If p is asymptotically stable, then for every
point g close enough to p the forward orbit of g will converge to the forward orbit of p.

Some subsets of M have a property that makes them special when studying a
dynamical system: they are invariant under the dynamics. The orbits O(p) of points
of M under iteration by f are examples of invariant subsets of M. Below we introduce

the notion of invariance.

Definition 1.1.3. A subset S C M is



e positively invariant if f(S) C S.
e negatively invariant if f~1(S) C S.

e invariant if f(S) =S.

Local stability of periodic points

The stability of periodic points (and fixed points) is, under certain conditions, determined
by a linear system associated with (1.1.1). We will now discuss such conditions.
Let p be a periodic point of (1.1.1) with least period N € N. Since fV(p) =p

we obtain that p is a fixed point of the dynamical system
x— fN(x). (1.1.2)
Expanding (1.1.2) in Taylor series about p we obtain
x—p+Df)(x—p)+0(lz—p)

where szj,v denotes the Jacobian matrix of fV at p. Introducing the variable y =

x —p € R™ in a neighbourhood of p, we obtain

y— DfYy+0 (lyP) .
The linearized system associated with (1.1.2) is then given by
y— Df)y.
We define the stable eigenspace E*, unstable eigenspace E" and centre eigenspace E°
by
E® = span{v® € R™: v° s a generalized eigenvector for
an eigenvalue A4 of szj,v with [Ag| < 1}
E* = span{v" € R™: o“ is a generalized eigenvector for
an eigenvalue )\, of sz],V with [A\,| > 1}
E° = span{v® € R™: wv° s a generalized eigenvector for

an eigenvalue \. of DfI],V with [Ac| =1} .



Definition 1.1.4. Let p be a periodic point of (1.1.1) with least period N € N. We

say that
e p is hyperbolic if E¢ = {0}.

e p is elliptic if all eigenvalues \. of sz],V are such that |A\.| =1 and A\, # 1. If
p is elliptic we have that E® = E* = {0}.

Definition 1.1.5. Let p be a hyperbolic periodic point of (1.1.1) with least period
N € N. We say that

e pisasink if E* = {0}.
e p is a source if ES = {0}.
e p is a saddle if E® # {0} and E* # {0}.

It is clear that the stability of periodic points of (1.1.1) can be studied by
analysing the stability of fixed points of (1.1.2). From now on, we will restrict our
attention to fixed points of (1.1.1).

The next theorem states that if p is a hyperbolic fixed point of (1.1.1) then
the linear part of D f,, completely determines the stability of p. More specifically, the
theorem ensures the existence (in a neighbourhood of p) of a conjugacy between (1.1.1)

and its linearization.

Theorem 1.1.6 (Hartman—Grobman Theorem). Let f : M — M be a C" diffeomor-
phism (r > 1) with a hyperbolic fixed point p. Then there exist neighbourhoods U of
p and V of 0 and a homeomorphism h : V' — U such that f(h(x)) = h(Ax) for all
x eV, where A= Dfp.

The stability of a hyperbolic fixed point (or periodic point) follows from the

Hartman—Grobman theorem.

Corollary 1.1.7. Let f : M — M be a C" diffeomorphism (r > 1) with a hyperbolic
fixed point p. If p is a source or a saddle then the fixed point p is not Liapunov stable.

If p is a sink then it is asymptotically stable.



Definition 1.1.8. Let p be a hyperbolic fixed point of (1.1.1) and U a neighbourhood

of p. The local stable manifold for p in the neighbourhood U is the set
Wé(p,U)={qeU: fi(q) €U for j >0and d(f(q),p) = 0asj— oo} .
The local unstable manifold for p in the neighbourhood U is the set
W'p,U)={qeU: f7(q) €U forj>0andd(f(q).p) —»0asj— oo} .

To simplify notation we also denote W*(p,U) and W"(p,U) by W} . and W},
respectively, provided this does not causes any ambiguity regarding the point p. Further-
more, it is usual to take U = B (p,€) = {q € M : d(q,p) < €}. In this case we denote
the stable and unstable manifolds for p in B (p,€) by W(p) and W*(p), respectively.

It follows from Hartman—Grobman theorem that the local stable and unstable
manifolds are topological disks. The next theorem states that the local stable and
unstable manifolds are C* embedded manifolds which can be represented as the graph
of a map from one of the spaces E® or E“ to the other. Before stating the theorem we
need to introduce the notion of exponential map at a point p € M.

Note that there exists a neighbourhood V), of 0 € T}, M such that all geodesics
through p € M are defined for ¢ € [0, 1]. For a tangent vector v € T, M, let ~,(t) be
the unique geodesic with 7,(0) = p and 5,,(0) = v. We define the exponential map at
pEeM, expp:Vp—>M, by

expp(v) = Y(1) -

Theorem 1.1.9 (Stable Manifold Theorem). Let f : M — M be a C* diffeomorphism
(k > 1) with a hyperbolic fixed point p. Then, there is € > 0 such that W?(p) and
W(p) are each C* embedded disks which are tangent to E° and E¥, respectively.
Let D*(e) and D"(e) denote disks of radius € contained in E5 and E“, respectively.
The local stable manifold W?#(p) can be represented as the graph of a C* function
o®: D%(e) — D"(¢) with 0°(0) =0 and D(c®)y = 0:

We(p) = expp ({(0°(v),v) : v € D*(€)})



Similarly, the local unstable manifold W*(p) can be represented as the graph of a C*
function o* : D"(e) — D?*(e) with c*(0) = 0 and D(c")y = 0:

W (p) = exp, ({(v,0%(v)) : v € D¥(e)}) .
The global stable and unstable manifolds, denoted by W*(p) and W*(p) res-
pectively, are obtained from the local stable and unstable manifolds by the relations

wep) = |J W (p,U))

n>0

whp) = [Jf W p0)) .

n>0
1.1.2 Basic definitions and results: flows

In this section we introduce a class of dynamical systems for which the evolution rule is

determined by an ordinary differential equation of the form

@ = f(x), (1.1.3)

where f: M — TM is a C" vector field (r > 1) on the manifold M. For convenience
we will also assume throughout this section that M is a connected Riemannian manifold
(with a metric d: M x M — R).

We now state a fundamental result for the study of solutions of ordinary diffe-
rential equations that will guarantee the existence of an evolution rule (flow) associated

with (1.1.3).

Theorem 1.1.10 (Existence and Uniqueness of solutions of ordinary differential equa-
tions). Let M be a smooth manifold and f : M — TM a Lipschitz map. Let xy € M
and to € R. Then, there exists an « > 0 and a unique solution x(t) of € = f(x)
defined for t) — a < t < to + « such that x(ty) = xo. Furthermore, the solution x(t)

depends continuously on the initial condition xy.

Let «(t) be a solution of (1.1.3) with initial condition x(tp) = xo. Since (1.1.3)
is independent of ¢, any translate of the solution, x(t — 7), is also a solution. Hence,

from now on we will only consider initial conditions of the form x(0) = .

7



We define the maximal domain of definition of a solution x(t) of (1.1.3) with
initial condition x(0) = x( as the largest open interval (¢, ¢") for which the solution
is defined. The interval must be open by the existence of solutions on a short interval
guaranteed by theorem 1.1.10. We say that the vector field f is complete if the maximal
domain of definition of all solutions of (1.1.3) is R. We next state a condition that

ensures the existence of solutions of (1.1.3) for all ¢t € R.

Theorem 1.1.11. Let M be a compact manifold with no boundary and f : M — T M

a C' vector field. Then f is a complete vector field.

The last theorem does not includes the fundamental case where M is a more
general subset of R™ (or the whole R™) for some m € N. We will now see how to
modify a differential equation so that its solutions are defined for all ¢ € R.

Assume that f : U C R™ — R™ is a vector field defined on a open set U of
R™ and let g : U — R be a smooth positive function. Then a reparametrization of the

solutions of (1.1.3) is defined by
dt = g(x)dr .

Let a prime denote the derivative with respect to 7, then (1.1.3) becomes

Theorem 1.1.12. Let f : U C R™ — R™ be a C' vector field defined on a open set U
of R™. There exists a reparametrization of (1.1.3) such that all solutions are defined

for all t.

For simplicity of exposition, from now on we will assume that the vector field in
(1.1.3) is complete, that is, either M is a compact manifold with no boundary or M is
a open subset of R and (1.1.3) has been conveniently reparametrized.

For the case of dynamical systems defined by differential equations, the time
parameter is continuous ¢ € R and the evolution ¢! is the flow of the vector field f(x),

i.e. ' : M x R — M satisfies each of the following properties:



i) $o!(z) = fog!(x)foreveryt e Rand x € M,
i) ¢(x) = x for every ¢ € M,
i) ¢fo¢®(x) = ¢!t (x) for every t,s € R and x € M,
iv) for fixed t, ¢! is a homeomorphism on its domain of definition.

Given a point p € M, the orbit of p is the subset of M defined by

O(p) ={¢'(p) : t € R} .

Definition 1.1.13. We say that a point p € M is an equilibrium for the flow of (1.1.3)
if p'(p) = p for allt € R. A point p € M is a periodic point of period T if there exists
positive T € R such that ¢* (p) = p and ¢'(p) # p for every 0 < t < T. The orbit

O(p) of a periodic point is called a periodic orbit.

If p is a periodic point of period T' then O(p) = {¢'(p) : 0 <t < T} is called
a periodic orbit.

Since the flows we consider here are solutions of differential equations we obtain
that an equilibrium p for the flow ¢! of the differential equation (1.1.3) must satisfy
f(p) =0.

We next give the definitions of Lyapunov stability and asymptotic stability in the

context of flows.

Definition 1.1.14. The orbit of a point p is Lyapunov stable for a flow ¢! if for any
€ > 0 there is § > 0 such that if d(q,p) < 0, then d (¢'(q),¢"(p)) < € for all t > 0.
The orbit of a point p is asymptotically stable if it is Lyapunov stable and there exists
a neighbourhood V' of p such that for every g € V, d (¢'(q), ' (p)) tends to zero as t

tends to infinity.
The notion of an invariant set also generalizes for the case of flows.

Definition 1.1.15. A subset S C M is invariant if ¢'(S) = S for all t € R.



Local stability of equilibria

The stability of equilibria is, under certain conditions, determined by a linear system
associated with (1.1.3). We will now discuss such conditions.
Let p be an equilibrium point of (1.1.3). Since f(p) = 0, expanding (1.1.3) in

Taylor series about p we obtain
. 2
& =Dfp(z—p)+O0(lz—pl*) ,

where D f;, denotes the Jacobian matrix of f at p. The linearized system at p associated
with (1.1.3) is then given by
= Dfp(x—p). (1.1.4)

We define the stable eigenspace E°, unstable eigenspace E“ and centre eigenspace E°

by

E® = span{v® € R™: ov° s a generalized eigenvector for
an eigenvalue s of D fp, with Re()s) < 0}
E* = span{v" € R™: o" is a generalized eigenvector for
an eigenvalue X\, of D fp with Re(\,) > 0}
E° = span{v® € R™: wv° s a generalized eigenvector for
an eigenvalue A; of D f, with Re(\;) =0} .
Definition 1.1.16. Let p be an equilibrium for the flow of (1.1.3). We say that
e p is hyperbolic if E¢ = {0}.
e p is elliptic if E* = E* = {0}.

Definition 1.1.17. Let p be a hyperbolic equilibrium for the flow of (1.1.3). We say

that
e p is asink if E* = {0}.
e p is a source if ES = {0}.

10



e p is a saddle if E® # {0} and E* # {0}.

The next theorem states that if p is a hyperbolic equilibrium point for the flow
of (1.1.3) then the linear part of D f, completely determines the stability of p. More
specifically, the theorem ensures the existence (in a neighbourhood of p) of a conjugacy

between (1.1.3) and its linearization (1.1.4).

Theorem 1.1.18 (Hartman—Grobman Theorem). Let p be a hyperbolic equilibrium for
the flow of & = f(x). Then, the flow ¢' of f is conjugate in a neighbourhood of p to the
affine flow p+eAt(y —p), where A = D fp- More precisely, there exist a neighbourhood
U of p and a homeomorphism h : U — U such that ¢'(h(z)) = h (p + e (y — p)) as
long as p + et(y —p) € U.

The stability of a hyperbolic equilibrium follows from the Hartman—Grobman

theorem.

Corollary 1.1.19. Let p be a hyperbolic equilibrium for the flow of & = f(x). If p is a
source or a saddle, then p is not Liapunov stable. If p is a sink, then it is asymptotically

stable.

Remark Let p be a hyperbolic equilibrium for the flow of & = f(x) and let A1, ..., A\,

be the eigenvalues of the matrix D f,,. Assume a non—degeneracy condition of the form
m
Aj # ZmiAi : jefl,..,m}
i=1

for any choice of m; € Z such that m; > 0 for every i € {1,...,m} and > " m; > 2.
Then, if the vector field f is smooth enough, the homeomorphism A in the Hartman—
Grobman theorem 1.1.18 can be shown to be a diffeomorphism. See [3, 19] and refe-

rences therein for more details on smooth linearization of vector fields.

Definition 1.1.20. Let p be an equilibrium point for the flow of & = f(x) and U a

neighbourhood of p. The local stable manifold for p in the neighbourhood U is the set

We(p,U) = {qe U:¢'(q) €U for t >0 and d(¢'(q),p) — 0 ast—>oo} .

11



The local unstable manifold for p in the neighbourhood U is the set
W4 p,U) = {q cU:¢"q)eUfort>0andd¢p '(q),p) — 0ast— oo} )

To simplify notation we also denote W*(p,U) and W"(p,U) by W} . and W},
respectively, provided this does not causes any ambiguity regarding the point p. Further-
more, it is usual to take U = B (p,€) = {q € M : d(q,p) < €}. In this case we denote
the stable and unstable manifolds for p in B (p,€) by W(p) and W (p), respectively.

It follows from Hartman—Grobman theorem that the local stable and unstable
manifolds are topological disks. The next theorem states that the local stable and
unstable manifolds are C* embedded manifolds which can be represented as the graph

of a map from one of the spaces E° or E* to the other.

Theorem 1.1.21 (Stable Manifold Theorem). Let p be a hyperbolic equilibrium for the
flow of & = f(x), where f : M — TM is a C* vector field (k > 1). Then, there is
€ > 0 such that W2 (p) and W¥(p) are each C* embedded disks which are tangent to
E® and E¥, respectively. Let D*(e) and D"(e) denote disks of radius € contained in E®
and E¥, respectively. The local stable manifold W2 (p) can be represented as the graph
of a C* function o® : D*(¢) — D"(¢) with o*(0) = 0 and D(c*)g = 0:

We(p) = expp ({(0°(v),v) v € D*(e)})

Similarly, the local unstable manifold W*(p) can be represented as the graph of a C*
function o* : D"(e) — D?*(e) with c*(0) = 0 and D(c")y = 0:

We(p) = exp, ({(v,0%(v)) : v € D*()}) -
The global stable and unstable manifolds, denoted by W#(p) and W*(p) res-
pectively, are obtained from the local stable and unstable manifolds by the relations

wep) = |Jo' W(p,U))

t<0

wep) = |J¢' W*(p,V)) .

>0
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1.1.3 The Poincaré map and the suspension of a map

In this section we will look at two constructions that connect the two kinds of dynamical

systems introduced in the previous sections.

The Poincaré map

We consider again the differential equation (1.1.3) and let  denote a periodic orbit of
the flow of (1.1.3) with period 7" and p € . Then, for some k, the kth coordinate of
the vector field f must be non—zero at p, fx(p) # 0. We take the hyperplane given by

Y={x:z,=pr} .

The hyperplane X is called a cross section at p. For some x € X near p, the flow ¢'(x)

returns to X in time 7(x) close to T. We call 7(x) the first return time.

Definition 1.1.22. Let V C X be an open set in ¥ on which 7(x) is a differentiable

function. The Poincaré map, P : V — %, is defined by
P(z) = ¢"@®)(x) . (1.1.5)

Thus, the Poincaré map reduces the analysis of a continuous time dynamical
system to the analysis of a discrete time dynamical system. This is very useful for the
analysis of the behaviour of periodic orbits of flows since such orbits are fixed points of
the Poincaré map. We list below some properties of the Poincaré map of a flow near a

periodic orbit.
Theorem 1.1.23. Let ¢' be a C" flow (r > 1) of & = f(x).

i) If p is on a periodic orbit of period T" and % is transversal at p, then the first

return time 7(x) is defined in a neighbourhood V of p and 7:V — R is C".
i) The Poincaré map (1.1.5) is C".

iii) If v is a periodic orbit of period T and p € ~y, then D¢£ has 1 as an eigenvalue

with eigenvector f(p).
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iv) If v is a periodic orbit of period T' and p,q € -y, then the derivatives Dgi)g and

D(bg are linearly conjugate and so have the same eigenvalues.

We will now use the Poincaré map to study the stability of periodic orbits of the

dynamical system defined by (1.1.3).

Definition 1.1.24. Let v be a periodic orbit of period T' for the flow of (1.1.3) with
p € v and let 1,\q,...,\;y,—1 be the eigenvalues of D(f)Z. The m — 1 eigenvalues

A1, ..s Am—1 are called the characteristic multipliers of the periodic orbit .

Definition 1.1.25. Let v be a periodic orbit of period T for the flow of (1.1.3) with

characteristic multipliers A1, ..., Ajy—1. We say that
e v is hyperbolic if |\;| # 1 for all j € {1,...,m — 1}.
o v is elliptic if [\;| =1 forall j € {1,...,m — 1}.

Definition 1.1.26. Let v be a hyperbolic periodic orbit of period T for the flow of

(1.1.3) with characteristic multipliers A1, ..., Ajp—1. We say that
e 7 is a periodic sink if [\;| <1 forall j € {1,...,m — 1},
e 7 is a periodic source if |\;| > 1 for all j € {1,...,m — 1}.
e 7 is a saddle periodic orbit if v is neither a periodic sink nor a periodic source.

The next result establishes the relation between the characteristic multipliers and

the Poincaré map near a periodic orbit.

Theorem 1.1.27. Let p be a point on a periodic orbit v of period T' for the flow of
& = f(x). Then, the characteristic multipliers of the periodic orbit are the same as the

eigenvalues of the derivative of the Poincaré map at p.

The next theorem regarding the stability of periodic orbits of flows follows the

theorem above and the analysis of the stability of fixed points of maps.
Theorem 1.1.28. Let v be a periodic orbit of period T' for the flow of & = f(x).
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i) If v is a periodic sink, then ~y is asymptotically stable.

i) If v has at least one characteristic multiplier A, such that |\g| > 1, then ~y is not

Lyapunov stable.

The suspension of a map

We now describe a construction that takes a C” diffeomorphism on a given space to a
C" flow on a space of one higher dimension. The flow we obtain is called the suspension
of the map.
Givenamap f : X — X, consider the space X xR with the equivalence relation
~ given by
(z,s+1) ~ (f(z),s) ,
and consider the quotient space of X x R under ~

X=XxR/~ .

It is enough to consider 0 < s < 1, but including the other points makes it clear that the
quotient space has a C" structure provided f is C". Consider the equations on X x R

given by
r = 0
s = 1.

This induces a flow ¢! on X x R which passes to a flow gz~5t on the quotient space X.

The flow &t is the suspension flow of the map f. Noting that
¢'(2,0) = (2,1) ~ (f(2),0)

we obtain that the flow on X has f as its Poincaré map.

1.1.4 The )-Lemma

In this section we state two versions of the A-Lemma and a result that follows from

it that will be a key ingredient for section 2.5. Although the A-Lemma holds in other
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settings, we will restrict our attention to its formulation for continuous time dynamical

systems of the form (1.1.3).

The standard version of the \-Lemma

Let p be a hyperbolic equilibrium for the flow ¢' of (1.1.3) and let W . and W},
denote, respectively, the local stable and unstable manifolds for the point p. Let B® be
a disc embedded in W . and B“ a disc contained in W}2 . Take V' = B“ x B® for a
neighbourhood of p.

We consider a point ¢ € W_  and a disc D" of dimension u = dim W}

S
transversal to Wy _ at q.

Theorem 1.1.29 (\-Lemma). Let V = B* x B*, ¢ € W \{p} and D" be as above.
Let D} denote the connected component of ¢! (D) NV that contains ¢'(q). Given

€ > 0 there exists to > 0 such that, if t > to, then D} is e C'—close to W}"...

The strong \-Lemma

Theorem 1.1.29 was improved in [10]. We will now introduce the appropriate setting
for this stronger version of the A-Lemma. Let m,n € N and d = m + n. Assume that
x € R", y € R", Ais areal m x m matrix and B is a real n X n matrix and let ||
denote the sup norm for vectors in Euclidean space. Let U C R? be a neighbourhood of
the origin, f € C**1(U,R™) and g € C**1 (U, R™) with k > 1. Consider the following

hypothesis:

H1: There exist constants A < 0 < p and C' > 1 satisfying
|e| < CeM forall t >0

and

|eBt‘ < Cett forallt <0 .
H2: The maps f and g are such that
f(o,y) = 0 for all (0,y) e U
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g(x,0) = 0 for all (x,0) €U
and
Df(0,0)=0, Dg(0,0) =0,
where D is the differentiation operator with respect to the variables (x,y).
Consider a system of autonomous ordinary differential equations
x = Ax+ f(x,y)
Yy = By+yg(zy), (1.1.6)

with (x,y) € U and A, B, f and g satisfying H1 and H2. Note that every autonomous
ordinary differential equation 2 = F(z) with z € R? and F € C**2 is C**2 locally
conjugate to (1.1.6) in a neighbourhood of its hyperbolic equilibrium.

Let B%(0,9) denote the closed d-ball in R? with its centre at the origin. Assume
that D™ (an n—dimensional disc) is the graph of a smooth function h of y € B"(0,4)
taking values in B™(0,0). We say that D" is C* if h is C*.

Denote by ¢'(z) the solution of (1.1.6) with initial data ¢°(zg) = 2o and let

D = ¢'(D™) N B4(0,6) .

Denote by W

loc

that D} is C*—close to W}, by € if D}" is the graph of a C* function h; of y € B"(0,6)

the local unstable manifold of the equilibrium (0,0). We say

such that all the derivatives of h; in y up to the order k£ are bounded by € for all
y € B"(0,0).

We can now state the strong A\-Lemma.

Theorem 1.1.30 (Strong A-Lemma). Assuming the conditions above we have that for
every given n—dimensional disc D™ of class C* there exist constants ty > 0 and K > 0

such that D is C* exponentially close to Wy, by K e for all t > to.

An application of the strong A\-Lemma

The next result and its proof can be found in [6]. It follows from theorem 1.1.30 and it

is an improvement of Shilnikov's Lemma [35].
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We consider the differential equation
z="F(z), (1.1.7)

where F'is a C? vector field in a neighbourhood of 0 € R™. Let ¢!, t € R, be the flow
of (1.1.7). Suppose that F'(0) = 0 and the matrix D, F(0) has no eigenvalues on the
imaginary axis. Furthermore, assume that there are eigenvalues both with positive and

negative real parts and let
A = min |Re (Spec D,F(0))| .

Denote by W . and W} _ the local stable and unstable manifolds of the equilibrium 0.

The following result holds.

Theorem 1.1.31. Let X, Y be manifolds in R™ intersecting the manifolds Wy} . and
Wia., respectively, transversally at some points xo and yo. Then for sufficiently large

T >0 and 7 > T there exists a solution z(t) = ¢!(2(0)), 0 <t < 7, such that:
e z(0) € X and z(1) €Y,

e there is a representation

z(t) = ¢'(wo) + ¢ (yo) + € Y (1,1) |

where 1) is C? uniformly bounded on Dr, i.e. there exists a constant C > 0 such
that
1Yl c2pprmy < C Dr={(r,t):7>T,0<t<T1} .

e if the manifolds X and Y depend smoothly on a parameter c taking values in a

compact manifold Z, then v (7,t,c) is a C? function of (1,t,c) € Dy x Z, and
[¥lle2(prxzrmy < C-
1.1.5 Chaotic dynamical systems

In this section we will give two possible definitions for a chaotic dynamical system. The

first one is based on sensitive dependence on initial conditions and the second one on
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the notion of topological entropy. It will be useful for section 2.5 that we exemplify the

behaviour of a chaotic dynamical system by introducing the notion of a subshift of finite

type.

We choose to introduce these concepts in the setting of discrete time dynamical

systems since this is the most appropriated for section 2.5.

Chaos

Let (X, d) be a metric space. In what follows we will consider discrete time dynamical
systems determined by maps f : X — X. Before defining what we mean by saying
that the dynamical system defined by f is chaotic we need to introduce some auxiliary

notions.

Definition 1.1.32. We say that a map f : X — X is transitive on a invariant set Y if

the forward orbit of some point x € X is dense in'Y .

Definition 1.1.33. We say that a map f : X — X has sensitive dependence on initial
conditions if there exists § > 0 such that for each point x € X and for each ¢ > 0 there
is a point y € X such that d(z,y) < e and k > 0 such that d (f*(z), f*(y)) > 6.

We now state a possible definition for a chaotic dynamical system.

Definition 1.1.34. We say that a map f on a metric space (X,d) is chaotic on an

invariant set Y if it satisfies the following properties:
i) f is transitive on Y.
i) f has sensitive dependence on initial conditions.
iii) the set of periodic points of f is dense in'Y .

Some other definitions of chaos in dynamical systems are available. For example,
another possible definition would be: a map f on a metric space (X, d) is chaotic on

an invariant set Y if the restriction of f to the invariant set Y has positive topological
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entropy. We should remark, however, that the two definitions given above are not
equivalent.

We will now discuss the notion of topological entropy.

Topological entropy

As in the preceding section let (X, d) be a metric space. In what follows we will consider
the map f : X — X to be continuous.

The topological entropy of the map f is a quantity that describes the amount of
chaos a dynamical system has. We start by giving an intuitive description of topological
entropy before giving a precise definition of it.

Suppose that it is not possible to distinguish between points in X which are
closer together by less than a given distance €. Then, their orbits of length n can be
distinguished provided there is some iterate between 0 and n for which they are at a
distance greater than €. Let r(n,¢, f) be the number of such orbits of length n that
can be distinguished. The entropy for a given ¢, h(e, f), is the growth rate of r(n, ¢, f)
as n goes to infinity. The limit of h(e, f) as € goes to 0 is the entropy of f, h(f).

We now make the notion rigorous. We define the distance d,, s : X x X — R
given by

dp g (2,y) = sup d(f'(z), f'(y))

0<i<n
and say that a subset S of X is (n,€) separated for f if d,, ¢ (x,y) > € for every pair
of distinct points x,y € S.

The number of different orbits of length n is defined by
r(n,e, f) = max {card(S) : S C X is a (n, ) separated set for f} ,

where card(.S) denotes the cardinal of a set S. To measure the growth rate of r(n, ¢, f)

as n increases, we define

h(e, f) = limsup log (r(n. e, f)) :

n—00 n
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Definition 1.1.35. Let f : X — X be a continuous map of a metric space (X,d). The

topological entropy of f is given by

h(f)= lm h(e f) .

e—0,e>0

Since h (¢, f) is a decreasing monotone function of ¢, it follows that the limit of

h (e, f) as € — 0 exists or is equal to co.

Subshifts of finite type

In this section we introduce the shift map and subshifts of finite type. We also state
some results that ensure the existence of chaotic behaviour in this systems.
Let n be an integer such that n > 2 and let 3;" be the space of functions from

N to the set {1,2,...,n}. We define a metric on X by

3k
k=0
for x = (zg, z1,...) and y = (yo,y1, ...), Where

1 ifi#j

0 ifi=j

Definition 1.1.36. We define the full shift map on ¥ by o(x) = y where yp = Tp11.

The space 7 with the shift map o, (X7, 0), is called the symbol space on n symbols.

The shift map has many interesting invariant sets. We describe one of those
invariant sets below.

A transition matrix is an n X n matrix A = (a;;) such that
i) ai; € {0,1} forall 4,5 € {1,...,n}.
i) > a;; >1forallie{1,..,n}and 331 a;; > 1 forall j € {1,...,n}.

The transition matrix restricts the number of sequences in X7 to a set of “al-

lowable” sequences: if we let & be a sequence in 3 given by = (z¢,x1,...) then
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if az,z,,, = 1 we allow the symbol z;,; to follow the symbol z; in the sequence x
whereas if ay,;, ., = 0 it is not possible for the symbol z;,1 to follow the symbol x;
in the sequence x. This subset of “allowed” sequences of ¥,/ is invariant for the shift

map.

Definition 1.1.37. Let (3,7, 0) be the symbol space on n symbols. Given an n x n

transition matrix A, let

Si={zeX}! apqe,, =1fori>0} .

i+1

The space Ejg is made of the allowed sequences of 3 for A. Let o4 = o|_,- The map
A

04 EJAf — Ejg is called the subshift of finite type for the matrix A.

The shift map is a very good example of what a (strongly) chaotic dynamical

system looks like. We state below some results in this direction.
Theorem 1.1.38. Let (X}, 0) be the symbol space on n symbols. Then
i) o has periodic points of all periods.
i) The set of periodic points of o is dense in X7 .
iii) o is transitive on ¥
iv) o has sensitive dependence on initial conditions.

From the statement above we obtain that o defines a chaotic dynamical system
on ;. We will now look at the topological entropy of the shift map and subshifts of
finite type. It is clear that o must have positive topological entropy but this need not

be the case for subshifts of finite type.

Theorem 1.1.39. Let (X7, o) be the symbol space on n symbols. Then, the topological

entropy of o is given by
h(o) =log(n) .
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Theorem 1.1.40. Let A be a transition matrix (on n symbols) and o4 : ¥} — ©h
be the associated subshift of finite type. Then, h(c4) = log(\1), where Ay is the real

eigenvalue of A such that \i > |\;| for all the other eigenvalues \; of A.

Since the matrix A has all its entries equal to either 0 or 1, and every line and
column of A have at least one entry equal to 1, then its largest eigenvalue is always

real.

1.2 A short introduction to Hamiltonian systems, symme-

tries and symplectic reduction

Hamiltonian mechanics are one of the possible formulations for classical mechanics.
Since its invention in 1833 by William Rowan Hamilton it has been one of the most
useful tools for the mathematical analysis of physical systems and it is still a flourishing
field as a mathematical theory.

Its appeal possibly comes from two major qualities in its modern formulation.
First of all, we can say that the main concept in Hamiltonian mechanics is the Hamil-
tonian function which, in the physical setting has the interpretation of energy, giving
the mathematical theory a clear interpretation for some physical problems. Another
major quality for this theory is the mathematical nature of the phase spaces in which
Hamiltonian systems are defined - symplectic manifolds - which are, in some sense, the
perfect setting to deal with symmetries and conservation of quantities in such mechanical
systems.

In this section we shortly revise some of the basic concepts on the theory of
Hamiltonian systems. All the concepts, statements and its proofs in this section can be
found in [1, 4, 9, 24] and references therein. For simplicity of exposition we deal only

with the finite dimensional case here.
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1.2.1 Basic definitions and results

Definition 1.2.1. Let M be a smooth manifold and T M its tangent bundle. A sym-

plectic form on M is a map w : TM x T M — R satisfying the following conditions:
i) w is bilinear.
ii) w is skew-symmetric: w(u,v) = —w(v,u) Yu,v € TM.
i) w is closed: dw = 0.
iv) w is non—degenerate: w(v,w) =0Vw € TM = v =0.

Definition 1.2.2. A symplectic manifold is a pair (M, w) where M is a smooth manifold

and w is a symplectic form on M.

It is worth noting that non—degeneracy of the symplectic form implies that every
symplectic manifold has even dimension. The most immediate example of a symplectic
manifold is R?" with the canonical symplectic form

n
w = Z dg; Adp; .
i=1
There is another reason for the importance of this last example: we next state Darboux's
theorem which guarantees that in small neighbourhoods of symplectic manifolds we can

choose coordinates such that the symplectic form is the canonical one.

Theorem 1.2.3 (Darboux's Theorem). Let (M,w) be a symplectic manifold of dimen-

sion 2n. Then in a neighbourhood of z € M there are local coordinates

((h, <oy dn, P1, 7pn)
such that

w:idqi/\dpi.

i=1
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Definition 1.2.4. Let (M,w) be a symplectic manifold and H : M — R be a C"
map (r > 1), to which we call Hamiltonian function. The Hamiltonian vector field

Xy : M — TM associated with the Hamiltonian function H is defined by
w(Xg,&) =dH(E) , Ve TM . (1.2.1)

We call Hamiltonian system the pair ((M,w), H) and Hamiltonian dynamical system

the dynamical system determined by Hamilton's equations
z = XH(Z) .

Non—degeneracy of the symplectic form implies that the Hamiltonian vector field
X is uniquely defined by (1.2.1).
We now introduce a geometrical structure that generalizes symplectic manifolds:

Poisson manifolds.

Definition 1.2.5. Let M be a smooth manifold and C*°(M) be the algebra of smooth
functions over M. A Poisson bracket on M, {.,.} : C®°(M) x C*(M) — R, is a

bilinear, skew-symmetric operator satisfying Jacobi’s identity
[F,{G, HY} + {G,{H,F}} + {H,{F,G}} = 0 VF,G,H € C*(M) .

Definition 1.2.6. A Poisson manifold is a pair (M, {.,.}) where M is a smooth manifold

and {.,.} is a Poisson bracket on M.

A Poisson manifold is a more general setting than a symplectic manifold to study

Hamiltonian systems. We have that:

1) every symplectic manifold is a Poisson manifold with Poisson bracket given by
{F,G} =w(Xp, Xq) ,
where X and X are the Hamiltonian vector fields of F' and G, respectively.

2) Hamiltonian dynamical systems are well-defined in a Poisson manifold by the

following differential equations:
z={H,z} .

25



In this thesis we will only deal with Hamiltonian systems defined on symplectic manifolds.

Definition 1.2.7. We say that the Hamiltonian system ((M,w), H) has n degrees of
freedom if M is 2n—dimensional. We will often refer to M as the phase space for the

associated Hamiltonian dynamical system.

Note that in Definition 1.2.4 we have defined the Hamiltonian function in a way
that it does not depend explicit on the time. This will be the case for the particular class
of Hamiltonian systems to be studied in this thesis. One of the fundamental properties
of time—independent Hamiltonian systems is the preservation of phase space volume.

This is a classical result and we state it below.

Theorem 1.2.8 (Liouville's Theorem). Let ((M,w), H) be a Hamiltonian system and
let 1t (x) denote the flow of Hamilton's equations. The flow 1)(x) preserves the volume

in phase space. For any region D C M we have
Vol (¢*(D)) = Vol (D) ,

for every t in the maximal domain of definition of 1)'(x), = € D.

Symmetries and conserved quantities
We will now look at the relation between symmetries and conserved quantities in Hamil-
tonian systems and its consequences for the analysis of Hamiltonian dynamical systems.

Definition 1.2.9. Let ((M,w), H) be a Hamiltonian system and let 1'(x) denote the
flow of Hamilton's equations. A conserved quantity (or first integral ) of the Hamiltonian

system is a map J : M — R such that J (wt(a:)) is a constant function of t.

Definition 1.2.10. We say that a Hamiltonian system ((M,w), H) has (continuous)

symmetry if there exists a one—parameter group of transformations of the phase space

M of the Hamiltonian system, ¢ : M x R — M, A € R, that preserves both the

Hamiltonian function and the symplectic form, i.e. the following equalities are satisfied:
o 'H = H

o'w = w.
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The next theorem provides the relation between symmetries and conserved quan-

tities in Hamiltonian systems.

Theorem 1.2.11 (Noether's Theorem). If the Hamiltonian system ((M,w),H) has
a one—parameter group of symmetries ¢, A € R, then Hamilton's equations have a

conserved quantity J : M — R. Furthermore, the following identity holds

w (%’f,g) =dJ (&) VEeTM . (1.2.2)

Thus, associated to each one—parameter group of symmetries there is one con-
served quantity of the Hamiltonian system. The existence of symmetries and conserved
quantities in a Hamiltonian system enables the reduction of the dimension of its phase
space which might lead to a simplification on the analysis of the dynamical behaviour
of Hamilton's equations. We will explore this relation between symmetries, conserved
quantities and reduction of the phase space dimension in the analysis we do for the
problem of two interacting charges in a uniform magnetic field.

Under certain “mild” conditions on the conserved quantities, for each conserved
quantity of a Hamiltonian system we are able to reduce the dimension of its phase space
by two dimensions. We will now provide the setting for the particular and fundamental
case of a Liouville (or completely) integrable Hamiltonian system: n degrees of freedom

with n conserved quantities (independent and in involution).

Definition 1.2.12. Let ((M,w), H) be a Hamiltonian system with conserved quantities
I, ..., F,. We say that the conserved quantities are in involution if the following set of

equalities is satisfied
{Fi, F;} =0, i F£7

Definition 1.2.13. Let ((M,w), H) be a Hamiltonian system with conserved quantities

F1, ..., F, and consider the following level set of the conserved quantities I, ..., F},:
Co={xeM:F(x)=aqa;,i€{l,...,n}} , (1.2.3)
where a = (aq, ..., a,) € R™. We say that the conserved quantities are independent on
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the set Cy C M if the n 1-forms dF;, i € {1,...,n}, are linearly independent at each

point of Cy.

Remark An equivalent condition to independence of the conserved quantities Fi, ..., F;,

on C4q is that the (n x n) matrix
A= (VFi(x),..,VF,(x))

has rank n for every * € Cy. If such a point x exists, then there is a neighbourhood V'

of x such that for all points in V' the matrix A has rank n.
Theorem 1.2.14 (Arnold-Liouville Theorem). Let ((M,w), H) be a Hamiltonian sys-

tem with n degrees of freedom and assume that

i) (M,w), H) has n analytic conserved quantities F,..., F,, in involution.
i) the conserved quantities F1,..., F,, are independent on the level set C, (defined
in (1.2.3)).

Then the Hamiltonian system is completely integrable and C, is a smooth manifold
invariant under the phase flow of the Hamiltonian dynamical system determined by
((M,w), H). If, in addition, we have that the Hamiltonian vector fields are complete

on Cg , then

i) each connected component of C4q is diffeomorphic to the product of a k-
dimensional torus T* with an (n — k)—dimensional Euclidean space R"~* for some
k. If moreover, Cq is compact, then k = n and Cq is diffeomorphic to a torus

.

i) on T* x R"*, there exist coordinates ©1, ..., and z1, ..., zn_, such that Hamil-

ton's equations on C,, are

Yi = wi, 1<i<k

Z] = Cj ) 1 S j S n—k ’
where w; = w;(a) and ¢; = cj(a) are constants.
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Remark The theorem above still holds if the condition of independence of the conserved

quantities on Cy is replaced by independence on a subset of full measure of Cl,.

If a Hamiltonian system does have less conserved quantities than degrees of

freedom a weaker version of Arnold-Liouville theorem still applies.

Theorem 1.2.15. Let ((M,w), H) be a Hamiltonian system with n degrees of freedom

and let k be a positive integer such that k < n. Assume that

i) (M,w), H) has k conserved quantities F1,..., Fy, in involution.
ii) the conserved quantities F1,..., Fy are independent on the level set Cq, given by
Co={xeM:F,(x)=aqa;,i€{l,....k}},
where a = (a1, ..., a;) € RF.

Then the Hamiltonian system ((M,w), H) induces a Hamiltonian system ((Mg,wq), Ha,)

with n — k degrees of freedom.

The explicit construction of the reduced Hamiltonian system ((Mg,waq), Ha) is

given by Marsden—Weinstein theorem that we will state in the next section.

1.2.2 Symplectic reduction

A more formal and general approach to the question of reduction of the dimension of
the phase space of Hamiltonian systems is the Marsden—Weinstein symplectic reduction

theory which uses techniques from Lie groups Theory and Symplectic Geometry.

Lie groups and Lie algebras
In this section we introduce the basic concepts concerning Lie groups Theory.

Definition 1.2.16. A Lie group G is a smooth manifold that has a group structure
consistent with its manifold structure in the sense that the group operation p : G X G —
G given by

(g, h) = gh
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is a smooth map.

Let e denote the identity element of G under the group operation and g~! the
inverse element of g, for each g € GG. We define the left and right translation maps

Ly:G—Gand Ry: G — G by

and the inner automorphism I, : G — G by
Iy(h) = Ly o Ry (h) = ghg™"

Definition 1.2.17. A Lie Algebra is a vector space together with a bilinear, antisym-

metric bracket [€,n] satisfying Jacobi's identity

(1€, ], C1+ (¢, €]m] +1[n,¢], €] =0 .

Let f: M — R be a (smooth) real valued function on a manifold M and X a

vector field on M. The Lie derivative of f along X is the directional derivative
Lx=X[f]=d4dfX .
Let X and Y be vector fields on M. The Lie derivative of Y along X
[X,Y]=LxY (1.2.4)
is the unique vector field such that
Lixy) =[Lx,Ly] .

The bracket defined by (1.2.4) is called Jacobi—Lie bracket. In local coordinates such
that X => 1" | Xia%i andY =317, Yia%,-' the Jacobi-Lie bracket is given by

el R ) () AN
[X’Y]—Z<ZX% Ym)ax

j=1 \i=1
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Lemma 1.2.18. Let M be a smooth manifold and X (M) be the set of vector fields on

M. Then, X(M) with the Jacobi-Lie bracket is a Lie Algebra.

We say that a vector field X on a Lie group G is left invariant if for every g € G

we have that L, X = X, i.e. the following equality holds
(ThLg) X (h) = X (gh) .

Let X7(G) denote the set of left invariant vector fields on G. If g € G and XY €
XL(G), then
L[ X, Y]=[L,X,L,"Y] = [X.,Y] ,

so [X,Y] € XL(G). Hence, X(G) is a Lie subalgebra of X(G). For each ¢ € T.G,

we define a vector field X¢ on G by

Xe(g) =T.Ly(§) .

We can now define the Lie bracket in T.G by the relation

[§,m] = [Xe, Xy] () (1.2.5)
where £, € T.G and [X¢, X,)] is the Jacobi-Lie bracket of vector fields.
Lemma 1.2.19. The vector space T.G with the Lie bracket (1.2.5) is a Lie Algebra.
We call it the Lie Algebra of G and denote it by G.

Actions of Lie groups on manifolds

In this section we study actions of Lie groups on manifolds. For simplicity of exposition

we fix the following notation: G is a Lie group and M is a smooth manifold.

Definition 1.2.20. An action ¢ of G on M is a smooth map ¢ : G x M — M, which

we denote by
¢(g,m) = dg(m) ,

and satisfies the following conditions
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i) ¢e(x) = x for every x € M.

i) ¢gn(x) = ¢y (dn(x)) for every g,h € G and every x € M.

Let x € M. The orbit of x is the subset of M defined by
Oz = {¢q4(x) : g € G} .
An action ¢ of G on M defines an equivalence relation ~ on M given by
y ~ x if there exists some g € G such that y € O .

Let M /G be the set of the equivalence classes of ~, to which we call orbit space, define

the projection 7 : M — M /G as

and give M/G the quotient topology, i.e. A C M/G is open if and only if 771(A) is
open in M. If we want to make M /G a smooth manifold we have to put some more

conditions on the action ¢ of G on M.

Definition 1.2.21. We say that the action ¢ of G on M is proper if the map ) :
GxM— M x M, given by

w(gv ZU) = (wv ¢g(w))
is a proper map.

Since G and M are manifolds, the condition given above for ¢ to be proper
is equivalent to require that the preimage ¢ ~'(K) of a compact set K C M x M
under the map ) is still a compact set. If the Lie group G is compact this condition is
automatically satisfied.

We define the isotropy group of ¢ at * € M by
Ge={9€G:¢4(x) =2} .

Noting that the isotropy group G is a closed subgroup of G we obtain that G is also

a Lie group and hence a Lie subgroup of G.
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Definition 1.2.22. We say that the action ¢ of G on M is free when each point x € M

has a trivial isotropy group, i.e. Gg = {e} for all x € M.

Remark If ¢ is an action of G on M which is proper and free then the quotient M /G

is a smooth manifold.

We now look at actions of GG on its Lie Algebra G and the dual of its Lie Algebra
Gg*.
Definition 1.2.23. The adjoint action of G on G, Ad: G x G — G, is given by
Ad (97 g) = Telgf
and the adjoint representation of G on G, Ad, : G — G, is given by
Ady(§) = Ad(g,§) -
Denote by Adz : G* — G* the dual of Ad,, defined by
<Ad2M’§> = (1, Adg€)
where € G*, £ € G and (-, -) is the natural pairing between G* and G.
Definition 1.2.24. The coadjoint action of G on G*, Ad* : G x G* — G*, Is given by
Ad* (g, 1) = Ady (1) -
The isotropy group of the coadjoint action of G on G* at ;i € G* is defined by

Gu={9€e€G: Ady-.p=p} .

Momentum map

Throughout this section let ((M,w), H) be a Hamiltonian system and G a Lie group
acting on M through ¢.
For every £ € G we define the vector field X¢ on M by

d
Xé(x) - $| - ¢exp(t£)(x) :

We call X¢ the infinitesimal generator of ¢ in the direction &.
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Definition 1.2.25. We say that an action ¢ of G on M is a Hamiltonian action if
for every ¢ € G the infinitesimal generator X¢ is a Hamiltonian vector field on the

symplectic manifold (M, w).

Equivalently, one could have defined a Hamiltonian action by requiring that for
every £ € G there exists a smooth function J¢ : M — R such that X¢ is the Hamiltonian

vector field X je of J¢.

Remark If G is a connected Lie group and ¢ is a Hamiltonian action then, for every
g € G, ¢g4 is a symplectomorphism. From now on we will assume that G is connected

so that all Hamiltonian actions are also symplectomorphisms.

Definition 1.2.26. We say that the map J : M — G* is a momentum map for the

action ¢ of G on M if forevery £ € G
w (X5.¢) = dI8(0)

where J¢ : M — R is defined by

and X¢ is the infinitesimal generator of ¢ in the direction &.

In other words, the definition above says that .J is a momentum map if X¢ is
the Hamiltonian vector field of J¢.
If the Hamiltonian action ¢ is a group of symmetries of the Hamiltonian system

((M,w), H), i.e for every g € G we have that

0 H = H

¢g*w = w 9

then for every £ € G the function Jé(x) is a conserved quantity of the Hamiltonian

system ((M,w), H).
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Definition 1.2.27. We say that the momentum map J : M — G* is coadjoint

equivariant if for every g € G the following equality holds:

S (0g(x)) = Ady-1 (J())

We now look at the case of (possibly) non coadjoint equivariant momentum
maps. We will see that it is always possible to make a (constant) correction to the
coadjoint action of G on G* such that the new coadjoint action makes the momentum

map coadjoint equivariant.

Proposition 1.2.28. Let (M,w) be a symplectic manifold, ¢ a Hamiltonian action of
a Lie group G on M, Ad* the coadjoint action of G on G* and J a momentum map

for the action ¢. Define, for every g € G and £ € G, the map v, : M — R, given by

Yye(x) = J (dg(x)) — T () .

Then vy ¢ is constant on M. Let o : G — G* be defined by 0(g).§ = 1g¢(x). We call

o the coadjoint cocycle associated to J.

Proposition 1.2.29. Let (M,w) be a symplectic manifold, ¢ a Hamiltonian action of
a Lie group G on M, Ad* the coadjoint action of G on G* and J a momentum map

for the action ¢, with cocycle o. Then:
i) the map Ad G x G* — G* defined by
Ad (g, 1) = Adj (1) + o (g)
is a (coadjoint) action of G on G*.

i) the momentum map J is coadjoint equivariant with respect to the coadjoint action

Ad .

Marsden—Weinstein Theorem

The first step towards the next theorem was done by Smale [36]. This was later gene-

ralized by Meyer [27] and Marsden and Weinstein [25].
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Theorem 1.2.30 (Marsden—Weinstein Reduction). Let ¢ be a free proper action of
the Lie group G on the symplectic manifold (M,w), which has a coadjoint equivariant
momentum map J : M — G*. Suppose that u € G* is a regular value of J. Then
the reduced space M,, = J~'(n)/G,, is a smooth symplectic manifold with symplectic

form w,, defined by mw, = i*w with dimension
dim M, = dim J ' () — dim G, .

Here m,, : J~Y(u) — M, is the orbit map (or reduction map) of the action ¢ B
K K IG’HXJ 1)

of G, on J7Y(u) and i : J=*(u) — M is the inclusion.

One of the main applications of the last theorem is to remove symmetries from a
Hamiltonian system defined on (M, w). Thus, if the Hamiltonian function H : M — R
is invariant under the action ¢ given in the theorem with coadjoint equivariant momen-
tum map J : M — G* then, for every regular value p of J, H|J71m induces a smooth

function H,, on the reduced space M, called the reduced Hamiltonian, satisfying
m,Hy, =i"H .

We call the pair ((M,,w,), H,) reduced Hamiltonian system. It is relevant to note that
the Hamiltonian vector field associated with H in J~!(1) is related with the Hamiltonian

vector field associated with H,, in M,, by
TryoXy =Xy, omy, .
Remark We note that:

i) by Sard’s theorem almost every p € G* is a regular value of J.

ii) the assumption that u € G* is a regular value of J can be relaxed in theorem
1.2.30. Indeed, it is enough to assume that u € G* is a weakly regular value of

J,i.e. J7Y(u) is a submanifold of M and T,J1(u) = kerT,J.
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i) if 44 is a regular value of J, the action of G, is locally free. Even if the action
is not globally free and proper the construction of the reduced space in theorem

1.2.30 can be done locally.

When the group of symmetries of a Hamiltonian system is of the form G x K
it is useful to use symplectic reduction by stages. The next theorem assures that this
is possible. See [26] for more details and an extension of the next result to semidirect

products of Lie groups.

Theorem 1.2.31 (Commuting Reduction Theorem). Let (M,w) be a symplectic ma-
nifold, G a Lie group (with Lie algebra G) acting symplectically on M and having an
equivariant momentum map Jg : M — G*. Assume that u € G* is a regular value of
Ja and that the action of G, is free and proper, so that the symplectic reduced space
M, = J;"(1)/G,, is a smooth manifold. Let K be another group (with Lie algebra K)
acting on M with an equivariant momentum map Ji : M — K*. Assume that v is a
regular value for the K-action. Suppose that the actions of G and K on M commute.

Then Jg x Ji is a momentum map for the action of G x K on M and

(i) if Jo is K-invariant and G is connected, then Jg is G-invariant and Jg x Jg
is equivariant. Moreover, K induces a symplectic action on M,, and the map

Ju: M, — K* induced by Ji is an equivariant momentum map for this action.

(ii) the (symplectic) reduced space for the action of K on M, at v is symplectically

diffeomorphic to the reduction of M at the point (u,v) by the action of G x K.
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Chapter 2

The planar problem

Understanding the interaction of two charges in a magnetic field is important to plasma
physics but this problem seems to have been given little attention. What attention it
has received has tended to be in some limiting regimes such as very strong magnetic
field or plasmas with all the particles of the same kind (see [2, 11, 12, 33]) or with one
heavy particle idealized as fixed (the diamagnetic Kepler Problem, see [18, 37]). In this
chapter we will study the dynamics of two charged particles in a uniform magnetic field
without making any restrictions on the sizes of the magnetic field, the charges or the
masses. We will assume that the particles behave classically and that their velocities
and accelerations are small enough that we can neglect any relativistic and radiation
effects. Although it is well known that non—uniformity of the magnetic field introduces
further significant effects, we believe that there is value in establishing firm results for
the uniform case. The ultimate goal is to treat the three—dimensional case but we limit
our attention here to the two—dimensional case, which will form an important part of
the three—dimensional case.

The motion of one particle in a uniform magnetic field is the well known gyro-
motion. The particle moves in a circle of fixed centre - the guiding centre, and radius -
gyroradius, with constant angular velocity - gyrofrequency. Orienting the magnetic field

upwards, the motion in the circle is clockwise if the charge is positive and anticlock-
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wise otherwise. We sign the gyrofrequency according to the direction of rotation. This
problem can be formulated as a two degrees of freedom Hamiltonian system. It has
three—dimensional Euclidean symmetry (translation and rotation). These symmetries
induce conserved quantities for this system and it is easily seen to be integrable.

On the other hand, the interaction of two charges in the absence of a magnetic
field is also a well known problem. It is a standard two-body problem with four degrees
of freedom. If the interaction potential is chosen to depend only on the distance between
the two particles then the problem is integrable and for the particular case of a Coulomb
potential the classical description obtained by Newton for the dynamics of a planet
orbiting the Sun completely describes the dynamics of this problem too.

In this chapter, we study the interaction of two particles with non—zero charge,
with an interaction potential depending on the distance between the particles, under
the action of a uniform magnetic field. It is then a mixture of the two problems briefly
described above. In contrast to those problems this one presents much greater com-
plexity - there is a rich variety of dynamical behaviour. The trajectories of the two
particles no longer look like circles or ellipses and for some regimes of parameters the
trajectories can look extremely complicated. Indeed, we prove that whenever the charges
have opposite signs of charge (except for the case where the gyrofrequencies sum to
zero) chaotic orbits exist for this system. This last statement implies that with opposite
signs of charge (except for the case where the gyrofrequencies sum to zero) this pro-
blem is non—integrable. However, we also identify regimes of parameters where there is
extra symmetry in the system or an invariant subsystem so that it can be proven to be
integrable.

In section 2.1 we recall two possible formulations for the problem of one particle
moving under the action of a magnetic field. We choose a non—canonical formulation (as
in [22]), that makes easier to identify the system symmetries. Based on this information,
we proceed to formulate the problem of the interaction of two charges in a magnetic field
in a similar fashion. We identify translational and rotational symmetries of the system

and the corresponding conserved quantities. Furthermore, we prove the existence of an
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exceptional conserved quantity when the two particles have the same gyrofrequency.

In sections 2.2 and 2.3 we use two different approaches to the reduction of the
Hamiltonian system in consideration by its symmetries. We prove that the problem of
the interaction of two particles in a magnetic field can be reduced to one with 2 degrees
of freedom. Furthermore, when the two particles have the same gyrofrequency we use
the exceptional conserved quantity to prove integrability of the Hamiltonian system in
this case. We also prove that if the sum of the two charges is zero the dynamics in the
zero sets of the linear momenta are also integrable. In 2.2 we use symplectic reduction
and in 2.3 we do this by constructing a set of coordinates on which the system exhibits a
reduction to two degrees freedom, and integrability when it applies. We should remark
that a similar reduction is obtained in [15] for the problem of two interacting vortices
with mass moving in a plane - in that paper the analogy between that problem and
the one we treat here is also given. However, one key point of the present chapter
is that the total change of coordinates that exhibits the reduction is computed. This
change of coordinates is just the SFE/(2) lift that, given the base dynamics of the reduced
Hamiltonian systems, enables us to describe the full eight—dimensional dynamics.

In section 2.4, we specialize our analysis of the problem by choosing a specific

interaction potential. The natural choice for the potential V is the Coulomb potential

€1€92 1

Vir) = dregr '

(2.0.1)
where r denotes the distance between the two particles, e; and es denote the values of
the charges and ¢y denotes the permittivity of the vacuum. Depending on the problem
other potentials would be plausible as, for example, in [15] a logarithmic potential is
chosen for the interaction of two vortices. In fact, our results are valid for a class of
potential functions (described in section 2.4) that includes both the Coulomb poten-
tial and the screened Coulomb potential. We give a brief description of the reduced

Hamiltonian system obtained in section 2.3 with the generic potential V' replaced by the

Coulomb potential, including:
(1) boundedness of some of the variables on the reduced space. In particular, the
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distance between the two particles is always bounded;

(2) existence of regimes of parameters where close approaches between the particles

are possible.
In conjunction with the explicit knowledge of the reconstruction map, point (1) gives

e boundedness of the trajectories of the two particles when the sum of the two

charges is non—zero;

e unboundedness (typically) of the trajectories of the two particles when the sum
of the two charges is zero and certain restrictions on the level sets of the linear

momenta are satisfied.

Point (2) is crucial for the proof of existence of chaotic orbits later in the chapter.

In section 2.5 we prove the existence of periodic and chaotic trajectories sha-
dowing sequences of collision orbits. In particular we obtain large subshifts of solutions
of this type. The method used here was developed in [8] for a proof of the existence
of chaotic orbits of the second species for the circular restricted 3-body problem. To
apply it to our problem we choose appropriate coordinates for our system - relative
positions and corresponding canonically conjugate momenta - and generalize the result
in [8] to include our kind of system. The main ingredients are the construction of a
set of collision orbits satisfying some non—degeneracy conditions, the implicit function
theorem and Levi-Civita regularization. By a result of Moser, the existence of chaotic
orbits, and more precisely, the existence of an invariant subset on a energy level on
which the system contains a suspension of a subshift of finite type with positive entropy,
implies that the system is not integrable in the sense of Liouville, i.e. apart from the
conserved quantities exhibited in section 2.1.2 and the Hamiltonian function there are
no independent analytic conserved quantities - it is not possible to find a set of four

conserved quantities independent and in involution for all regimes of parameters.
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2.1 Problem formulation, symmetries and conserved quan-
tities
2.1.1 One charged particle in a magnetic field

For pedagogical reasons we start by considering the well understood case of one particle
moving in a uniform magnetic field B of norm B # 0, orthogonal to the plane of the
motion and pointing upwards. A particle of mass m > 0 and charge e moving in R?

under the action of such a field is subject to a Lorentz force Fyz, of the form

B
Fr =30,
C

where v = (v,,v,) € R? is the particle velocity and J is the standard symplectic matrix

in R?, given by
0 1
J= . (2.1.1)
-1 0

The motion of the particle is then described by Newton's second law

dv

— =F 2.1.2
mdt L ( )
and introducing the equation flj—f = v in (2.1.2) we obtain the system
d
m—v = E'v x B
dt c
d
(Tf = v, (2.1.3)

which is known to be Hamiltonian with Hamiltonian function and (non—canonical) sym-

plectic form, given by

1
H(z,v) = -mlv|?
2
eB
w = mdx Adv, +mdy A dvy — wa/\dy , (2.1.4)

where & = (x,y) € R? denotes the particle position (see [22]). To put the Hamiltonian

system given by (2.1.4) into canonical form it is common to introduce the canonical
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coordinates q = (g, qy) € R? and p = (pz, py) € R?, given by

g = x

p = muv+t ZA (z) | (2.1.5)
where A (z) = (A, (z), A, (x)) € R? is a vector potential for B. The new Hamiltonian

system (with phase space M = R%) is then given by

‘ 2

1 e
H(q,p) = %‘p—EA(Q) r o
e< 04y

w = dqx/\dpx—l—dqy/\dpy—g 3q 3a
Y T

+ B> dg, Adg, .
Hence, for the system to be canonical the vector field A () must be chosen to verify

the equation
0A, 0Ay
y ox

which is indeed the condition for A (x) to be a vector potential for B. If needed, we

make the choice A(x) = —%Jm. We consider it better, however, to use the formulation
(2.1.4) because translation symmetry is more transparent, so instead of the change of

variables (2.1.5) we just make the change of variables given by

q = =
p = mvu
obtaining the Hamiltonian system
Lo
H = —
(a.p) 5 [P
w = dg; Adpy +dgy Adp, + kdg, Adgy , (2.1.6)
where
—
c

The symplectic form in (2.1.6) defines a Poisson bracket {.,.} : C> (R*) x C> (R*) —
Cc*> (R4) given by
OF 0G  0G OF  OF 0G  O0G OF s (8F oG 0G OF )

dqy0p,  Daydp,  \Op; dp, Op, Ip,

FGy= o0 2RO -
{ } 0qy Ops 04y Ops aQy 8py 8Qy apy
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In the formulation (2.1.6) the Lorentz force effect can not be seen in the Hamiltonian
function but it is present in the kdg, A dg, term of the symplectic form and equivalent
term in the Poisson bracket.

There is an obvious SE(2) symmetry of the system (2.1.6) generated by the

following transformations of the phase space M = R*

ov(q,p) = (g+v,p)

¢o(a,p) = (Roq, Rop) , (2.1.7)
where v = (vg,v,) is an R? vector and Ry is the rotation matrix defined by

cosf —sinb
Ry = ) (2.1.8)
sin 6 cos

Associated to the symmetries in (2.1.7) we have, by Noether's theorem 1.2.11, three

conserved quantities, which are given below.

Proposition 2.1.1. The Hamiltonian system (2.1.6) has the following conserved quan-

tities:
e Linear momentum P = (P,, P,) = p + kJq.
e Angular momentum L = q.Jp — % |q|2.

Furthermore, the following commutation relations hold
{Px7Py}:k’ {L’Px}:Py7 {L7Py}:_Px-

To finish this section we just note that the dynamical behaviour associated with
this Hamiltonian system is trivial: the particle moves in circles of fixed centre and radius
and constant angular velocity, which is the well known gyromotion: a particle with
initial conditions qo = (¢, qy,) and Py = (Pa,,Py,) Moves in circles of fixed centre
(xo — <B5Pyg Yo + G%Paro) - the guiding centre - and radius @ |po| - the gyroradius,

cm

with constant angular velocity and period QW@. Furthermore, the motion in the circle

is clockwise if the charge is positive and anticlockwise otherwise.
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2.1.2 Two charged particles in a magnetic field

We consider two particles with positive masses m; and mgo and non—zero charges e;
and eg, respectively, in the same magnetic field as described in section 2.1.1 (uniform of
norm B # 0, orthogonal to the plane of the motion and pointing upwards). Furthermore,
we assume that the interaction of the two particles is determined by a potential V()
depending on the distance r between the two particles.

The phase space M for this problem is R® with the singular points of the
interaction potential removed (six—dimensional planes if V is the Coulomb potential
(2.0.1)). Let ¢; = (gz,,qy,) € R? denote the vector position of the i-th particle and

Pi = (2., Py.) € R? denote its (non—conjugate) momentum
p; = mu; , ie{l,2},

where v; is the velocity of the i-th particle. The motion of the two particles can still
be described by a Hamiltonian system, with Hamiltonian function H : M — R and

non—canonical symplectic form w : TM x TM — R, given by

1 2 1 2
H = — - Vlar —
5 Ip1|” + Sy [p2|” + V (la1 — q2)
w = Z dgz, A dp, +dgy, Adpy, + kidgz, Adgy, , (2.1.9)
=12

where, for simplicity of notation, we introduce the constants

B .
ki:—ec . ief1,2}.

The Poisson bracket associated with the symplectic form given in (2.1.9), {.,.} :
C®(M) x C*°(M) — C*(M), is given by
OF 0G  0G OF  OF 0G  0G OF
F,G} = — _
{ } Z 8q$i apu’ﬁi 8‘]% 8p50i 8‘1111- 8pyi aqz/i 8pyi

_k'<8F oG 9G 8F>

i=1,2

(2.1.10)
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Hamilton's equations corresponding to the Hamiltonian system (2.1.9) are given by

. 0H 1
o1
Qyi - 8py7 - mipyi
OH o i V’(’l“) ]{2
v = g g, =W v = Gay) — Dy 2.1.11
b aqwi apy,; ( ) r (q 4 ) ml.pyt ( )
OH 0H V(1) :
Dy, D0, + . (=1)" =gy — @) + P

The Hamiltonian system defined by (2.1.9) is invariant under the group generated

by the following families of symmetries

$v(q1,G2,P1,P2) = (q1+v,q2+v,p1,p2)
oo (q1,42,p1,P2) = (Roqi, Roqz, Rop1, Rops) , (2.1.12)
where v = (v, v,) € R? is a translation vector and Ry is the rotation matrix in R?

given by (2.1.8). We define the (signed) gyrofrequency §2; of each particle as

k.
0 =— e {1,2} .
mi ie{1,2}

Proposition 2.1.2. The Hamiltonian system (2.1.9) has the following conserved quan-
tities:

e Linear momentum P = (P, P,)) = p1 + p2 + J (k1q1 + k2q2).

e Angular momentum L =%, , q;- Jp; — % |qi\2.
Furthermore, if the particles have equal gyrofrequencies )y = g, there exists another
conserved quantity W, given by

W = |p1 +p2|* .

The following commutation relations between the conserved quantities given above hold:

{Px’Py} = kitke, {LP} = Py, {L»Py} = P,
{(w,L} = 0, (W,P,} = 0, {W,P} = 0.
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Proof. The existence of a one—parameter group of symmetries ¢ : M — M (with
parameter A) of a Hamiltonian system ((M,w), H) implies, by Noether’s theorem 1.2.11,
the existence of a conserved quantity J : M — R determined, up to an additive constant,
by

w (%’;A,g) —dJ(€) VeeTM . (2.1.13)
Using the symmetry groups (2.1.12) and (2.1.13) we obtain the linear momentum P =
(Py, Py) and the angular momentum L.

From Hamilton's equations (2.1.11), summing up the derivatives of the momenta

of the two particles, we get
. . k k
p1+p2=—J <1p1 + 2p2) - (2.1.14)
mq mo

Using (2.1.14), we obtain

k1 ko

d 9
- —o( 2L 2 ) p Iy . 21.15
dt\p1+p2! <m1 m2>p1 D2 ( )

Hence, from (2.1.15) we obtain that W = |p; + p2|* is conserved provided Q; = Qy.
The commutation relations can be obtained by inserting the conserved quantities

L, P, P, and W in the Poisson bracket (2.1.10). O

Remarks We note that:

i) the conserved quantities P and L are, respectively, the usual linear and angular
momenta for the two body problem with extra terms representing the presence of

the magnetic field and hence the effect of the Lorentz force on the particles.
ii) combining P, and P, into the conserved quantity
P=|P?=P>+ P} (2.1.16)
we obtain the following commutation relations
{L,PY =0, {L,W}=0, {PW}=0, (2.1.17)
which show L, P and W to be in involution.
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Lemma 2.1.3. The conserved quantity W corresponds to the one—parameter group of

symmetries ¢y : R x M — M of the Hamiltonian system (2.1.9), given by

1
—_— —1Id J
aQ — q+ P [Ro(ky +ka) 2x2] J(p1 + p2)

— |R —1d J
q2 a2 + . [Roky +k2)2 ax2] J(p1 + p2)
1
R —1d 2.1.18
pP1 — p1+ kot Fo [ 2(k14k2) A 2x2] (p1 + p2) ( )
2
R —1d
P2 — p2+ b1+ Foa [ 2(k1+ka)A 2x2] (p1+p2),

where X € R, Ry, y&,)x is defined by (2.1.8) substituting 6 by 2(k1 + k2)\ and Idax2

is the 2 X 2 identity matrix.

Proof. The one—parameter family of symmetries of the Hamiltonian system (2.1.9) as-
sociated with the conserved quantity W is the flow of the Hamiltonian vector field of
W with respect to the symplectic form in (2.1.9), i.e. by Noether's theorem 1.2.11, ¢,
is determined by

0P B

which turns out to be a system of 8 linear differential equations, which is easily inte-

grated, with solution given by (2.1.18). O

If the interaction potential in (2.1.9) is chosen to be the Coulomb potential

(2.0.1) (as we will do in section 2.4) then the scaling transformation given by

4 = A\
I = M/t
B = \3°B,

where A > 0, transforms the Hamiltonian function and symplectic form (2.1.9) to
H = XA"1'H and @ = A\/2w. We could then choose X so that B = 1 by a rescaling
of the level sets of the Hamiltonian function in (2.1.9). Furthermore, choosing e; and

m1 to be units of charge and mass, respectively, we could further reduce the number of
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parameters of (2.1.9) by two. The Hamiltonian system (2.1.9) would then depend only
on the charge ea, mass mo and physical constants ¢ and ¢g.

In section 2.3 we will use the symmetries and conserved quantities discussed
above in order to derive reduced Hamiltonian systems and respective reconstruction
maps. The explicit knowledge of the reconstruction map will enable us to recover the

full dynamics from the reduced dynamics.

2.2 Reduction: Marsden—Weinstein symplectic reduction

In this section we look at the symmetries of the Hamiltonian system (2.1.9) as an action
of a Lie group acting on the phase space M of (2.1.9) and use Marsden—Weinstein
symplectic reduction to obtain the dimensions of the reduced symplectic manifolds.
The results we obtain here completely agree with the results in section 2.3. However,
this procedure gives more detailed information about the global structure of the reduced

phase spaces.

2.2.1 Symmetry group SE(2)

We consider the symmetries (2.1.12) of the Hamiltonian system (2.1.9) as an action of
the Lie group G whose elements are the composition of the symmetries in (2.1.12). Let
(Rg,v) denote an element of GG, where 0 € Sl Ry is the rotation by the angle 0 and
v = (vg,vy) € R%. We note that G is a Lie group of dimension 3 and it is isomorphic
to the special Euclidean group of the plane SE(2) = S' x R? where x denotes the

semidirect product, given by the group operation
(Rg,,v1).(Rp,,v2) = (Ry, Ry,, Rg,v2 + v1) .
The identity element of GG is given by
0g = (Id2x2,Oge)
and the inverse of an element of G is given by

(Rg,v) "t = (R_g,—R_gv) .
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The action of G on M

The action of the Lie group G on M, ¢(r, ) : G X M — M, is given by

P(Ro,v) (G1, 92, P1,P2) = (Roq1 + v, Rgq2 + v, Rgp1, Rep2) - (2.2.1)

We have already seen in section 2.1.2 that the Hamiltonian system (2.1.9) is invariant

under this action. Hence, G is a group of symmetries for the Hamiltonian system (2.1.9).
Lemma 2.2.1. The action ¢(g, ) acts freely and properly on M.

Proof. To prove that ¢(g, . acts freely on M we compute its isotropy group at m =

(q1,92,p1,p2) € M, defined by
Gm = {(Ry,v) € G: d(R, ) (M) =m} .
Solving the system of equations ¢, . (1) = m with respect to (Ry,v) we obtain

Gm = {(Idgxg, ORQ)} .

Hence, ¢(r, ) acts freely on M.
We will now see that ¢ (g, ) acts properly on M. Let ¢ : G x M — M x M,
be given by
P((Rg,v),m) = (M, $(R, v)(M)) -

The action ¢(g, . acts properly on M if and only if the map ¢ defined above is proper.
Equivalently, we need to check that for every compact set K € M x M its preimage
¥~ 1(K) is also compact.

Let K C M x M be a compact set and let (y™), .y be a sequence in ¢ 1 (K) C

G x M. The sequence (y"),cy is of the form
yn = (Re"a vn, q?? qEL?p??pg) .

Consider the sequence ("), .y = (V(Y¥"))en in K. Then, by definition of ¢, ("), oy

is of the form
=" = (q1,q3,P1,P3,91,q5, P, Ps) »
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where

q; = Ro-q; +v", P =Rep, i€{l,2}. (22.2)

Since K is compact there exists a subsequence (z"*), .y of ("), which

converges to a point * = (q7, g5, P}, P35, 4}, q5, D;, Ps) € K. It is clear that each one
of the sequences g7, g5, P}, P5, 1, g5, P and Py have a convergent subsequence.

To prove that 1 ~!(K) is compact we need only to check that the sequences

(0™),en and (v"), oy have convergent subsequences. Using the second equality in

(2.2.2) we obtain
0™ = arctan <W> )
p

7% =Nk
1
Since for each i € {1,2} the sequences (p;*), .y and (P;*), o converge and arctan(z)

is a continuous function then the sequence (6™*), . converges to a point 6* satisfying

ke

P; = Rp-p}. Similarly, using the first second equality in (2.2.2), we obtain

Ne

v - 6?k - RG"}c q?k .

Convergence of (p;*),cn (Pi") ey and (07%) ey implies convergence of (v™),  to
a limit point v* satisfying q; = Ry-q; + v™.
Thus, the sequence (y"),,cn has a subsequence (y"*), . converging to a point

y* = (Re-,v*,q}, @5, 0}, p5) € v~ 1(K), which ends the proof. d

The actions of G on G and G*

As G is isomorphic to SE(2), we use the matricial representation for elements of G

given by 3 x 3 matrices of the form

Ry v
0 1

The Lie Algebra G of G also admits a representation in terms of 3 X 3 matrices of the

form
—wJ a

0 O
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where w € R and @ € R%. The bracket in G is given by the commutator bracket
[A, B] = AB — BA. We identify G with R? by the isomorphism

—wJ a

0 0

€G— (w,a) R,

so that the expression for the Lie Algebra bracket reduces to
[(wl, al) y (WQ, ag)] = (0,0.)1.]Tag — wgJTal) .
The adjoint action of G on G is then given by the conjugation

Ry v —-wJ a R_y —R_yv —wJ wJv + Rya
0 1 0 0 0 1 0 0

which is, using the identification with R?, equal to
Ad(R, ) (w; @) = (w,wIv + Roa) .

Using the pairing between G and G* given by the trace of the product, we obtain a

representation for G* in terms of matrices of the form

=

J 0
a 0

where 4 € R and o € R2. As we did with G, we identify G* with R3 by

J

o=

0 3
€g'— (p,a) eR
a 0

so that the pairing becomes ((u, @), (w, a)) = pw+a.a. To obtain the coadjoint action

of G on G* we compute

(Adfp, o (0) (@,@)) = ((1,0), Ad(r_, 1) ()
= (4,a),(w,—wIJR_pv + R_pa))
= uww—waJR gv+ a.R _ga
= (u— a.R_pJv)w+ Rya.a

= {((u— Rpa.Jv, Rya), (w,a)) .
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Hence, we can write the coadjoint action of G on G* as

Ad;

(Ro )t (12 @) = (0 — Rya.Jv, Rpor) . (2.2.3)

The momentum map

By proposition 2.1.2 the action ¢(g, ) of G on M is Hamiltonian with momentum map
Jo : M — G* given by
JG (QI7Q2aplaP2) = (L7P) . (224)

To simplify notation, we set
m = (q1,q2,p1,p2) € M ,
throughout this section.
Remark Let Jg be the momentum map defined in (2.2.4) and (p, @) € G*.

i) If k1+ko # 0 then every (i, ) such that 2(k; +ko)p+|a|? # 0 is a regular value
of Jg. If 2(k1 + ko) + |a|* = 0 then J5 ' (1, @) is still a smooth submanifold of

M provided we remove the points of the form g1 = g2, p1 = p2 = 0.

ii) If k14 ko = 0 then every (i, &) such that o # 0 is a regular value of Jg. If £ =10
then Jal(O, «) is still a smooth submanifold of M provided we remove the points

of the form q; = q2, p1 = p2 = 0.

Lemma 2.2.2. The momentum map Jg is not equivariant with respect to the coadjoint

action Ad?RS . Furthermore, the following equalities are satisfied
ki +k
Ja (ff)(Re,v) (m)) = (L — RyP.Jv — ! 5 2 \U\Q, RoP + (k1 + k2) J’U)
Adip -1 (Ja(m)) = (L — RgP.Jv, RyP) . (2.2.5)

Proof. The fact that the momentum map (2.2.4) is not equivariant with respect to the
coadjoint action AdE‘Re ) follows from the equalities (2.2.5). The second equality in
(2.2.5) follows trivially from the expression for the coadjoint action (2.2.3).
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We now prove the first equality in (2.2.5). To compute Jg (¢(R9,v) (m)) we

note that

Ja (¢(R9,'U) (m)) = (L © ¢(R9,v) (m) ,Po ¢(R9,'U) (m)) .

Recall from proposition 2.1.2 that
P =pi+p2+J(kiqi + kogq2) .

Using (2.2.1), we get

(P1 +P2) 0 PRy ) (M) = Rp(p1+p2)

(k1q1 + k2g2) 0 bR, v) (M) = R (ki1qu + k2g2) + (k1 + k2)v .

From the two equalities above and (2.2.6), we obtain

Po (z)(Ro,U) (m) = RoP + (k1 + ko2)Jv .

Recall from proposition 2.1.2 that

k,
L= ‘21:2 qi-Jpi — 51 lail” -
=1,

Using (2.2.1), for each i € {1,2} we get

qi-Jpi o PR, w) (M) = (Rogqi +v).JRyp;
= Rypq;.RyJp; + ReJp;.v

= q;.Jpi + RpJp;.v
and

16i|* © by ) (M) = |Roq; +v|°

= |q@:> + 2Roqiv + o> .
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From (2.2.8) and (2.2.9), we obtain
(%'.in - % Qi|2> 0 P(Ryw) (M) =
= ¢iJpi— % |qi|” + RoJIpi.v — kiRpqs.v — % jo?
= q;Jpi — % |qi|” — Ropi Jv — kiRgJq;.Jv — % [of?
= q;.Jp; — % lai|*> — Ry (pi — kiJq;) Jv — % lv|? . (2.2.10)
Putting together (2.2.6), (2.2.7) and (2.2.10), we obtain

k k
Lo ¢(R9,v) (m) =L —RyP.Jv — %

I
as required. ]

Lemma 2.2.3. The momentum map Jg is equivariant with respect to the coadjoint
*

action EEZ(RM)A :G x G* — G* given by

k1 +k
o

@:Rg,v)*l(ﬂv a) = (M — Rya.Jv — , Rgae + (k1 + k:g)J'U) )

Proof. We use propositions 1.2.28 and 1.2.29. We introduce the coadjoint cocycle

associated to Jg, measuring the lack of equivariance of Jg, given by

0 (Rg,v) = Ji (d(Rr,.0)(m)) — Ad7p 1 (Jo(m))

ki + k
= <_122|v\2,(k1 +k2).]v> :

We then define a new coadjoint action of GG on G*, given by

Ad(g, v (1, @) = Adfp i (1, @) + 0 (Rg, 0)
k1 + ko
2

= (u—Rga.va— lv|?, Rox + (k1 +k2)J’U> .

This new coadjoint action of G on G* makes the momentum map Jg equivariant. [

Application of Marsden—Weinstein Theorem

*

Lemma 2.2.4. Let G, o) denote the isotropy group of the coadjoint action Elz(Re,v)fl
of G on G*.
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i) If k1 + ko =0 and o = Og= then

Il
@

G(

TR
i) If k1 + ko =0 and o # Oge then
G(u,a) = {(Idax2,v) € G: a.Jv =0} .

iii) If k1 + ko # 0 then

Gua) = {(Rg,v(ﬁ)) eG:v(0) = i i k‘gJ_l (Id — Ry) a} .

Moreover, the action ¢ g, .y of G on M induces an action of G, o) on Jél (1, )

which is free and proper.

Proof. To prove the first part of the lemma recall that the isotropy group of the coadjoint

*

action Azlvd(RG,v)fl of G on G* is defined by

G(u’a) = {(Rg,’v) eG: ‘Z&(Rg,v)_l (M,a) = (uja)} ,

where @?Rg,v)*l is given in lemma 2.2.3. Points i), ii) and iii) are easily obtained
solving the equation A\C/[:Rem),l (1, ) = (u, @) with respect to (Rg,v).

For the second part of the lemma note that for every (i, &) € G* the isotropy
group G, ) is a closed subgroup of the Lie group G. Hence, G(, ) is itself a Lie
group.

Denote by ¢(,.«) the restriction of ¢ (g, ) t0 G, q) X Jél(u,a). By lemma
2.2.1 the action ¢(g, ) acts freely and properly on M. Thus, its restriction ¢, o) is a

free and proper action of G, ) on Jél(,u,a), which ends the proof. O
We now gather all the information obtained in this section:
1) The action ®(R, ) acts freely and properly on M by lemma 2.2.1.

2) The momentum map Jg is coadjoint equivariant by lemma 2.2.3 (for a corrected

coadjoint action EEZ?RQ’,U)A of G on G¥).
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3) If ky + ky # 0 then for all (u,«) € G* such that 2(k; + ko)u + > # 0,
J5' (1, @) is a smooth submanifold of M (if 2(k; + ka)u + |a|* = 0 we remove
the points of the form q; = @2, p1 = p2 = 0 to make it a smooth manifold).
Similarly, if k1 + ko = 0 then for all (1, ) € G* such that p # 0, J5' (u, @) is a
smooth submanifold of M (if © = 0 we remove the points of the form q; = g2,

p1 = p2 = 0 to make it a smooth manifold).

*

4) By lemma 2.2.4 the isotropy group of the coadjoint action @(Rem),l of G on G*

has dimension given by
3 if ki +k2=0and o = Ope
dmGua) =941 ifki+ky =0and o # Op> -
1 ifki+k#0
From points 1), 2), 3) and 4) above and theorem 1.2.30 (Marsden—Weinstein
reduction) we obtain:

a) Moy = Jél(u,a)/G(Ma) is a smooth submanifold of M.
b) M, «) is a symplectic manifold of dimension given by
dim M, o) = dim Jo (@) — dim G )
2 fa=0g2and k1 +ky=0
4 otherwise .

We have proven the following result.

Proposition 2.2.5. The Hamiltonian system (2.1.9) always reduces to one with two
degrees of freedom. Furthermore, if the sum of the two charges is zero, i.e k1 + ko = 0,

the dynamics in the zero sets of the linear momenta are integrable.

2.2.2 Extended symmetry group for the case ); = (),

We proved in proposition 2.1.2 that for the case of equal gyrofrequencies 2; = €y the

Hamiltonian system (2.1.9) has an extra conserved quantity W = |p; +p2|2. In lemma
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2.1.3 we described the group of symmetries of (2.1.9) associated with the conservation
of W. In this section we discuss the symplectic reduction of the phase space of (2.1.9)
by the extended group of symmetries that includes the symmetry associated with W.
We will use the Commuting reduction theorem 1.2.31 and the results in the preceding
section to obtain the reduction of the Hamiltonian system (2.1.9) for the case where
Q1 = Q.

Let K = R and consider the action ¢, of K on M given by (2.1.18). The group
operation in K is given by

Al A2 = A1+ Ao, (2.2.11)

the identity element of K is 0 € R and the inverse of an element of A € K is given
by —A. Let K denote the Lie Algebra of K and K* its dual. Since K = R and K is

abelian (with respect to the group operation (2.2.11)), we obtain that

1) K ~ R and the adjoint action of K on K, Ad : K x K — K, is given by
Ady(©) =¢, ek,
2) K* ~ R and the coadjoint action of K on K*, Ad* : K x K* — K*, is given by

Ad(O)=¢, Cek*. (2.2.12)

By lemma 2.1.3 the action of K on M is Hamiltonian with momentum map
Jx : M — K* given by
Jg(m) =W, (2.2.13)

where W = |p; +p2|2 and m = (q1, g2, p1, q2) denotes a point of M.

Remark Let Jx be the momentum map defined in (2.2.13) and £ € K*. Every £ # 0
is a regular value of Jx. In this section we avoid the case & = 0 since it needs singular

reduction to be treated. We deal with this case in section 2.3.

Lemma 2.2.6. The momentum map Jy is equivariant with respect to the coadjoint

action Ady_, : K x K* — K* given by (2.2.12).

58



Proof. Putting together (2.2.12) and (2.2.13), we obtain

A5 (Jic(m)) = W .

We now compute Ji (¢x(m)). Adding the two last equations in (2.1.18), we get

Thus, we obtain that

(P1 + p2) 0 dx (M) = Ry, 1)1 (P1 +P2) -

W o ¢y (m)

Hence, we obtain that

Ip1 + p2|” 0 6y (M)
2
| Ry k) (P1+ D2)|

|1 +p2\2

= W.

Jr(pa(m)) = Ady-. (Jk(m)) ,

for every m € M, which concludes the proof.

Lemma 2.2.7. The actions ¢ g, ) of G on M and ¢, of K on M commute.

Proof. It is an easy but tedious computation to check that

P(Ro,w) © PA(M) = P © P(R, ) () -

(2.2.14)

O

Furthermore, the equality (2.2.14) defines an action of G x K on M, P(Row\)

given by

qi1

q2

y4i

D2

— Rg|q1+

p

p

q2 +

k1 + ko

k1 + ko
k1

k1 + ko
ko

1+

_|_7
| 2 k1 + ko

(R, — Tday2) I(ps -I—pg)] fo
(R, — 1ds.2) 3 (p1 +p2>] o
(R, ~ ycz) (1 + 1)

(R, — Idax2) (p1 +p2)} ,
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where v = 2(k; + k2)A. The action ¢(g, ., ) defined above is a group of symmetries of

the Hamiltonian system (2.1.9) provided 7 = Qs.

Lemma 2.2.8. The momentum map J¢ given by (2.2.4) is invariant under the action

¢ of K on M.

Proof. Throughout the proof we use the notation v = 2(k; + k2)A. We need to check

that
Ja (da(m)) = (Lo gx(m), P o gx(m)) = (L, P) .

To compute P o ¢ (m) recall from proposition 2.1.2 that
P =pi+p+J(kiqi + kogqa) .
Summing the two last entries in (2.1.18), we get

(p1+p2) 0 dr(m) = R, (p1+p2) -

Similarly, using the first two entries of (2.1.18), we obtain

(k1q1 + ka2q2) 0 ¢y (m) =
= kiqi + k2q2 — J (p1 +p2) + IR, (1 + P2)
= —J(p1+p2+J(kiqi + k2q2)) + IR, (p1 + p2)

= —JP+JR,(p1+p2) -
Combining (2.2.16), (2.2.17) and (2.2.18) gives
Pogy(m)=P.
To compute L o ¢y (m), recall from proposition 2.1.2 that

kn.
L= AZ;Q%-JM - 51 jail” -
i=1,
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Let Iday2 be denoted by Id. Using (2.1.18) we obtain

qiJpio ¢y (m) =
= <1 [Ru - Id] J(p1 +p2) + (Iz‘> <k1]—€|—zk‘2 [Ru - Id] J(p1+p2) + Jp@'>

ki + ko
k; 1
WJp; + ———q; |R, — Id|J + + Jp; |R, —1d|J +
a:Jp k1+k2q[ ] J(p1 + p2) P pi ] J(p1 + p2)
ki 2
+———— [[Ry = Id] J(p1 + p2)|” . (2.2.21)
(k1+7€2)2
Similarly, we obtain
Bl oontm) = B LR, 143t b a]
9 q; A - 9 k‘l—l-k‘g v P1 D2 q;
k;

k;
@il + Jgi (R, —1d]J(p1 +p2) (2.2.22)
5 |[R, — Id] J(p1 + p2)|°

Putting together (2.2.21) and (2.2.22), we get

<qupi Y |qz‘\2> opr(m) = qJp;— 3 i

1
4+ Jp;[R, —Id] I(p; +
P [ 1J(p1 + p2)
ki 2
+—— M R, —1d]J(p, + ,
2 U+ a)? I 1J(p1 + p2)|

or equivalently

Logx(m) = L+ o k2J (p1 + p2) [Ry, — 1d] I(p1 + p2)
1 2
I 1Ry —1d] I (p1 + p2)[” . (2.2.23)
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Noting that

30+ 90) (R 1) 3(p1 +p2) + 3[R, — 1] 3o + po)f? =
= J(p1+p2).[R, —1Id]J(p1 + p2)

% (R, — 1d] J(p1 + p2). [Ry — Id] J(p1 + po)

= (J (p1 +p2) + % (R, —1d]J(p1 + p2)> Ry, —1d] I(p1 + p2)

— % (R, +1d] J(p1 + p2). [Ry — Id] J(p1 + p2)

1
= 5 (1B +po)* = (o1 +p2)?)

= 0

we obtain that the last two terms on the right hand side of equation (2.2.23) sum up

to zero. Thus, we obtain
Log¢gy(m)=1L,

as required. ]

We can now apply the Commuting Reduction theorem 1.2.31. From the previous

section 2.2.1, we have that:

i) G acts symplectically on M and has a momentum map Jg : M — G* which is
coadjoint equivariant with respect to the coadjoint action of G on G* given in

lemma 2.2.3.

i) for all (u, ) € G*, J5' (1, @) is a smooth submanifold of M.

*

iii) the action of the isotropy group G| of the coadjoint action Zlvd(Re’v)fl of G

#y00)

on G* acts freely and properly on Jél (1, @) by lemma 2.2.4 (or lemma 2.2.1).

iv) applying theorem 1.2.30 we obtained that M, ) = Jél (1, @) /G is @ sym-
plectic smooth manifold. Furthermore, since 21 = )9 we have that k1 and ks are

of the same sign and hence k; + kg # 0. Thus, we have that dim(M, o)) = 4.
Moreover, we have that:
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1)

2)

a)

b)

K acts symplectically on M by lemma 2.1.3.

by lemma 2.2.6, the momentum map Jg is equivariant with respect to the co-

adjoint action Ad}_, : K x K* — K* given by (2.2.12).

for all non—zero & € K*, £ is a regular value of Jk.

by lemma 2.2.7 the actions of G and K on M commute.

by lemma 2.2.8 the momentum map Jg is invariant under the action of K on M.
Statements i) — iv) and 1) — 5) above, together with theorem 1.2.31, imply that

the momentum map Jg is invariant under the action of G on M.

the momentum map Jg X Jg is equivariant with respect to the coadjoint action

*

Ad(, -+ ¥ Adj_, of G x K on the dual of its Lie Algebra.

K induces a symplectic action on M, o) with an equivariant momentum map
Ja) : M(y,e) — K induced by the momentum map Jx. Hence, for all £ # 0,

we have that
-1

Mee) = J(,u,,a) (€)/Ke -

is a symplectic manifold with dimension

. - . -1 .
dim (M(,0¢) = dim (J(“’a) (g)) — dim(K)

= dim (M(,«)) — dim J' (§) — dim(K)
= 2,

where K¢ is the isotropy group of the coadjoint action Ad}_, of K on K* and

dim(K¢) = dim(K).

the symplectic reduced space for the action of K on M, o) at § # 0 is symplecti-
cally diffeomorphic to the reduction of M at the point (u, o, &) by the action of
G x K.
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Thus, we have proved the following result.

Proposition 2.2.9. Let Q1 = Q9 and assume that the dynamics of the Hamiltonian
system (2.1.9) do not lie on the invariant subset W = 0. Then, the Hamiltonian system

(2.1.9) is integrable.

In the next section we will construct an appropriate change of coordinates, to
which we will call reconstruction map, to obtain the reduced Hamiltonian system in local
coordinates, for each case studied in this section and in the previous one. Furthermore,
we will see that proposition 2.2.9 holds even if the dynamics of (2.1.9) lie on the invariant

subset W = 0.

2.3 Reduction: cyclic variables

In this section we provide local coordinates that exhibit the reduction of the Hamiltonian
system (2.1.9) to two degrees of freedom. Moreover, we identify regimes of parameters
and invariant subsets of R® where the system can be proved to be integrable. To simplify

notation we define the combinations

M = my+mg

mimso

my +my

We separate our analysis into two cases: k1 + ko # 0 and k1 + k2 = 0.

2.3.1 Case ki +ky#0

We start by noting that since k1 + k2 # 0 the following combinations are well-defined:

po= ki+ko
k1ks
ki+ko
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We make a change of coordinates given by

9 = q1—q
1 1 1
= —_— —_— T 7J -
P e (klpl k2p2 + 5 (@1 CI2)>
f = p+p (2.3.1)
P = pi+p+J (k1q1 + kaq2)

where ¢ = (¢z,qy) € R? is the relative position of the two particles, p = (ps,p,) € R?
a conjugate momentum, f = (fs, f,) € R? and P = (P,, P,) € R?. Inverting (2.3.1)

we obtain
1 k
@ = ~J(f-P)+—2q
0 I
k e
pr = —f-:Jq+p
7 2
1 k1
qgQ = -J(f-P)——¢q 2.3.2
u ( ) . (2.3.2)
k e
pp = —f+:Jg-p.
7 2
Combining (2.3.2) with (2.1.9), we obtain
1 o € 5 e k1 4 k2Qo | L0
H = — — —q.J et e
+e(2p—edq) .+ V (lq) (23.3)
1
w = dgz ANdpz +dgy Adpy, + m (dP; NP, — dfy Ndfy)
where
Q1 — Qs
=—F= 2.3.4
= (234)

measures the displacement from the set of parameters satisfying (2 = Q5. The quanti-

ties L and W are now given by

L= adp+y- (117~ 1PF)

W= [ff*.
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Since P is conserved we remove the — |P|* /(2u) term from the angular momentum,
corresponding to a change in the level set of the angular momentum, defining the

following conserved quantity

1
po=q.Ip+ - Fise
7

A final change of coordinates makes the system canonical and exhibits the reduction to

two degrees of freedom. It is given by writing

+ 2Upo—pe

q = Tér P = pPrerT g, €6

1/2
o= ) e (2.3.5)
Py = pll Py = Hy’

where 0 is the direction of g, i.e.

e, = cosfle, +sinfe,

eg = —sinfe, +cosfe, , (2.3.6)

with e, = (1,0) € R? and e, = (0,1) € R% The vector g+ is defined in the same
way as ey with 6 replaced by 2u¢+6. The coordinate change given in (2.3.5) is singular
at py = 0 since ¢ is undefined in this case. There exists another coordinate singularity
at 7 = 0, which is not included in the phase space in the case of interaction of Coulomb

type.

We obtain the following result.

Theorem 2.3.1. Let k1 + ko # 0. Then, under the change of coordinates given by

JP 1 1/2
q = —7 + ; <k’27"€qn +p¢/ J62u¢+9>
JP 1 1/2
qQ = —7 - ; </<:17"e7» - p¢/ J62N¢+0>
k1 172 € 2upe — Py
P11 = ;p¢ €2up+0 + | pre, + ir + 2,LL7“ €9 (237)
2 1 Dy €2u9+06 Pré€r B 2pur 0] »
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where

1
pg = L+ P
24
(ﬂHma Hy) = P
by = w )

the Hamiltonian system (2.1.9) reduces to one with two degrees of freedom in the

variables (7, p,, ¢, pg), given by

H = HO(Tva7p97p¢) + 6H1 (rvp’l‘7p97 ¢7pd>)
w = dr Adp, +d¢ Adpg +do A dpg + dIL, AdIL, , (2.3.8)

where Ho(r, pr, Do, ps) is given by

1 1 (2upg—ps\° | € 5 e Ps
_H = R 2 _ _ - JE— - il 4 V
0 mpr + 2m ( 2pr + 8mr + 2m po + 2u V)

and H, (’l", DPr, Do, cbquﬁ) Is given by
k1 — ko

2 —
Hy = py'/? ((67" + M) cos (2u¢) — 2p, sin (2u¢)> + P -

wr
The reduced phase space for the Hamiltonian system (2.3.8) is the symplectic
blow up of C2 (see [17] for more details).
If the gyrofrequencies of the two particles are equal, i.e. 21 = Q9, we have that
€ = 0. Applying theorem 2.3.1 we see that ¢ is a cyclic variable and so we obtain the

following result.

Corollary 2.3.2. If Q1 = Qo, using the change of coordinates (2.3.7) given in theorem
2.3.1 the Hamiltonian system (2.1.9) reduces to one with one degree of freedom in the

variables (r,p,), given by

H = HO(Tva7p97pcf>)
w = dr Adp, +d¢ Adpg +do A dpg + dIL, AdIL, ,

where Hy is as given in theorem 2.3.1.
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2.3.2 Case ki +ky=0

We now treat the case where the charges sum to zero. To simplify notation, we define

K:k‘lz—kg.

We make the change of coordinates given by

q = q1—q2
1
p = i(pl—zm)
1
Cc = *§J(Q1+Q2)
II = k(g1 —q2)—J(p1+p2) ,

(2.3.9)

where ¢ = (g, qy) € R? is the relative position of the two particles, p = (p,, p,) € R? a

conjugate momentum, C = (Cy, C,) € R? and IT = (II, I1,) € R?. Inverting (2.3.9)

we obtain
1
q1 = JC+§Q
= JC 1
q = 2(1
1 K
= — _ —
D1 2Jﬂ 2Jq+p
1 K
= — _ — — .
D2 2J11 2Jq D

From (2.3.10) and (2.1.9), we get the Hamiltonian system

(mg —my) K

Ho= P gt
- 2mp qu 2mims

q.Jp+V (|q|)

K mo — M1 1 9
— | — —Jp | I+ —|II
<4mq * 2mymo p) * 8m |
w = dgz ANdp; +dgy Adpy +dC, AdIL, +dCy AdIL,

with the conserved quantities

L = qJp+CJII.
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The Hamiltonian system (2.3.11) is already reduced to two degrees of freedom by the
conservation of IT and the elimination of C. Unless IT = 0 (or equivalently P = 0),
it is not possible to use the angular momentum L to further reduce (2.3.11) since L
depends on the cyclic variables C' and hence it is not a function defined on the reduced

space. We make a final change of coordinates, given by

q = Treép

P = prer+ p7966 ) (2.3.13)
where e, and ey are as given in (2.3.6). We obtain the following result.

Theorem 2.3.3. Let k1 + ko = 0. Then, under the change of coordinates given by

1
q = JC’+§rer
1
g = JC—§7’eT
1 KT
P11 = §P +p'r’e7' + (7‘9 + ?) €9 (2314)
1 9 KT
b2 = ip_prer_ (%_?) €y ,

where

e = L—CJIT

I = —-JP,

the Hamiltonian system (2.1.9) reduces to one with two degrees of freedom in the

variables (r,p,,0,pg), given by

H = HO(T7PT7PG>+H1 (r7p7‘797p97H$7Hy>

w = dr Adp, +df Adpy + dC, AdII, +dCy AdIT,, (2.3.15)

where Hy(r, pr,pg) is given by

1 L<p9>2 K2 o5, (m2—mi)k
2m \r

Hozqu?-i- + —rf 4t ————pe+V(r)
m 8m 2mims
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and Hy (r,py,0,pe,11;,11,) is given by

K mo —m mo —m 1
e (s ) e, ) o e
2 8&m

am 2mimsy T
If P = 0 then IT = 0 and hence H;, as given in the statement of theorem

2.3.3, is identically zero. From theorem 2.3.3, we obtain the following result.

Corollary 2.3.4. If k1 + ko = 0 and P = 0 then, using the change of coordinates
(2.3.14) given in theorem 2.3.3 the Hamiltonian system (2.1.9) reduces to one with one

degree of freedom in the variables (r,p,), given by

H = HO(r7pT7p9)

w = drAdp, +df Adpg + dC, A dIL, +dC, AdIL, ,

where Hy is as given in theorem 2.3.3.

2.4 Reconstructed dynamics for a Coulomb potential

In this section we use the reduced Hamiltonian systems and the corresponding recons-
truction maps obtained in section 2.3 to provide a qualitative description of the possible
types of dynamics in the full eight—dimensional phase space in terms of the proper-
ties of the dynamics of the reduced systems. Throughout this section we consider the

interaction potential to be Coulomb

€1€9 1

Vi) =
(r) dregr’

where r is the distance between the particles and ¢ is the permittivity of the vacuum.

We should remark, however, that the description given below still holds for a class of

Coulomb-type potentials of the form

erea f(r)
Wi(r) = 122707
(r) dmeg T

where f(r) is a positive bounded smooth function. A physically interesting particular

case is the screened Coulomb potential where f(r) = e~"/> and rp is the Debye length.
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The next two lemmas follow from an analysis of the form of the Hamiltonian

functions given in theorems 2.3.1 and 2.3.3, respectively. We skip their proof.

Lemma 2.4.1. Let ky + ko # 0 and consider the reduced Hamiltonian system given in
theorem 2.3.1. For every level set of the Hamiltonian function the dynamics of r and

pg are bounded for all time.

Lemma 2.4.2. Let k1 + ko = 0 and consider the reduced Hamiltonian system given in
theorem 2.3.3. For every level set of the Hamiltonian function the dynamics of r and

py are bounded for all time.

In the next lemma we provide a complete description for the orbits in the two—
dimensional phase space corresponding to the integrable reduced Hamiltonian systems

given in corollaries 2.3.2 and 2.3.4.

Lemma 2.4.3. o Let Q; = Qy. The reduced Hamiltonian system given in corollary
2.3.2 has a unique equilibrium. The equilibrium is elliptic and the rest of the

reduced phase space is filled by periodic orbits.

o letki +ky=0, P=0 and py # 0. The reduced Hamiltonian system given in
corollary 2.3.4 has a unique equilibrium. The equilibrium is elliptic and the rest of

the reduced phase space is filled by periodic orbits.

o Llet ki + ko =0, P =0 and pg = 0. The phase space of reduced Hamiltonian

system given in corollary 2.3.4 is filled by orbits doubly asymptotic to a collision.

Proof. From corollaries 2.3.2 and 2.3.4 we have that in the integrable regimes the

Hamiltonian system (2.1.9) reduces to one of one degree of freedom of the form

H

B\? D
Apr2 + (7’) +CT2 + 7

w = drAdp,, (2.4.1)

where A and C' are positive and D is non—zero. Let U(r) denote the effective potential

U(r)=Cr*+ <B>2+D :

r T
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Differentiating with respect to r we obtain

2B®> D
U/(T‘) = 207" — 1”73 — ’[“72
68B%2 2D
U’ = 204+ —/— 4+ — . 2.4.2
(r) o (242)

We separate our analysis into three cases.

1) Assume that D > 0. Using (2.4.2) we obtain that U”(r) > 0 for every r > 0
and hence U’(r) is strictly increasing in that range. Since we also have that
lim, o+ U'(r) = —oo and lim,_, 1 U'(r) = 400 we obtain that U’(r) has a
unique zero on (0, +00) corresponding to an elliptic equilibrium of (2.4.1). Apart
from the equilibrium, all the level sets of H are regular and closed, so the orbits

of (2.4.1) are periodic.

2) Assume that D < 0 and B # 0 and rewrite U’(r) as

U'(r) = o(r)
where g(r) = 207*—2B? — Dr. Noting that g(r) is strictly increasing in [0, +00),
9(0) < 0 and lim, 4 g(r) = 400 we obtain that U’(r) is also increasing and
since lim, o+ U'(r) = —oo and lim,_, 1o, U’ (r) = +00 we obtain that the unique
zero of U'(r) on (0,+00) corresponds to an elliptic equilibrium of (2.4.1). Apart
from the equilibrium, all the level sets of H are regular and closed, so the orbits

of (2.4.1) are periodic.

3) Assume that D < 0 and B = 0. From (2.4.2) we obtain that U’(r) > 0 for every
r > 0 and hence U(r) is strictly increasing in that range. Furthermore, we have
that lim, g+ U(r) = —oo and lim,_, 4o U(r) = +00. In this case (2.4.1) does
not have any equilibria and all the orbits in the reduced phase space are doubly

asymptotic to a collision.
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By conservation of the linear momenta P and putting together lemma 2.4.1 and
the reconstruction map (2.3.7) given in the statement of theorem 2.3.1, we obtain the

following result.

Corollary 2.4.4. Let k1 + ko # 0. Then the positions of the two particles are bounded

for all time.

For any function v of time we define the average value by

if the limit exists. By Birkhoff's ergodic theorem, if v is the value of a continuous
function on the state space evaluated along an orbit of a volume—preserving system of

finite volume, the limit exists for the orbit of almost every point.
Corollary 2.4.5. Let ki + ko = 0. We have that:
i) the relative position of the two particles q1 — q2 is bounded.

ii) for small non—zero values of the conserved quantity P the motion of g1 and q2 is

typically unbounded: they drift with a non—zero average velocity.

Proof. Item i) follows from lemma 2.4.2 and the reconstruction map (2.3.14) given in
the statement of theorem 2.3.3.
To prove item ii) we use (2.3.15) to compute
. 0H OH 1
— ) = _— 71 — t t t 2.4,
&= (G5t ) = 1~ R v OO D) (243
where the evolution of 8 is determined by

. oOH 1 Po mo — 1y < er.H>
—_— _— + K-/_ R

0=_—" = _ 24.4
Opg  mr? 2mims r ( )

Ry(y) denotes the rotation by the angle 6(¢) and v (7, p,,pg) is the vector in R? given
by

K mo — M1 Po mo — My
,U(T:pw"ape) = <T+ —, = > .

4m 2mime T 2mime
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From (2.4.3) we obtain that

T
(€)= 3=l = Jim % [ Roy v GO0, (245)
and hence we obtain that for those orbits with (C) # 0, C(t) grows like (C)t.

Evaluating the integral of C over the level sets of the energy and conserved
quantities, with respect to the invariant measure induced from Liouville measure, we
obtain that it is zero when we restrict to level sets with P = 0. Differentiating that
integral with respect to II, and II, we obtain that at least one of these partial derivatives
is non—zero when evaluated at P = 0. It follows that in a small neighbourhood of the
level sets P = O the integral of C over the level sets of the energy and conserved
quantities is non—zero. Hence, the drift velocity (C) must be non—zero for a subset of
positive measure.

From lemma 2.4.2 and the reconstruction map (2.3.14) we would get that the

motion is unbounded with average velocity J(C> O

Remarks We note that:

i) if ki + ko =0, P =0 and py # 0, then IT/(4m) = 0, the reduced motion is
periodic with period T depending on the values of pg and H and the equation for

the evolution of 6 does not contain 6, so the second term in (2.4.5) vanishes if

T'1 py (mg2 —mq) K

dt ¢ 277 .

4= o mr(t) 2myims

Now « is an analytic function of the value h of H (above its minimum) and is not
identically 2N for any N € Z (as h tends to infinity, for every non—zero py the
period T tends to 4mm/|k| and « approaches the value sign(k)2m(mo —mq)/M
in a non—constant way), so there are at most isolated values of h (given py) for
which o € 27Z. If these orbits are avoided then (C) = 0 and the positions of the

two particles are bounded for all time.

i) We believe that for large P # 0, item ii) of corollary 2.4.5 still holds, i.e. the

motion of g and g is typically unbounded. In fact, the third term of (2.4.4)
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induces a preference for 6 to be in the direction of II, so it would be an unlikely

accident for the second term of (2.4.5) to exactly cancel the first..

One of the key steps for the proof of the existence of chaotic orbits is proving
the existence of an abundant number of trajectories connecting two close approaches
between the particles. The next two lemmas describe the set of parameters and level
sets of the conserved quantities where such trajectories might exist. We skip the proofs
of these lemmas, which follow from an analysis of the Hamiltonian functions given in

theorems 2.3.1 and 2.3.3.
Lemma 2.4.6. Let k1 + ko # 0. Then

o if kiky > 0, or k1ks < 0 and the value of the conserved quantity pg is fixed so
that upg < 0, the distance between the two particles is bounded away from zero,

i.e. there exists d > 0 such that r(t) > d for all t € R.

o if kiko < 0 and the value of the conserved quantity py is fixed so that upg is
positive, the distance r between the two particles can be arbitrarily close to 0.

Furthermore, p, — oo and py — 2upg asr — 0.
Lemma 2.4.7. Let k1 + ko = 0. Then

e if P =0 and py # 0, the distance between the two particles is bounded away

from zero, i.e. there exists d > 0 such that r(t) > d for all t € R.

e if P =0 and pg = 0, the distance r between the two particles can be arbitrarily

close to 0. Furthermore, p, — o0 asr — 0.

e if P # 0, the distance r between the two particles can be arbitrarily close to 0.

Furthermore, p, — o0 and pg — 0 asr — 0.

The dynamics of the Hamiltonian system (2.1.9) are completely characterized by
the dynamics of the reduced Hamiltonian systems and their cyclic variables (6 and ¢ in

the case k1 + k2 # 0, 0 and C if k1 + ko = 0) given in theorems 2.3.1 and 2.3.3 and the
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respective reconstruction maps. The full dynamics correspond to Euclidean extensions,
given by the reconstruction maps, of the reduced dynamics. Extensions of dynamical
systems by Lie groups have been extensively studied in [5, 13, 14, 29]. For the case
of extensions of dynamical systems by the Special Euclidean group of the plane it was

proven in [29] that:

i) extensions of Anosov base dynamics are generically unbounded,;

ii) extensions of quasiperiodic base dynamics are typically bounded in a probabilistic
sense, but there is a dense set of base rotations for which extensions are typically

unbounded in a topological sense.

The boundedness of the trajectories of the Hamiltonian system (2.1.9) obtained in
corollary 2.4.4 for the case k1 + ko # 0 is due to the very special form of the SE(2)
extension provided by the reconstruction map (2.3.7) and the existence of conserved
quantities for this system.

The reduced Hamiltonian systems exhibit a rich dynamical behaviour:

e In the integrable regimes the energy levels are foliated by periodic orbits.

e Close to the integrable regimes most of the periodic orbits cease to exist but
almost all orbits in the energy levels are quasiperiodic and hence the dynamics

still look regular.

e As we will prove in the next section, for opposite signs of charge (except for the
case Q + 9 = 0) there is chaotic dynamics which implies non—integrability for

this system.
Using the reconstruction maps we obtain the following.

1) If k1 +ko # 0 periodic and quasiperiodic base dynamics lift to quasiperiodic dynamics
under the reconstruction map (figures 2.4.1a-2.4.1c). In this case the dynamics
are, generically, quasiperiodic with three rationally independent frequencies. The
particles rotate with these three frequencies about a fixed centre determined by

the linear momenta.
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2) If k1 + ko = 0 periodic and quasiperiodic base dynamics lift to possibly unbounded
motion corresponding to a combination of a drift and quasiperiodic dynamics. The

quasiperiodic dynamics have, generically, two rationally independent frequencies.

3) Chaotic dynamics lift to chaotic dynamics under the reconstruction maps. The
motion is always bounded if k1 + ko # 0 (figures 2.4.1d-2.4.1f) and typically
unbounded otherwise (figures 2.4.1g-2.4.1i).

(b)

Figure 2.4.1: Three distinct dynamical behaviours. For all the figures we fix the
parameters e = m; = 1, B = ¢ = 1 and ¢ = 0.1 and initial conditions
dy, (0) = qu(O) = Py (0) = pr(O) = 0 and p;,(0) = pg,(0) = 1. On the left and
centre columns we have plots of projections of the reduced dynamics on the » — p,- and
¢ —pg planes respectively (r —p, and § —py on the bottom line) and on the right column
the respective reconstructed dynamics, i.e. trajectories of the two particles in R?, where
the black trajectory corresponds to the first particle and the red trajectory corresponds
to the second particle. On the top figures ea = 2, mgo = 6 and ¢, (0) = —¢,,(0) = 2,
on the centre figures ea = —8, mg = 7 and ¢, (0) = —¢4,(0) = 1 and on the bottom
figures e = —1, ma =5 and ¢, (0) = —¢4,(0) = 1.
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2.5 Non-integrability of (2.1.9) with a Coulomb-type po-

tential and opposite signs of charge

2.5.1 Motivation and main result of the section

In this section we will prove that the Hamiltonian system (2.1.9) is, for opposite signs of
charge (except for the case €1 + Q2 = 0), not integrable. We use a method developed
in [8] to prove that there exist regimes of parameters and energy for which there is an
invariant subset where the system contains a suspension of a subshift of finite type and
has positive entropy. Roughly, this corresponds to the existence of a horseshoe in the
dynamics and hence, from a result in [28], we obtain that, for the two degree of freedom
Hamiltonian systems in theorems 2.3.1 and 2.3.3, there is no other analytic conserved
quantity independent of the Hamiltonian function.

By lemma 2.4.3, the integrable case 2; = 9 described in corollary 2.3.2 does
not have any saddle point in its reduced phase space, so there are no possibilities for a
simple use of Melnikov method to obtain chaos for nearby 21 # ()s.

The condition of opposite signs for the charges is needed to guarantee, by lemmas
2.4.6 and 2.4.7, arbitrarily close approaches on the level sets of the conserved quantities
of (2.1.9). The construction of a large set of collision orbits will form an important part
in the proof of existence of chaotic orbits.

Let Q = R? and consider a two degrees of freedom canonical Hamiltonian system

with phase space M = T*(Q\{0}) and Hamiltonian function Hy : M — R, given by
Hs=H+6V(q) , dER. (2.5.1)
We assume that H is C* on M and has the form
Lo 9
where W : M — R is a C* function of M, such that
W (q,p) = W1(q) + W2 (q.Jp) + (a.q + b.p) W3 (¢.Jp) , (2.5.3)
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where W1 : Q — R and Wy, W5 : R — R are at least C** functions and a, b are constant

vectors in R?. Furthermore, we assume that V : Q\{0} — R is of the form

_fla)
q|

where f : Q — R is a C* function with f(0) # 0. We will study the Hamiltonian

Vig) =

)

system (2.5.1), for small § > 0, as a perturbation of the canonical Hamiltonian system
with Hamiltonian function (2.5.2). The main example we are concerned with is the
interaction of two charges in a uniform magnetic field. In lemma 2.5.2 we will prove
that the Hamiltonian system (2.1.9) can be reduced to a canonical Hamiltonian system
of the form (2.5.1).

We consider energies F satisfying the following:
i) the domain D = {g € Q : W (q,0) < E} contains 0,
i) £ > W(0,0) — (|b|W3(0))* /2,

and study the system (2.5.1) on the energy level {Hs = E} C M. We say that a
trajectory 7y : [0,7] — D is a collision trajectory of the Hamiltonian system (2.5.2) if
7(0) =0,v(7) =0and y(t) # O forevery t € (0,7). Let g (A, t), p(A,t) represent the
general solution of the Hamiltonian system (2.5.2), where X is a parameter of dimension
2dim@. Then H (q (N, t),p(\t)) = h(X) for some function h. Collision orbits with

energy E correspond to solutions of the system of equations

g(\0) = 0
q\7) = 0 (2.5.4)
b)) = E,

in the variables A, 7. A solution of (2.5.4) is non—degenerate if the rank of the derivative
of (2.5.4) at the solution is maximal, i.e. equals 2dim @ + 1. The definition of non—
degeneracy given above is suitable for verification of non—degeneracy on concrete exam-
ples. For completeness we give below two equivalent formulations of non—degeneracy

that will be useful later in this section. See [8] and references therein for more details.
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)

To any solution (v(t),£(t)) of Hamilton's equations associated with the canoni-
cal Hamiltonian system with Hamiltonian H, there corresponds the variational

equation

v = Hgp(v(1),£(t)) v+ Hpp (Y(1), (1)) w

= —Hgq(7(t), () v — Hep (7(t), (1)) w . (2.5.5)

We say that the points y(71) and ~(72) are conjugate along ~ if there exists a

non—identically zero solution (v(t),u(t)) of (2.5.5) such that v(71) = v(m2) = 0.

We say that a collision orbit « : [0,7] — D is non—degenerate if the points v(0)

and () are not conjugate along .

Let Q be the space of W12 curves u : [0,1] — @Q such that u(0) = u(1) = 0.
Any point (u,7) € Q x R defines a curve v: [0,7] — Q by v(t) = u(t/7). Let
(v(t),&(t)) be the orbit in phase space corresponding to the trajectory ~(¢) and

define its action as

F(u,7) = /OTf(t).%i (v(t),&(t)) dt . (2.5.6)

Then F is a C? functional on © x Rt and its critical points correspond to tra-
jectories of energy £ = H (~(t),£(t)) connecting two collisions. A collision orbit
7 : [0, 7] — D is non—degenerate if (u, 7), where u(t) =~ (¢7) is a non—degenerate

critical point for F'.

Let IC be a finite set of non—degenerate collision trajectories of (2.5.2). Denote such
trajectories by 7y : [0, 7x] — D, k € K. A sequence (7, );cz of non—degenerate collision
trajectories is called a chain if 4y, (Tx,) # £Yk,,, (0) for all i € Z. Let W}, be a small
neighbourhood of 74 ([0, 7x]). We say that a trajectory v : R — D\{0} shadows the

chain (yx,),cz if there exists an increasing sequence (t;);cz such that « ([t;, ti11]) C Wh,.

Theorem 2.5.1. Given a finite set K of non—degenerate collision orbits, there exists
do > 0 such that for all 6 € (0,00] and any chain (V,);cz. ki € K, the following

statements hold.
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e There exists a trajectory vy : R — D\{0} of energy E for the canonical Hamilto-
nian system determined by (2.5.1) shadowing the chain (y,);cy, and it is unique
(up to a time shift) if the neighbourhoods Wy, of ~y, (0,7x,) in D are chosen

small enough.

e The orbit v converges to the chain of collision orbits as ) — 0, i.e. there exists

an increasing sequence (t;);., such that

max  dist (7(£), 7, ((0,7.])) < €9 ,

1 <t<tii1

where the constant C' > 0 depends only on the set K of collision orbits.

e the orbit v avoids collision by a distance of order 9, i.e. there exists a constant

c € (0,0, depending only on K such that

) < i dist t).0) .
05, min dis (v(t),0)

A more precise version of theorem 2.5.1 is given in theorem 2.5.12 of section
2.5.5. Theorem 2.5.1 implies that there is an invariant subset in { Hs = E'} on which the
system contains a suspension of a subshift of finite type (see [20, 21]). The topological

entropy is positive provided the graph with the set of vertices K and the set of edges
G = {(k,1) € K* : % (1) # £%,(0)} (2.5.7)

has a connected branched subgraph. In this last case theorem 2.5.1 implies non—
integrability, i.e. the Hamiltonian system determined by (2.5.1) does not have any
more analytic first integrals apart from the Hamiltonian function (see [28]). Theorem
2.5.1 generalizes the main theorem in [8] where function W in (2.5.3) was allowed to
depend on p through only a linear term in p. This theorem still holds for Hamiltonian
systems of the form (2.5.1) with n degrees of freedom and for potentials V' with several
Newtonian singularities and for kinetic energy given by a general Riemannian metric (see
[8] for more details). For simplicity of exposition however, we choose not to deal with

such a general system here. The proof of theorem 2.5.1 occupies sections 2.5.4-2.5.6
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and follows the technique developed in [8] up to some minor modifications that are due

to the chosen dependence of the function W on the momenta p.

2.5.2 Application to the problem of the interaction of two charges in a

uniform magnetic field

In this section we start by proving that the Hamiltonian system (2.1.9) with a Coulomb
interaction potential can be reduced to one of the form (2.5.1). Then, we use the
collision orbits constructed in section 2.5.3 and theorem 2.5.1 to prove the existence of

chaotic orbits in the interaction of two charges in a uniform magnetic field.

Lemma 2.5.2. The Hamiltonian system (2.1.9) can always be reduced to a two degrees

of freedom canonical Hamiltonian system of the form (2.5.1).

Proof. As in section 2.3 we separate the proof into two cases. If k1 4+ ko = 0, apply the

change of coordinates given by

p — m'%p (2.5.8)

to the Hamiltonian system given by (2.3.11) to obtain one in the form (2.5.1) with

W) = L lef b
&) = 8m? x 8m
(mg —mq) K
bH = ——2 4
Wz( ) 2m1m2
Ws(l) = 1,
where
K
@ = “pant
_ (ma2—m)
b = SSYOLY: JIT
5 — |6162\m1/2
N 4dmeg
flg)g =1



If k1 + ko # 0, we consider the three degrees of freedom Hamiltonian system

given by (2.3.3). This system has the following symmetry

do (q,p, f) = (Roq, Rgp, Ry f) , (2.5.9)

with an associated conserved quantity L = q.Jp + ]f|2 /(2u). To quotient by the
symmetry group (2.5.9), we use the equivalence relation between elements of the phase

space (already reduced by translations), given by

(@.p. f)~ (d.7, f)

if and only if there exist § € S! such that (¢/,p’, f') = (Ryq, Rgp, Rof), and choose
for representative elements of the equivalence classes of the above relation elements

satisfying f, = 0, f; > 0, and use conservation of L to obtain

fo=+/2p(L —q.Jp) .

Applying the above reduction to the Hamiltonian system (2.3.3), we get the following

two degrees of freedom canonical Hamiltonian system in the variables (q, p):
1 5 €2 9 e
H=—p]*+ —laf + AL+ (5~ A) ¢.dp
2m 8m 2m
+€(2pe — eqy) V2pu (L — qJIp) + V (la]) (2.5.10)

where
ki A+ koo

]
Apply the change of coordinates (2.5.8) to the Hamiltonian system determined by

(2.5.10) to obtain one of the form (2.5.1) with

A

2

Wi(z) = %mhu
e

Wa(t) = (g, —4)¢

Ws(l) = ev2u(l—1),
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where

o = (0-55)

b — <2m1/2,0>

5 leres|m!/?
B 4meg
fle) =1
O
Introducing the rescaling given by
1 1
Qz"—>qu‘7 PiHsz‘y

the Hamiltonian system (2.1.9) is transformed to the Hamiltonian system determined

by H/A? and w/\?, where H is given by

lg1 — q2|

and G = ejea/(4mep). Moreover, noting that Hamilton's equations associated with the
Hamiltonian system defined by H /A2 and w/A? are the same as for the Hamiltonian
system defined by H and w we obtain that the existence of chaotic orbits for small
values of )\ for the Hamiltonian system defined by H and w implies the existence of

chaotic orbits for the Hamiltonian system (2.1.9) on level sets of high energy.

Theorem 2.5.3. Let e; and es be non-zero and have opposite signs. Furthermore,
assume that e + e is non—zero and fix values ¢ € R of L and h > 0 of H such that

(/ﬁ + kz)f

&= h € (0,m1 +ma) . (2.5.11)

Then,
e iy and Q9 are rationally independent then for every £ € (0, m1 +my) there are
infinitely many non—degenerate collision trajectories of energy h and for any finite
set KC of them there exists 6y > 0 such that for every chain (Vi,);cy, ki € K, and

d € (0,00) there is a unique trajectory of energy h near the collision chain and

converging to the chain as § — 0.
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e Let m' be given by

r_ (kl + k2)2
k1Qq + koQo

If Q21 /Q2| is rational, say N1/Ny in lowest terms, then

(i)

(ii)

(iii)

if min{my, mo} > m’ and N1 > 2 (respectively Ny > 2) there is a subin-
terval (my,m*) (respectively (mg, m*)) of (0,m1 + my) such that for all
¢ € (my,m*) (respectively & € (mg,m*)) there are at least four non—
degenerate collision trajectories of energy h, and the set of chains formed
from them has positive entropy. Furthermore, if No—2 < N1 or N1 —2 < N»
there is a subinterval (m”,;m’) of (0,m1+msg) such that for all £ € (m”,m’)
there are at least four non—degenerate collision trajectories of energy h, and

the set of chains formed from them has positive entropy.

if mg < m’ < my (respectively my < m’ < mg) and N1 > 2 (respectively
Ny > 2) there is a subinterval (my, m*) (respectively (ma, m*)) of (0,m; +
mg) such that for all £ € (my, m*) (respectively § € (ma, m*)) there are at
least four non—degenerate collision trajectories of energy h, and the set of

chains formed from them has positive entropy.

if m’ < min{my, ma} there is a subinterval (m’, min{my, ma}) of (0,m; +

mg) with 2(Ny + No — 1) non—degenerate collision trajectories of energy h.

Given a finite set KC of non—degenerate collision trajectories, there exists dy > 0

such that for every chain (Vi,);cz. ki € K, and § € (0,0¢) there is a unique

trajectory of energy h near the collision chain and converging to the chain as

6 — 0.

chains for

Proof. From lemma 2.5.2 and a rescalling we obtain that the Hamiltonian system (2.1.9)

can be reduced to one of the form (2.5.1). In section 2.5.3 we prove the existence of

a Hamiltonian system of the form (2.5.2): in lemma 2.5.6 we prove the

existence of collision orbits for such system, in lemma 2.5.8 we check non—degeneracy

of such collision orbits and in lemma 2.5.9 we prove that we can build sets of such non-
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degenerate collision orbits satisfying the direction change condition. The result then
follows by theorem 2.5.1 above, which guarantees that each chain of collision orbits of

the system (2.5.2) is shadowed by an orbit of the system (2.5.1). O

Theorem 2.5.4. Let e; and ey be non—zero and assume that e1 + eo = 0. Fix the
values p € R? of P and h > 0 of H such that

_ P

¢ 2h

S (0, mi + m2) . (2.5.12)
Then,

e iy and Qg are rationally independent then for every £ € (0, m1 +mg) there are
infinitely many non—degenerate collision trajectories of energy h, and for any finite

set IC of them there exists 6o > 0 such that for every chain (~y,) k; € K, and

1E€EL’
d € (0,00) there is a unique trajectory of energy h near the collision chain and

converging to the chain as § — 0.

o If |21 /Qs| is rational and not equal to 1, say Ni/Na in lowest terms, for all
€ € (0,m1 + my) there is at least one chain and for £ € (0, min{my,ms}) there
is a set of chains with entropy at least log(Ny + No — 1). For each finite set K of
non—degenerate collision trajectories there exists §g > 0 such that for every chain
(Y. )iez ki € K, and § € (0,6¢) there is a unique trajectory of energy h near the

collision chain and converging to the chain as 6 — 0.

Proof. From lemma 2.5.2 and a rescalling we obtain that the Hamiltonian system (2.1.9)
can be reduced to one of the form (2.5.1). In section 2.5.3 we prove the existence of
chains for a Hamiltonian system of the form (2.5.2): in lemma 2.5.7 we prove the
existence of collision orbits for such system, in lemma 2.5.8 we check non—degeneracy
of such collision orbits and in lemma 2.5.9 we prove that we can build sets of such non-
degenerate collision orbits satisfying the direction change condition. The result then
follows by theorem 2.5.1 above, which guarantees that each chain of collision orbits of

the system (2.5.2) is shadowed by an orbit of the system (2.5.1). O
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Remark Note that in the case 2; = —(), theorem 2.5.3 for ky + ko # 0 produces only
one orbit (in fact it is periodic with two near collisions per period) and theorem 2.5.4
for k1 + ko = 0 produces none (because we will see in the proof of lemma 2.5.9 that
in this case the direction change condition can not be satisfied). For all other negative

frequency ratios, theorems 2.5.3 and 2.5.4 produce chaos.

2.5.3 Construction of collision orbits

In this section we prove the existence of a countably infinite subset of collision orbits for
the Hamiltonian system (2.1.9) after reduction to the form (2.5.1), as given in lemma
2.5.2, for 6 = 0. Furthermore, we prove that the collision orbits are non—degenerate and
satisfy the direction change condition on the reduced space. This construction combined
with theorem 2.5.1 implies theorems 2.5.3 and 2.5.4 .

The general solution for the Hamiltonian system (2.1.9) with zero interaction

potential can be written as

qi(t) = R;+piJeq,ite,

pi(t) = kipieg,ite, » (2.5.13)

for i € {1,2}, where R; = (R,,,R,,) € R? are the guiding centres of the particles,
pi > 0 their gyroradii, Q; € R their gyrofrequencies, ¢; € S' their initial phases and
€Qit+¢; = (—sin(Qt + ¢;), cos(2it + ¢;)). Substituting (2.5.13) in the expressions for
the Hamiltonian function given in (2.1.9) and the linear and angular momenta given in
proposition 2.1.2, we obtain the conserved quantities of the Hamiltonian system (2.1.9)

as functions of the parameters introduced above

B 5 koS

H = 2.5.14
5 P15 P2 (2.5.14)
P = J(kR;+ kRy) (2.5.15)
k;
L = Z§<p?—|Ri\2). (2.5.16)
i=12

By lemma 2.5.2, on level sets {H = h,L = ¢, P = p} of the Hamiltonian and

the conserved quantities, to each orbit of the Hamiltonian system (2.1.9), satisfying the
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conditions

q1(0) = g2(0)

qi(1) = qu(7), (2.5.17)

for some 7 > 0 and such that q;(¢) # ga(t) for every 0 < ¢t < 7, there exists a collision
orbit

a(t) = 175 (@i(t) - aa(0)) |

of the corresponding reduced Hamiltonian system, given in lemma 2.5.2, on the level

set with energy h and fixed parameters L = ¢ and P = p such that

q0) = 0
q(r) = 0,

for some 7 > 0 and q(t) # O for every 0 < t < 7.

The next lemma follows by some simple geometric arguments. We skip its proof.

Lemma 2.5.5. Assume that the trajectories of the two particles are given by (2.5.13).

Then

e the images of the trajectories intersect in two distinct points if and only if the
inequalities

lp1 — p2| < |Ri — Ro| < p1+p2 .

are satisfied. Furthermore, the intersections are transversal and if the angles ¢

and ¢ are fixed by the condition q(0) = O they satisfy ¢a — ¢1 # 0 (mod 7).

e ifQy and Qs are rationally independent then the two particles collide at most once

at each of the intersection points.

We now prove the existence of a large set of collision orbits of (2.1.9) on fixed
level sets of the conserved quantities. In the construction we choose these collision orbits

to connect distinct collision points since collision orbits connecting a point to itself are
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possible only for rationally dependent gyrofrequencies. Moreover, such orbits turn out
to be degenerate. As before, we separate the analysis into two cases: k1 + ks #£ 0 and

ki + ko = 0.

Case k1 + ko #0

Lemma 2.5.6. Let e and es be such that ey + e # 0 and eyes < 0 and fix £ € R and

h > 0 such that
(kl + kQ)E

§="——— €(0,mi+ma). (2.5.18)

Then,

e if Q and Qo are rationally independent then for every & € (0,m1 + mg) there
are infinitely many SFE(2) equivalence classes of orbits of the Hamiltonian system

(2.1.9) with zero interaction on the level set
{(q1.92,p1,p2) ER®* :H=h ,L=1(,P=p} (2.5.19)
satisfying (2.5.17) with no early collisions.
o If|Q1/Qq]| is rational, say N1/Na in lowest terms, then the following holds.

(i) If min{mi, ma} > m’ and N1 > 2 (respectively No > 2) there is a subin-
terval (my,m*) (respectively (mg, m*)) of (0,m1 + my) such that for all
¢ € (m1,m*) (respectively { € (mg, m*)) there are at least four SE(2)
equivalence classes of orbits of the Hamiltonian system (2.1.9) with zero in-
teraction on the level set (2.5.19) satisfying (2.5.17) with no early collisions.
Furthermore, if Ny —2 < Ny or Ny —2 < Ns there is a subinterval (m” ,m')
of (0,mq +mg) such that for all ¢ € (m”,m’) there are at least four of such
equivalence classes.

(ii) If mg < m' < my (respectively my < m’ < mg) and N1 > 2 (respectively
Ny > 2) there is a subinterval (my, m*) (respectively (mga, m*)) of (0, m1 +
ma) such that for all £ € (my1,m*) (respectively & € (mg, m*)) there are at

least four of such equivalence classes.
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(iii) If m’ < min{m1,ma} there is a subinterval (m', min{my, ma}) of (0, my +

ma) with 2(Ny + No — 1) of such equivalence classes.

Proof. We fix the values of the masses m; > 0 and mo > 0 and charges e; and es
such that ejes < 0 and e; + e2 # 0. We assume that k1 + ko > 0, as the case
k1 + k2 < 0 can be transformed to this by time reversal. Without loss of generality we
assume that k1 > 0 and k2 < 0. With this choice we also have Q; = k1/m; > 0 and
Qg = ko/mg < 0.

From (2.5.15) we get that the centre of charge of the guiding centres

kiR; + ko Ry B -JP
ki +ka kit ke

is a constant. So by a translation we can assume it and P are 0. This implies the
relation

Ry=-R; . (2.5.20)

We remove the symmetry associated with the conservation of angular momentum using a
rotation that makes the guiding centre of the first particle Ry = (R,,, R,,) a horizontal
vector, i.e.

R, =0, Ry >0. (2.5.21)

Let us treat the case where at time ¢t = 0 the two charges are at the intersection
point of the two circles above the horizontal axis. We will treat the other case similarly.
The situation is pictured in figure 2.5.1.

From the sine rule we obtain

7 Sin @2
. sin(¢1 + ¢2)
7 sin ¢
= — 2.5.22
r2 sin(o1 + ¢2) ( )
where ¢1 and ¢o belong to the set
S={(¢1,02) € S' xS :0< 1 <0< o <7— 1} (2.5.23)
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P1 P2

Y 61 b2 7

Figure 2.5.1: Trajectories of the two charges between collision points (for k1 > |kal).

and r denotes the distance between the guiding centres of the particles and satisfies

Rov = =3 Iff ko (2.5.24)
From (2.5.14) and (2.5.22) we obtain
r’ ) . 9
H= 2sin% (61 + d2) (k191 sin® ¢ + koQasin® éy) (2.5.25)

Similarly, using (2.5.16), (2.5.20), (2.5.22) and (2.5.24) we obtain that

702

b= 2sin?(¢1 + ¢2)

We define the function

kik
<1<;1 sin® ¢y + ko sin® ¢y — # sin®(¢) + ¢2)> . (2.5.26)
1+ ko

(k1 + ko)L (k1 + k2) (k1 sin® g2 + ko sin® ¢1) — kiko sin®(¢1 + ¢2)

== = 2.5.27
H k1O sin? P9 + koS sin? b1 ( )
and note that = has range (0,m1 + mg) and takes the values mj, mo and
' (k1 + k2)2
= —— 252
k1921 4 k9§29 (2.5.28)

along the boundaries ¢1 = 0, ¢2 = 0 and ¢1 + ¢p2 = m, respectively. Note that
m’ < max{mq,ma} (in particular, since we are assuming k1 + k2 > 0 then m/ <

m1) and if m; = mgo then m’ < my. The supremum m; + mgy of = is approached
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Figure 2.5.2: Contour plots of = in the set S for k1 > |ko|. From left to right, on
the top line are the cases m’ < m; < mg (2.5.2a), m’ < m; = mg (2.5.2b) and
m' < mg < my (2.5.2c) and on the bottom line are the cases m’ = my < my
(2.5.2d) and mga < m’ < my (2.5.2e). The contour plots are qualitatively the same
for all parameters in these ranges; the values used in the figures are k1 = m; = 1
and (ko,mo,m') = (—1/2,2,2/9) (2.5.2a), (—1/2,1,1/5) (2.5.2b), (—1/2,1/2,1/6)
(2.5.2¢), (—1/4,1/2,1/2) (2.5.2d), (—1/4,1/4,9/20) (2.5.2¢).

along the line ¢o/¢1 = |Qa2]/Q to (0,0). Its infimum 0 is approached along the line
¢2/(m — ¢1) = |ka|/k1 to (m,0). See figure 2.5.2 for plots of the level sets of E.

From an analysis of figure 2.5.1 we get that the time 7 > 0 in (2.5.17) for the
particles to collide at the intersection point lying below the horizontal line must satisfy

the conditions
27T7’L1 — 2¢1 27T7”L2 — 2¢2
T = = y
0 |Q0]

(2.5.29)

for some integers ny,no > 1.

If the gyrofrequencies €21 and )y are rationally independent then, by lemma
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2.5.5, there are no collisions for times ¢ € (0,7). On the other hand, if ; and Q9 are
rationally dependent, say ©;/|Q2| = N1/N3 in lowest terms, then early collisions might
occur, i.e. there might exist 0 < t* < 7 such that g (t*) = g2(t*). It suffices, however,
to reduce (n1,n2) by the first integer multiple of (N7, N2) to make n; < Nj or ng < Ny
(maintaining n1,n2 > 1) to obtain a collision trajectory with the same start and end as
before with no early collisions.

Also from (2.5.29) we get the relation

P2 = [ (C(m,nz) + gi) , (2.5.30)

where C' (n1, n2) is given by

™9 ™1
C(nl,nQ) = @ — Qil

The case where at t = 0 the two particles are at the lower intersection of

figure 2.5.1 is similar, but

2¢1 + 2mn) 2¢9 + 271'71/2
T = =
o 0|

for some integers n,ny > 0. So the two cases can be combined by allowing (n1, n2) in
(2.5.29) to range over N = {(nl,ng) €Z?:ni,ng >1o0rng,ng < 0} (reduced suita-
bly by multiples of (N1, N2) in the rational case to avoid early collisions).

We fix a level set of Z = £, where £ € (0, m1+msz). Collision orbits correspond to
intersections of that level set with the set of lines in S given by (2.5.30) for n1,n2 € N.

Now we separate the analysis into two cases.

Claim 1: If Q1 and Qo are rationally independent there are infinitely many transverse

intersections in S for any given £ € (0,m1 + ma).

Claim 2: If Q; and Q9 are rationally dependent, say Q;/|Q2| = N1 /N5 in lowest terms,
there are transverse intersections for all £ € (m’, m1 +ma). Furthermore, we have

that the following holds.

(i) If min{my,ma} > m’ and Ny > 2 (respectively Ny > 2) there are at least

two transverse intersections for all £ € (my, m*) (respectively £ € (ma, m*))

93



for some m* € (my, m1+my) (respectively m* € (ma, mi+msz)). Moreover,
if No—2 < Ny or N7 —2 < N there are at least two transverse intersections

for all £ € (m”,m’) for some m” € (0,m’).

(ii) 1f mg < m’ < my and Ny > 2 there are at least two transverse intersections

for all £ € (my, m*) for some m* € (mqy,my + ma).

(iii) If m’ < min{my, ma} there is a subinterval (m’, min{m, ma}) with at least

(N1 + N3 — 1) transverse intersections.

(iv) Each intersection defines two collision trajectories, one from the upper point

to the lower point, the other from the lower to the upper.

Claim 1 is trivial since rational independence of €21 and 29 implies that the lines
(2.5.30) densely fill the set S. Since there are no level sets of = parallel to the lines
(2.5.30) then we have infinitely many intersections with each level set £ € (0, m; 4+ m2)
of Z. Infinitely many of them are transverse.

We now prove Claim 2. Equation (2.5.30) defines N1 + No — 1 lines of slope
Ny /Ny, from the origin, the points nm/N; on the ¢s-axis and the points nw /Ny on the
¢1-axis. On the line from (0,0) one of the two situations happen: either = decreases
at non—zero rate from mj 4+ mgy to a minimum and then rises at non—zero rate to
m’ or = decreases at non—zero rate to m’. Thus, transverse intersections exist for all
e (m,my+ma).

Now if N1 > 2 there is a line starting from /N7 on the ¢s-axis. On this line
= rises at non—zero rate from mj; to a maximum value and then either = decreases to
m’ at non—zero rate or = decreases to a minimum below m/’ to rise again to m'. Take
m* to be the maximum value in this line. If Ny > 2 there is a line starting from 7/N,
on the ¢q-axis. On this line = rises at non—zero rate from my to a maximum value and
then either = decreases to m’ at non—zero rate or = decreases to a minimum below m’
to rise again to m/. Take m* to be the maximum value of = on this line. To finish the
proof of (i) note that the condition Ny — 2 < N; implies that on the line from 7/N

the map = has a maximum above m/ and a minimum m” below m/. The condition
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Nj — 2 < Ny implies the same conclusion when the line from 7/Nj is considered. To
prove (ii) note that if ma < m’ < my then on the line from /Ny on the ¢q-axis E
rises at non—zero rate from m; to a maximum value and then either = decreases to m’
at non-zero rate or = decreases to a minimum below m’ to rise again to m’. For (iii),
note that on all the Ny + Ny — 1 lines, = connects one of m; + my (at (0,0)), m; (at
¢1 = 0) or ma (at ¢2 = 0) to m’ at ¢1 + ¢o = 7. Statement (iv) is a result of the
rational frequency ratio. This finishes the proof of Claim 2.

To finish the proof of lemma 2.5.6 we note that given (¢1,¢2) € S and fixing
H = h in (2.5.25) we determine r. Having determined r we obtain R; and Ry by
(2.5.20) and (2.5.24). The values of p; and py are determined by (2.5.22) once r, ¢;
and ¢y are known. The results for k1 + ko < 0 are obtained by time reversal, the only

effect being that the case my < m’ < mq of item (ii) of the lemma applies. Ol

Case k1 + ko =0

Lemma 2.5.7. Let e; and ey be such that e; + e3 = 0 and fix p € R? non-zero and
h > 0 such that
2
D
‘= p|

= 9n S (0,m1 +m2) . (2.5.31)

Then,

e if Qy and Qo are rationally independent then for every £ € (0,m1 + mg) there
exist infinitely many S E(2) equivalence classes of orbits of the Hamiltonian system

(2.1.9) with zero interaction on the level set
{(Q17Q2)p17p2) S R8 cH=nh 7L =/ 7P :p}
satisfying (2.5.17) with no early collisions.

o If|Q21/Qs| is rational, say N1/Ns in lowest terms, and & € (0, m; +my) there are
at least two SE(2) equivalence classes of orbits of the Hamiltonian system (2.1.9)

with zero interaction on the level set

{((I17QQ7P1>I)2) ERgH:h 7L:£7P:p}
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satisfying (2.5.17) with no early collisions. If £ € (0,min{m;, ma}) there are at
least 2(N1 + Ny — 1) of them.

Proof. Without loss of generality, we fix the values of the masses m; > 0 and mg > 0
and charges e; < 0 and e > 0 so that k1 > 0 and ko < 0. Since e; + e5 = 0 we have
k1 4+ ko = 0, so throughout this proof we set ko = —kj.

We fix a non—zero value p = (ps,py) € R? for the level set {P = p} (we have
seen already that if k; + ko = 0 and P = O then the system is integrable). Without

loss of generality we apply a rotation to make p vertical, i.e.

p=(P,py) , Pz=0, p;>0. (2.5.32)
Hence, from (2.5.15) and (2.5.32), we get that the vector

1
Ry — Ry =-Jp, (2.5.33)

is horizontal, oriented to the right, and has norm

r= |]Z| . (2.5.34)
Then the situation is as in figure 2.5.1 again.
Let us first treat the case where at t = 0 the two charges are at the intersection
point of the two circles above the horizontal axis.
From the sine-rule we obtain p; and py as given in (2.5.22) with r given by
(2.5.34) and ¢; and ¢2 belong to the set S defined in (2.5.23). From (2.5.14) and
(2.5.22) we obtain H as given in (2.5.25). We define the function

k:%rQ B k1 sin2(¢1 + ¢2) o omymg sin2(¢1 + ¢2)
2H Q4 sin? P2 — o sin? b1 my sin? ¢1 + mo sin? o)

[1]

(2.5.35)

and note that = again has range (0,m1 + mo) and takes values my, msy, m’ = 0 on
o1 =0, ¢o =0, ¢1 + ¢ = m, respectively. See figure 2.5.3 for plots of the level sets of
From an analysis of figure 2.5.1 we get that the time 7 > 0 in (2.5.17) for which

a collision occurs must satisfy the conditions (2.5.29) for some ny,ne € N.
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(c)

Figure 2.5.3: Contour plots of Z in the set S for the case ko + k1 = 0. From left to
right are the cases m; < mg (2.5.3a), m1 = mg (2.5.3b) and m; > mg (2.5.3c). The
figures are drawn for ky = 1, ko = —1 and (my,m2) = (1,2) (2.5.3a), (1,1) (2.5.3b),
(1,1/2) (2.5.3c), but all other parameter choices satisfying the given conditions give
qualitatively equivalent pictures.

If the gyrofrequencies €21 and )y are rationally independent then, by lemma
2.5.5, there are no collisions for times ¢ € (0,7). On the other hand, if Q1 and Qs are
rationally dependent, say Q;/|Q| = Nj/Nj in lowest terms, then early collisions might
occur, i.e. there might exist 0 < t* < 7 such that q;(t*) = g2(t*). As before, reducing
(n1,n2) by a multiple of (N1, N2) removes any early collisions. As before, we obtain
the relation (2.5.30), and the case where the particles start at the lower intersection in
figure 2.5.1 can be incorporated by allowing (ni,ns) to range over N.

We fix a level set of = = £, where £ € (0, m1+mz2). Collision orbits correspond to
intersections of that level set with the set of lines in S given by (2.5.30) for (n1,n2) € N.

Now we separate the analysis into two cases.

Claim 1: If Q1 and 9 are rationally independent there are infinitely many transverse

intersections in S for any given £ € (0, m1 + ma).

Claim 2: If Q; and Q9 are rationally dependent, say Q1/|Q22| = N1/Ny in lowest
terms, there are transverse intersections for all £ € (0,m; + m2). For £ €
(0, min{m, mo}) there are at least N; + No — 1 transverse intersections. Each

intersection gives two collision orbits.
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The proofs of Claims 1 and 2 are analogous (though simpler) to those given in
the proof of the previous lemma 2.5.6.

To finish the proof we note that given (¢1, ¢2) € S and fixing H = h in (2.5.25)
we determine 7, from which we obtain R; and Ry (up to a translation) by (2.5.33).

The values of p; and py are determined by (2.5.22) once r, ¢ and ¢2 are known. [

Analysis of the sets of collision trajectories

Lemma 2.5.8. Consider the collision orbits at 6 = 0 constructed in lemmas 2.5.6 and

2.5.7.

e [fQq and Qg are rationally independent there are infinitely many non—degenerate

collision orbits for any given & € (0, m1 + mg).
e Suppose | /0| is rational, say N1/Na in lowest terms.

— If k1 + ko # 0O then

(i) if min{my,ma} > m' and Ny > 2 (respectively No > 2) for all
€ € (m1,m*) (respectively & € (mg, m*)) there are at least four non—
degenerate collision orbits. Furthermore, if No—2 < Ny or N1 —2 < Ny
for all £ € (m”,m’) there are at least four.

(ii) if mg < m’ < my (respectively m; < m’ < mgy) and N1 > 2 (respecti-
vely Ny > 2) for all £ € (my, m*) (respectively & € (ma, m™)) there are
at least four non—degenerate collision orbits.

(i) if m’ < min{my, ma} for all ¢ € (m/, min{my,ms}) there are 2(Ny +
Ny — 1) non—degenerate collision orbits.

— If k1 + ko = 0 then for all £ € (0,mq + mq) there are at least two non—

degenerate collision orbits and for § € (0, min{m;, ma}) there are at least

2(N1 + Ny — 2).

Proof. In the proofs of lemmas 2.5.6 and 2.5.7 we have constructed sets of collision

orbits by removing the symmetries and fixing the conserved quantities of (2.1.9) and
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enforcing the collision conditions (2.5.17). Collision orbits correspond to intersections
of the lines (2.5.30) with level sets of the quantity = (defined in (2.5.27) for the case
k1 + ko # 0 and (2.5.35) for the case k1 + ko = 0). To prove non—degeneracy we must
check that the derivative of (2.5.4) has full rank when evaluated on a collision orbit.
We prove this for the case k1 + ko = 0. The case k1 + ko # 0 is analogous. Substituting
(2.5.13) in (2.5.4) and using (2.5.14) and (2.5.33), we obtain

1
prley, —paley, = ]?JP
1
1
prdeq,rio, — p2deq,rig, = kleP (2.5.36)
L o, 1 5
— — = F.
2m1P1 +2m2p2

Note that the right hand side of (2.5.36) does not contain any of the five parameters p;,
p2, 1, ¢2 and 7. Differentiating (2.5.36) with respect to these five parameters, com-
puting the determinant of the resulting matrix, substituting p; and po by the expressions

given in (2.5.22) and noting that

cos(uT + ¢;) = cos(¢i) , sin(Q;7 + ¢;) = —sin(¢;) , ie{1,2},
we obtain
. 27“4]{1 sin(gbl) sin(¢2) ma mo
Dl1,2) = LGSR (151, 0u) 4 T (61,0) + 22 Fil60.02))
where

Fi(f1,¢2) = cos’(¢1)sin(¢1) sin(¢a) — cos?(¢1) sin®(¢1) sin(¢2) cos(¢2)
+sin’(¢1) sin®(¢g) cos(¢1) — sin(pa) sin®(¢1) cos® (¢2)
+sin?(¢2) cos(¢1) sin(¢1) cos®(¢a) — sin*(¢1) sin(¢2) cos(a)
— sin’(¢2) sin®(¢1) cos(¢2) + sin (¢2) cos(1) sin(¢1)

Fy(¢1,¢2) = —cos(¢1)sin’(¢1) cos?(¢a) + cos®(¢1) sin®(41) cos(¢2) sin(g)
—sin®(¢1) sin(¢2) cos(¢2) + sin®(¢1) cos(¢1) sin®(¢2)

Fy(¢1,¢2) = sin’(¢) cos(ga) cos®(¢1) — sin®(pa) cos(¢1) cos®(go) sin(¢1)
+sin’(¢2) sin(¢1) cos(¢1) — sin®(¢a) sin®(¢1) cos(ga)

99



and 7 is as given in (2.5.34). To obtain non—degeneracy it is enough to check that the
level sets of D do not coincide with the level sets of Z. Changing variables in (2.5.35)

to = cos(¢1) and y = cos(¢2), where
(z,y) € {(u,v) eR?:—-1<u,v<1 ,u—i—sz} .

we obtain
m1ms (372 N 2x2y2)

(1]

)
my + ma — myz? — maoy?

Applying the same change to D, we obtain

—2kirty/(1 - 2?) (1 —3?)

D(x,y) = 1G(2,y),
m12mo? (a:ﬂ + y@)
where
G(z,y) = (mi* (1—2%) +m® (1 -9?)) Gi(z,y) + 2mimaGa(z,y)

Gi(z,y) = y(1—2:1:2)\/1—y2—:p(1—2y2)\/1—x2
Go(z,y) = y(l—a:2)\/1—y2—x(1—y2)\/1—$2.

Since for the variables (z,y) the level sets of = are quartic curves in R? while the level
sets of D are non—algebraic curves in R? we obtain that the level sets of Z and D do

not coincide. 0

Let I' C N be a set of labels for the non—degenerate collision orbits constructed
in lemmas 2.5.6 and 2.5.7. The set I" is countably infinite if {2; and €2y are rationally
independent and finite otherwise. Let n € I" and denote by ¢"(t) a collision orbit with

given momenta P, L and energy h, given by

@)= 1 (@) - G30) |

where

qr(t) = Ry +plJeq,ironey

Q
N3
—~
~
~—
I

n m
2 + paJeq,iir—ongr
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R}, p' and ¢} for i € {1,2} are as constructed in lemmas 2.5.6 and 2.5.7 and 0" € £

corresponds to starting at the upper or lower intersection in figure 2.5.1.

Lemma 2.5.9. Let n € I" and q"(t) be a collision orbit with given momenta P, L and

energy H. Then,

e i)y and €y are rationally independent there exist infinitely many non—degenerate
collision orbits that leave O with the same P, L and H in neither the same nor

the opposite direction as q™(1").
o If|Q/Qq]| is rational, say N1/No in lowest terms, then

— ifky 4k £ 0
(i) if min{mq,ma} > m' and N1 > 2 (respectively Ny > 2) for £ €
(my,m*) (respectively & € (ma,m*)) there is a set of chains with
entropy log2. Furthermore, if Ny — 2 < Nj or Ny — 2 < Ny for
€ € (m”,m') there is also a set of chains with entropy log 2.
(ii) if mg < m’ < my (respectively m; < m’ < mgy) and N1 > 2 (respecti-
vely No > 2) for & € (my,m*) (respectively §& € (mg, m*)) there is a
set of chains with entropy log 2.
(iii) ifm’ < min{m1,ma} for& € (m’, min{mi, ma}) there is a set of chains
with entropy log(N1 + Na — 1).
— Ifk1+ ko =0 and N1 /No # 1 for all £ € (0, my + mg) there is a chain and
for all £ € (0, min{my, ma}) there is a set of chains with entropy at least

log(Ny + No — 1).

Proof. Using (2.5.13), we get

1

q"(t) = mi2 (le?eﬂltﬂrnw - Q2P§L€Qgt+n7wr¢g) .

Let 6™(t) denote the angle between ¢™(t) and the horizontal axis of R?2. We have the
following expression for the tangent of 0" (t):

~ pt cos(Qt + 0" @T) — Qaph cos(Qat + 7 — 0" @)
© Qoplsin(Qot +m — 0™@h) — Qupfsin(Qt + ongl)

tan 0" (t) (2.5.37)

101



which implies

gnS21pi cos @F + Qapf cos ¢y
Qo pf sin ¢y — €21 pf sin PF

g Pt cos @ + Qlapi cos d
Q1 pl sin ¢ — Qopl sin ¢l

tan0"(0) =

tan 6" (")

(2.5.38)

Substituting in (2.5.38) the expressions for p} and p§ given in (2.5.22), we get

O.’Vl

tan 971 (0) = m

(Q1 cot ¢ + Qg cot ¢F) = — tan ™ (1") ,

(note that €21 > 0 and Q3 < 0 so the denominator is negative).

If k1 + ko = 0 then all the collision orbits can be treated in a common frame
where P is vertical, so the change of direction condition is that the next collision orbit
m must satisfy

tan 0™ (") # tan6™(0) ,

o™ (Qq cot ¢T" 4+ Qa cot ') # —o™ (1 cot @] + Qo cot ¢3) .

Assume /o is irrational. For the condition above to be satisfied it is enough to

check that the level sets of

F (¢1, ¢2) = Q1 cot 1 + Qa cot ¢

do not coincide with the level sets of = (given in (2.5.35)). We change variables to
x = cot(¢1) and y = cot(¢ps) so that the level sets of F' are just lines of the form
Qx + Qoy = const.. With this choice of variables the function = has the form

k1 (y2 — x2)
Q1 — Qo) + Qy? — Qoa?

E‘(:‘Ua y) = (

Since € and €2y are rational independent none of the level sets = = &, with £ €
(0,m1 + mg), is a line of the form Qix + Qoy = const.. Hence, there are infinitely
many choices for m and all but finitely many satisfy this condition; thus one can make
sets of chains with arbitrarily large entropy. If Q;/|Q2| # 1 is rational, say Ni/Nz in

lowest terms, then the choice of 6™ € = is free so the condition can always be satisfied;
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thus for all £ € (0, m1 + mg) one can make a chain and for £ € (0, min{m1, ma}) one
can make a set of chains with entropy at least log(Ny + No — 1). If Q1/|Q| =1 or
equivalently m; = mg then @' = ¢5' and hence Q; cot ¢1" + s cot p5* = 0 so the
condition can not be satisfied.

If k1 +ko # O then the analysis for the next collision orbit 1 in a chain needs to be
rotated by some angle ¢ about —JP/(k;+k2) (which we choose to be at 0), determined
to superimpose the collisions ¢}/ () and ¢;*(0), j € {1,2}: ¢ = — (¢" +¢™), where
—1™ is the angle that (k1¢7(7) + k2¢% (7)) / (k1 + k2) makes with the positive horizontal

axis of R? and is given by

O_’I"L

cot (Y") = T (|k2| cot @5 + k1 cot @)

and ¥™ is defined in a similar way. Then the direction change condition is

tan(0" (1) — 6™(0)) # tan(y) .
This is some quadratic inequality in cot(¢}) and cot(¢]"), j € {1,2}. If Q1/Qs is
irrational there are infinitely many choices for m satisfying this condition; thus one can
make sets of chains with arbitrarily large entropy. If ©;/|Qs| is rational, say Ni/Nj in

lowest terms, then the choice of 0™ € & is free so the condition can be satisfied. O

2.5.4 Boundary value problem

In this section we state a result which is a particular case of one proved in [8] and which
is a key ingredient for the proof of theorem 2.5.1: the existence for small § > 0, of orbits
with energy E' > 0 connecting two points a, b in a small ball U centered at 0.

For any a € U, there is a unique trajectory v/ : [0,7" (a)] — U of energy F
for the canonical Hamiltonian system with Hamiltonian function (2.5.2) connecting a
to 0. Similarly, for any b € U, there is a unique trajectory v, : [77 (b),0] — U of

energy E connecting 0 to b. Denote

N ()
Sta) = [T pdq = /0 p<t>%f;<q<t>,p<t>>dt

_ 0 OH
SO = [lgpds = [ P05 @0p0)d
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Then S* are continuous functions on U and C® on U\{0}.

Denote by

the tangent vectors to 77,7, at the point 0. Let X = 0U. Fix small £ > 0 and let
X ={(a,b) €% ||u" (a) —u" (b)|| = &} .

Equivalently, a pair of points (a,b) € X belongs to X if the solution of the system with
Hamiltonian function (2.5.2) with energy E connecting a to b does not pass too close

to the centre 0. Let
Y ={(a,b) € X : |[u" (a) +u (b)|| = &} . (2.5.39)

Lemma 2.5.10. There exists §p > 0 such that:

for any § € (0,9p] and (a,b) € X, there exists a unique trajectory v = *yg’b :
[0,7] — U of energy E for the canonical Hamiltonian system with Hamiltonian

function (2.5.1) connecting a to b, i.e. 72 ,(0) = a and 72 ,(7) = b.

e 7=1(a,b,8) is a C? function on X x (0,50] and 7 (a,b,5) — 71 (a) + 7~ (b)

uniformly as § — 0.

. ’yg’b‘[o,ﬁr(a)} (t) — v2 (t) and Vg’b\[f(b),o] (t+7) — 7y (t) uniformly as § — 0.
e the action of the trajectory y
Sab.0)= [ paa= [ 2.5 (o). p0) a1 (25.40)
is a C? function on X x (0,9] and
S(a,b,8) =S (a)+ S~ (b) +s(a,b,) , (2.5.41)

where s is uniformly C? bounded on X as § — 0.
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e if, additionally, (a,b) € Y, then the trajectory ’yg p does not pass too close to 0.

The following inequality holds:

. . 5
> . 9.
Jmin dist ('Ya,bv O) >co c>0 (2.5.42)

Without the condition (@, b) € Y the lemma above still holds except for the last
statement and the trajectory may pass through or close to 0.
The proof of lemma 2.5.10 is given in section 2.5.7. The main ingredients are

the Levi-Civita regularization for binary collisions and the A-Lemma 1.1.30.

2.5.5 Shadowing collision orbits

For any k € K, let a,Br € X be the two intersection points of 7, with X. Then
M(t) = Vo (t =77 (o)) for 0 <t < =77 (an), W(t) = 7§, (t+ 7 — 77 (Bg)) for
T — 71 (Br) <t < 7. Without loss of generality we assume that the points oy, and 3y,
are not conjugated on the fixed energy level along ~y; for all kK € K. If not, we change
the radius of the ball U a little to make the new intersection points non—conjugate.
Let A; C X be a small neighbourhood of ai, Br, C 3 a small neighbourhood of
B and Wy, a small neighbourhood of v ([0, 7%]). We may assume that W;;NY = A,UBy
with Ay and By disjoint sets, making W} smaller if necessary. If the neighbourhoods
Ag, By and Wy, are small enough, by the non—conjugacy of a; and 3 along v and the
implicit function theorem, for any u € A; and v € By, there exists a unique solution
o= afm, [0, 7] = Wy, 7= T,i,u, of energy E for the system with Hamiltonian (2.5.1),
such that 0(0) = w and o(7) = v, which is close to v (t — 7~ (o)) for 0 < t < 7.
This solution is a C? function of u,v. Let (o(t),1(t)) denote the path in phase space
corresponding to the trajectory o(t) and define the action of the trajectory afm, as

R L)
£ ) = [ 00,52 (o0, vie) .

Then 9 is a C? function on Aj, X By.

Define the following C? function on Ay x By;:
g8 (u,v) = f° (u,v) + S~ (u) + ST (v) . (2.5.43)
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Lemma 2.5.11. The function g9 (u,v) = f° (u,v)+ S~ (u) + ST (v) on Ay x By, has

a non—degenerate critical point at z;, = (a, Ok)

Proof. The existence of a non—degenerate critical point of g,? follows from non-
degeneracy of ;. In fact, g? (u,v) is the action of the piecewise smooth trajectory

of the Hamiltonian system determined by (2.5.2) obtained by gluing together the tra-
0

u,p and v with appropriate shifts of time parametrization and hence,

Jectories v, o
g9 is the restriction of the action functional (2.5.6) to a finite—dimensional submanifold
consisting of broken trajectories, with break points w and v, connecting the collision

point 0 to itself. O

Choose coordinates u, v in Ap X B. Lemma 2.5.11 implies that if the neigh-

bourhoods Ay and Bj are small enough, there exists C' > 0 such that
")~ <O, (2.5.44)

where s = (u,v) € Ap X By and |[-]| is the max norm in Ay x By. Note the abuse
of notation: we denote by wu,v both the points in Ay X By and the corresponding
coordinates that parametrize A; X By,.

Let G C K? be the set (2.5.7). Taking the neighbourhoods A, By small
enough, it can be assumed that for all (k,l) € G, By x A; C Y where Y is defined in
(2.5.39).

The next result is a precise formulation of theorem 2.5.1. Assume that the

neighbourhoods W}, are sufficiently small.

Theorem 2.5.12. There exists g > 0 such that for any § € (0,dp] and any chain
(Vk:)icz of collision orbits there exists, up to a time shift, a unique trajectory v : R —
(Ukex Wi) \{O} of energy E for the Hamiltonian system determined by (2.5.1) and a
sequence

<a; < b < i1 < bi+1 < ...

such that for all i € Z:
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o v ([ai, bi]) € Wi, ,v(ai) € Ag, ,v(bi) € By, ;
o v([bi,aiy1]) CU .
The asymptotic behaviour of this trajectory as 6 — 0 is as follows:
e bi—a;— 1k, —7 (ag,)— 7T (B,) as d — 0;
e () is O (§)—close to vy, ([t~ (ak,), 7 — 77 (Bg,)]) fora; <t <b;;

° ’}/(t) = ’yg(bi)7q(ai+l)(7ﬁ — bl) for all t € [b“ ai+1] .

The constant dy depends only on the set {yx},cx of collision orbits and is
independent of the sequence (k; € K). Thus, y(t) is O(d)—close to a chain of collision
orbits. Furthermore, by inequality (2.5.42) in lemma 2.5.10 the trajectory avoids O by

a distance of order 4.

Proof. This proof follows, up to some minor changes, the proof of a similar theorem in
[8]. We give it here for completeness. The strategy is continuation from the case § = 0.
Given a sequence (k;);c;, with (ki ki11) € G for all i € Z, let
Y = HA;% X By,
i€z
with supremum norm in the chosen charts on Ay and B.. Then Y is a ball in the Banach
space Z = l. Choose dj as in lemma 2.5.10 and let § € (0, dp]. Then trajectories of
the system (2.5.1) of energy E near the chain (,),o5 correspond to critical points of
the formal functional
Fs (u,v) = Zf5 (wi,vi) + S (v, uiy1,9)

i€Z
over sequences (u,v) = (Ui, ;);c;, € Y, where S is defined in (2.5.40). Hence,
0

F5 (u,v) is the action for the concatenation of trajectories o7, ,, connecting u; to v;
and trajectories ’Yii,um connecting v; to u;4+1 inside U. By (2.5.41) and (2.5.43), we
obtain

Fs (u,v) = Zggq (u,vi) + s (v, Uit1,0) .
1€EZL
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Thus, trajectories of (2.5.1) of energy E correspond to zeros of the map ¢5 = VFEj :
Y — Z defined by

89,‘2 0s

U, = 5 (ui,vi)+5£ (vi—1,u,0)
dg° 0s

Vv, = 61]? (ul,'v,)—i—(S% (Ui,uier(S) .

The sequences (U,V) = (U;, V;);cy € Z represent jumps, measured in the supremum

norm, in the components of momentum tangent to X at the points u;, v;, between the

) 1
Wi, v; and ’V'U'i s Wit

trajectories outside and inside the ball U. Since all the trajectories o
have the same energy F, zero jumps in the tangential component of the momentum
implies that the concatenation of these trajectories is a smooth curve and hence a
solution of (2.5.1).

Since the function s is uniformly C? bounded as § — 0, and the second derivative
matrix of 92 is uniformly invertible, the chain of collision trajectories is a non—degenerate
zero of ¢g and the implicit function theorem gives a locally unique continuation for a
range of ¢ independent of the sequence (k;);.,. More precisely, ¢s has a unique zero

(u,v) € Y provided that

//‘

(50_1 > (' max max Hs
(k,1)eG Brx Ay

)

where C is the constant in (2.5.44). O

2.5.6 Regularization of collisions

Without loss of generality one can replace W by W — E and assume E = 0. We make
f(0) = 1/4 by rescaling §. Let x = (x1,22) € R? and y = (y1,%2) € R? and consider
the transformation g from R* {x,y} to R*{q, p}, given by

G = o1° -z
Qy = 2x119
T1Y1 — T2Y2
= — " 2.5.45
Pz 2 (1'12 + 1’22) ( )
T2y1 + T1Y2

WS S e
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Lemma 2.5.13 (Levi-Civita regularization). There exists a C* Hamiltonian on R* {z, y}
given by

Hley) = 3 ly— B~ el +O0s(ay) | (25.46)
where B () = 2W3(0) (—=b., b.Jx) and X\ = 4 |b|*> (W5(0))2—8W (0, 0), such that for
x # 0 the transformation g given in (2.5.45) takes trajectories of the canonical Hamil-
tonian system with Hamiltonian function H on the energy level H = § to trajectories
of the canonical Hamiltonian system with Hamiltonian function Hs on the energy level
H; =0.
Proof. Using (2.5.45), we obtain the following estimates

gWi(z) = Wi(0)+ O (z)

s () = Wi (o)
= Wi(0)+y.0:1(x) , i€ {2,3} (2.5.47)

g*la.q+bp](z,y) = Az1y1 — w2y2, T2y + 21Y2) + O2 () .

——b
2|a|?
Using (2.5.45) and (2.5.47) in (2.5.1), we compute H = g*Hj, which is given by

1
= <|y|2 +4b. (z1y1 — 2y2, T2y1 + T1Y2) W3(0))

8 |a|?
_ ;1 (h(z))

+W(0,0) 2

+ Oz () + y.0:1(x) , (2.5.48)
where h : R? — R? is the squaring map given by

h(x) = (w12 — w22,2x1w2) .
Introducing the vector potential B (x), given by

B (x) = 2W5(0) (—b.z,b.Jx)

we get the equalities

ly|* + 4b. (2191 — T2ys, T2y1 + T172) W3(0) =
= |y - B ()"~ |B () (2.5.49)

= |y~ B(x)" - 4(W3(0))* [b]* |]* .
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Multiply (2.5.48) by |z|* /f (h(z)) and use (2.5.49) and f (h(z)) = f (0) + Oy (x) to
obtain a Hamiltonian function defined on R*, given by

|

f(h(z))
where A = 4 |b|* (W3(0))2 — 8W(0, 0), as given in the statement.

. 1 A
H = H+5:§|y—B($)|2—§|m|2+O4(iﬁ,y),

By construction of H, we have that the energy levels {H = 6} and {Hs = 0}

coincide, which finishes the proof. O

Standard formulations of lemma 2.5.13 and proofs can be found in [9, 23, 38].
The transformation g defined by (2.5.45) does not preserve the time parametriza-

tion of the solutions, but it preserves the actions

/7<y,dw) :/g('y) (p,dq) .

The Hamiltonian system (2.5.46), has an equilibrium point at the origin, with
eigenvalues ++/)\, and hence it is hyperbolic if and only if A > 0. From now on, we
assume that A > 0. In this case the hyperbolic equilibrium 0 has two—dimensional
[31]. Since W

stable and unstable manifolds WX are Lagrangian manifolds and

loc loc
project diffeomorphically to R%2{x}, they are defined by C* generating functions s on
a small ball U with centre 0 € R?. We have that
VVI?)EC ={(z,y):y= FVst(x) , x € U} . (2.5.50)

The functions s* have a non—degenerate minimum 0 at the point 0.
By the definition of Wifc, for any point a € U there exists a unique trajectory

wt

&+ :]0,400) — U such that lim;_,o, w (t) = 0 and w (0) = a. Similarly, there exists

a unique trajectory w, : (—o0,0] — U such that lim;._ wg (t) = 0 and w_ (0) = a.

By (2.5.50) the actions of these trajectories equal

/%i (y, dz) = 5* (a) .

For the trajectories wx(t), let z2E(t) € W

loc De the corresponding orbits in the phase

space.
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Lemma 2.5.14. Let T > 0 be sufficiently large. Then for any points a,b € U and
T>1T:

e there exists a unique trajectory
z(t) = (z(t),y(t)) = f(a,b,7,t) , (1, t) e Dp={(r,t):7>T ,0<t<7},
such that (0) = a and (1) = b.
e the map f is C? on U? x Dy and
Flab7t)=z2 () +25 (t—7)+e VN (a,b,7t) (2.5.51)
where ¢ is uniformly C? bounded on U? x Dr.

e the action
S(a,b, ) —/ y.dzx
0

of the trajectory z(t) is C? on U? x [T, c0) and
S(a,b,7) =s"(a)+s (b) +e YV R(a,b,7)+7h(a,b,7), (2552
where R is uniformly C? bounded as T — oo and h(a,b, ) is the energy of z.

This result follows from lemma 1.1.31 in section 1.1.4. See [6] for the proof of
(2.5.51) and [8] for the proof of (2.5.52).
The next result gives a useful representation for the energy function h (a,b, )

used in (2.5.52). Similar statements can be found in [6, 7, 8].

+

Let v* (a) denote the tangent vectors at 0 to the asymptotic trajectories wZ.

Lemma 2.5.15. The energy h (a,b, ) of the trajectory z(t) is a C* function on U? x
[T, 4+00) and has the form

h(a,b,7) = eV (hg (a,b) + hn (a,b,7)) ,
where
ho (a,b) = 20" (@) ™ (b) . v¥(a) = lim eEVMLE®R) | (2.5.53)

and [|h1 | ce e xfr400y) — 0 @ T — +o0.
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Proof. There exist local coordinates (u,v) € R* in a neighbourhood of the equilibrium

0 such that W = {v =0}, W;! = {u=0}, and

H (u,v) = VAu.v (1 + O(u,v)) . (2.5.54)

The symplectic transformation (x,y) — (u,v) is given by

. u— Vv
T T
u+ Vw u — Vv
v - P p (5 ) , (25:55)

where B () is as given in lemma 2.5.13. The Hamiltonian vector field on the unstable

manifold Wi takes the form
=V u+ Oq(u) ,

where the right hand side is of class C3. This equation can be transformed [3] to a
linear equation & = v/A¢ by a C? change of variables ¢ = f_(u). Hence the phase flow

on W, _ takes the form
gt (u,0) = (f:1 (e’ﬁtf_ (u)) ,o) — e VA (f_(u) + G(u,t),0) ,  (2.5.56)

where |G|z (v x[1,400)) — O uniformly on Wy . as t — 400 and V' is such that the
preimage of U? under (2.5.55) is contained in V2 and V2 C Bg(0) C R*, for some
finite R > 0.

A similar representation holds for the flow on the stable manifold W;;C,
g0 (0,0) = eV (0, f1(v) + E(v,1)) (2.5.57)

where || El| oy 7, 4o0)) — 0 uniformly on Wyl ast — +oc. Furthermore, note that

(J-(),0) = lim " g, (u,0)
(0,f+(v)) =, lim Mg, (0,0). (2.5.58)

Put t = 7/2in (2.5.51). By (2.5.56) and (2.5.57), we get
2(7/2) = VA2 (f_(u), £+ () + e VA2 (u,0,7) (2.5.59)

112



where u = u(7) and v = v(0), and [|F[|c2(y2y 7 400y — 0 @ 7 — o0. Since H is
a conserved quantity, substituting (2.5.59) into (2.5.54), we get the following estimate

for the energy

h(a,b,r) = H(2(1/2))
= VeV (fo(u).fo(v) + hy (w,0,7)) | (2.5.60)

where [|h1[|ce(vey 400y — 0 as ¢ — 400, Passing to the variables ,y and using

(2.5.58), we get

lim eﬁtw;@):\/gmv) = v*(a)

t—-+4o00
lim e Vo (1) = \/gf_(u) = v (b). (2.5.61)
Putting together (2.5.60) and (2.5.61) we get the required result. O

Take v > 0 and let B = {(a,b) € U?: ho(a,b) > v}. Then, for (a,b) € B,
the function hq (a, b) is bounded away from zero. Thus h (a, b, 7) is monotone in 7 for
sufficiently large 7. For small § > 0, solving the equation h(a,b,7) = 0 for 7 yields
a C? function 7 = 75 (a,b). This, combined with the implicit function theorem and

lemmas 2.5.14 and 2.5.15 gives the following result.

Proposition 2.5.16. There exists 69 > 0 such that for all § € (0,dp] the following

statements hold.

e Forany (a,b) € B, there exists a unique trajectory ng = (wi b yg b) 1[0, 7] —

U x R? of energy § connecting the points a and b.

e the time T = 75 (a,b) is a C? function on B and

log
VA

where the function yu is uniformly C? bounded on B as § — 0.

75 (a,b) = ——22 4 1 (a,b,0) (2.5.62)

o We have
25 4(t) = 25 (1) + 25 (t —7) + 6 (a,b,9) | (2.5.63)
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where the function ( is uniformly C? bounded as § — 0.
e The action f5(a,b) = S (a,b,7s(a,b,d)) of the trajectory ziyb is a C? function
on B and

dlogd
\/X ]

fs(a,b) = sT (a) + s~ (b) + +or (a,b,8) — (2.5.64)

where 1 is uniformly C? bounded on B as § — 0.
See [6, 7, 8] for results similar to the proposition 2.5.16 above.

Lemma 2.5.17. For any (a,b) € B, the trajectory x‘sa’b(t) avoids 0 provided v" (a) #
v~ (b). More precisely, the following equality holds.

orgntigT acfl’b(t)‘2 = 2—/\5 (|v* (a)||[v™ (B)| = v (a) v~ (b)) u(a,b,6) + o(6) , (2.5.65)

where u is a positive function and uniformly C? bounded on B as § — 0.
Proof. Let (a,b) € B. To leading order in §, we have that

) = ac— VAt

wy (t) = eV

By (2.5.53) we get

vF @) = —V)a
v=(b) = Vb, (2.5.66)
Using (2.5.63), we get
23 y(t) = ae™VM £ bV 4 5¢(a,b,6) (2.5.67)

where the function ¢ is uniformly C? bounded as § — 0. From (2.5.67), we obtain

—2v/ Xt + ’b|2 e2\ﬁ)\(t7‘r) + 2a.befﬁ7

2
C = Jale

6
wa,b(t)

+24 (ae*ﬁt + beﬁ(t77)> <s(a,b,8) +0 (6%) . (2.5.68)
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2
To leading order in 4, ’Z’i b(t)‘ attains its minimum at

PN ST
Thus, we get
8o = 2e77 (al bl + a.b) +

T a b
+28e"V*/2, /]| b <m1+lbl> <(a,b,6) +0 (82) .

By (2.5.62), we obtain

" 25 (|al [b] + a.b) u(a, b, 8) + 0 (5) | (2.5.69)

)
[28.6(t)
where u is a positive function and uniformly C? bounded on B as § — 0. Combining

(2.5.66) and (2.5.69) we obtain the result. O

2.5.7 Proof of lemma 2.5.10

This next proof is based on proposition 2.5.16 and lemma 2.5.13 and follows the proof

of the same result given in [8].
Proof. Let h : R> — R? be the squaring map
h(z1,22) = (212 — 222, 23172)

corresponding to the first two arguments in the Levi-Civita transformation (2.5.45).

Collision solutions ’y;f(a) :[0,7F (h (a))] — U for the system (2.5.1) correspond,
up to time reparametrization, to asymptotic orbits wl : [0,+occ) — h~}(U) to the
equilibrium 0 for the system with Hamiltonian H, given by (2.5.46), on the level set
H = 0. The map h take the trajectory w : [0, +00) — h~1(U) to the trajectory ’y}'f(a) :
[0,7" (h(a))] — U, with changed time parametrization, i.e. *y;[(a)(t) = wg (t+(1)),
where t1 : [0,77 (h(a))] — [0,4+00). Similarly, Vi(ay(t) = wa (t-(t)), where t_ :
[77 (h(a)),0] — (—00,0]. From the definition of the squaring map h, we obtain that
for any a € U,

h (o5 (@) = Frut (h(a)) |
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where k = |vi(a)]2 /2. By conservation of the action, we obtain S* (h(a)) = s* (a).
Noting that h(y) = ah(x), where a < 0, is equivalent to y_Lx, we obtain that
ut (h(a)) # u~ (h(b)) if and only if v™(a) and v (b) are not orthogonal.
Take two points @,b € ¥ such that |ut (@) — u~(b)| > £. Then, there exist

a,b € U such that @ = h(a), b= h(b) and

ho (a,b) = 2v" (a).v™(b) > v, (2.5.70)

provided v > 0 is sufficiently small. By proposition 2.5.16 we can connect a to b
by a trajectory zib of energy § for the system (2.5.1). Under the squaring map h
and an appropriate time reparametrization, h (:1:‘;717) gives a trajectory of energy 0
for the regularized system with Hamiltonian H connecting @ = h(a) to b = h(b).
Since the action is invariant under the transformation h, (2.5.64) implies (2.5.41)
with s (h(a), h(b),d) = r (a,b,d). Condition (2.5.42) follows from lemma 2.5.17 and
|h(@)] = |z O

2.6 Conclusions

We have proved that the Hamiltonian system (2.1.9) can always be reduced to one with
two degrees of freedom. Moreover, we have proven that, for an interaction between the
two charged particles determined by a Coulomb potential, with opposite sign charges
(except for the case Q1 + 9 = 0), the system contains a suspension of a non—trivial
subshift of finite type for level sets of high energy. Thus, the system can not be reduced
further in such regime. On the other hand the system is integrable for the special case of
same sign charges when the particles have equal gyrofrequencies (equal ratio of charge
to mass). The system is also integrable if the two charges sum to zero and the dynamics
lie on the zero sets of the linear momenta. Furthermore, we explicitly computed the
reduced Hamiltonian systems and corresponding reconstruction maps for the reduced
dynamics, enabling us to lift the dynamics from the reduced spaces and hence obtain

a description for the dynamics on the initial phase space. In particular we determined
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that the motion is bounded if the charges do not sum to zero but if they sum to zero
there is an average drift velocity which depends on the energy and momenta.

It would be interesting to establish what happens when Q1 +5 = 0 and whether
there is chaos for unequal gyrofrequencies of the same sign: presumably there is.

An interesting future work would be to prove an analogous result of non-
integrability for the system (2.1.9) but with a logarithmic potential. This would have
applications to the interaction of two vortices with masses, as was remarked in [15],
where a proof in the limiting regime where the masses tend to zero was given with the

help of some numerical computations.
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Chapter 3

The spatial problem

In this chapter we analyse the interaction of two particles with non—zero charges moving
in three—dimensional space under the action of a uniform magnetic field and an inter-
action potential depending on the distance between the particles. This problem looks
important to plasma physics but it seems to have been given little attention so far. What
attention it has received has tended to be in some limiting regimes such as very strong
magnetic field or plasmas with all the particles of the same kind (see [2, 11, 12, 33]) or
with one heavy particle idealized as fixed (the diamagnetic Kepler Problem, see [18, 37])
or the planar case of chapter 2. We will study the dynamics of two charged particles in
a uniform magnetic field without making restrictions on the sizes of the magnetic field,
the charges or the masses, except that we will assume that the particles behave classi-
cally and that their velocities and accelerations are small enough that we can neglect
any relativistic and radiation effects. Although it is well known that non—uniformity of
the magnetic field introduces further significant effects, we believe that there is value in
establishing firm results for the uniform case.

In chapter 2 we made a detailed study of the problem of the interaction of two
particles with non—zero charge moving in a plane under the effect of a uniform magnetic
field. We assumed that the interaction between the particles was given by a potential

depending on the distance between the two particles and that the magnetic field was
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orthogonal to the plane of motion. That problem can be formulated as a Hamiltonian
system with four degrees of freedom. We made extensive use of the symmetries in
that Hamiltonian system to obtain a reduction in the dimension of the problem to two
degrees of freedom. In the special case of same sign charges with equal gyrofrequencies
(equal ratio of charge to mass) or on some special submanifolds we proved that this
system is integrable. We then specialized our analysis to the more physically interesting
case of a Coulomb-like potential. Analysing the reduced systems and the associated
reconstruction maps we provided a detailed description for the regimes of parameters
and level sets of the conserved quantities where bounded and unbounded motion are
possible and we identified the cases where close approaches between the two particles
are possible. Furthermore, we identified regimes where the system is non—integrable and
contains chaos by proving the existence of invariant subsets containing a suspension of
a non—trivial subshift.

The motion of one particle moving in three—dimensional space under the action
of a uniform magnetic field is simple. It is the composition of two motions: a drift with
constant velocity in the direction of the magnetic field and a uniform rotation of fixed
centre - the guiding centre, and radius - gyroradius, with constant angular velocity -
gyrofrequency, in a plane orthogonal to the magnetic field. Choosing the magnetic field
to be vertical and oriented upwards, the motion in the circle is clockwise if the charge
is positive and anticlockwise otherwise. We sign the gyrofrequency according to the
direction of rotation. This problem can be formulated as a three degrees of freedom
Hamiltonian system. It has a four—dimensional subgroup of the Special Euclidean group
of R? as its symmetry group (three—dimensional translations and a one—dimensional
rotation). These symmetries induce conserved quantities for this system which is easily
seen to be integrable.

One of the main goals of this chapter is to study the scattering problem associ-

ated with the interaction of the two charges in the presence of a magnetic field and a
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Coulomb interaction potential:

€1€9 1
= — .0.1
V(&) dmeg R’ (3.0.1)

where R denotes the distance between the two particles, e; and e denote the values of
the charges and ¢y denotes the permittivity of the vacuum. If there is a large distance
between the particles then the interaction is negligible and in this case the two particles
move freely as described above. If the distance between the two particles is small then
the strength of the interaction can not be neglected anymore and the particles interact.
We will be looking for a situation where the particles have initially a large separation and
both move freely towards each other so that the particles start interacting when they
get closer and then start moving apart until both particles move again like free particles.
The goal is to describe the changes in the particles trajectories due to this interaction.
For more details on scattering in classical mechanics see the review [30] and references
therein.

In section 3.1 we formulate our problem as a Hamiltonian system with a non—
canonical symplectic form (see [22]), that makes easier to identify the system symme-
tries. We identify translational and rotational symmetries of the system and the corres-
ponding conserved quantities. Furthermore, we prove the existence of an exceptional
conserved quantity when the two particles have the same gyrofrequency.

We start section 3.2 by proving that the problem of the interaction of two par-
ticles in a magnetic field can be reduced to one with three degrees of freedom. Fur-
thermore, when the two particles have the same gyrofrequency we use the exceptional
conserved quantity to prove that the system reduces to two degrees of freedom in this
case. We also prove that if the sum of the two charges is zero the dynamics in the
zero sets of the linear momenta are described by a two degrees of freedom Hamiltonian
system. We do these by constructing a set of coordinates on which the system exhibits
a reduction to three degrees of freedom, and two degrees of freedom when it applies.
We should remark that this reduction is an extension to the three—dimensional space of

similar reductions obtained for the planar case in chapter 2 (and for a similar problem
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in [15]). The total change of coordinates that exhibits the reduction is computed. This
change of coordinates is just the lift of a SE(3) subgroup that, given the base dynamics
of the reduced Hamiltonian systems, enables us to describe the full twelve—dimensional
dynamics.

In section 3.3, we specialize our analysis of the problem by choosing a specific
interaction potential. The natural choice for the potential V' is the Coulomb potential
(3.0.1). We give a description of the reduced Hamiltonian systems obtained in section

3.2 with the generic potential V' replaced by the Coulomb potential, including:

e existence of an invariant plane where the reduced dynamics are just the reduced
dynamics associated with the interaction of two particles moving in a plane under

the action of a uniform magnetic field (orthogonal to the plane of motion).
e boundedness of some of the variables on the reduced space.

e existence of regimes of parameters where close approaches between the particles

are possible.

Using this information we obtain a classification of the various distinct types of behaviour
in this system: “planar”, “molecule-like”, “bouncing—back” and “unbounded”.

We start section 3.4 with an analysis of the scattering map associated with this
problem in the limit where the two particles trajectories are widely separated. We obtain
that the magnetic moment of the particles is conserved and that the guiding centres

have the following dynamics:

i) in the case of two charges whose sum is not zero, the guiding centres rotate about

a fixed centre during an interaction,

ii) in the case of two charges which sum to zero, the guiding centres drift in a direction

determined by the conserved quantities.

The results obtained in this limit agree with the more general qualitative description

provided in section 3.3. Furthermore, we prove that in the case of “bouncing—back”
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behaviour there is a transfer of vertical kinetic energy between the particles. We finish
this section with a numerical study of the scattering map without using the assumption
that the two particles trajectories are widely separated. We observe regular behaviour

for large energies and chaotic scattering for small positive energies.

3.1 Problem formulation

3.1.1 One charged particle in a magnetic field

We start by considering the well understood case of one particle moving in R? under the
action of a uniform magnetic field B = (0,0, B). A particle of mass m > 0 and non—
zero charge e under the action of such a field is subject to a Lorentz force of the form
F; = eBc 'v x B where v = (Vg, Uy, vz) € R3 is the particle velocity and x denotes
the exterior product between vectors of R3. This system is known to be Hamiltonian

with Hamiltonian function and (non—canonical) symplectic form, given by

1 2
H = -
2m|v|

B
w = md:c/\dvg;+mdy/\dvy+mdz/\dvz—6—dx/\dy. (3.1.1)
c

where x = (,7, z) € R? denotes the particle position (see [22]). To put the Hamilto-
nian system given by (3.1.1) into canonical form it is common to introduce the canonical

coordinates q = (qz, gy, ¢-) € R® and p = (pu, py, p») € R3, given by

q = @
p = m'ergA(m), (3.1.2)

where A (z) = (A4, (z), Ay (z),0) € R? is a vector potential for B. The new Hamil-
tonian system is then given by
1 e 2
H = 5-|p-SA(q)
5 [P~ A

e (0A, OA
w = dg; ANdpy +dgy Adp +dqudpz—< -
Y Y aQy 04

c —|—B) dg, Adgy .

122



Hence, for the system to be canonical the vector field A (x) must be chosen to verify

the equation

0A, 0Ay
———+B=0
oy Ox + ’
which is indeed the condition for A (x) to be a vector potential for B. If needed, we
make the choice A(x) = —% (y, —z,0). We consider it better, however, to use the

formulation (3.1.1) because translation symmetry is more transparent, so instead of the

change of variables (3.1.2) we just make the change of variables given by

q = &
p = mu (3.1.3)
obtaining the Hamiltonian system
H = Lp? (3.1.4)
= 5P 1.
w = dg; ANdpy +dgy Adpy +dg. Adp. + k dg, Adgy ,
where
—
C

The symplectic form in (3.1.4) defines a Poisson bracket {.,.} : C> (R%) x C*> (R®) —
Cc*> (RG) given by
OF 0G_0GOF OF 0G 0GOF OF G 0G OF
9qz Opx 04z Ope ~ 9qy Opy  9qy Opy ~ 9q. Op.  0q: Op:
L (2n26 v ory

Opz Opy  Opa Opy)

(F.G} =

In the formulation (3.1.4) the Lorentz force effect can not be seen in the Hamiltonian
function but it is present in the k dg, A dg, term of the symplectic form and equivalent

term in the Poisson bracket.

3.1.2 Two charged particles in a magnetic field

We consider two particles with positive masses m; and mg and non—zero charges e; and

e, respectively, moving in R3 under the action of a uniform magnetic field B = (0,0, B).
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Each one of the particles moving under the action of such a field is subject to a Lorentz
force of the form Fr, = e;Bc 'v; x B where v; = (vg,,vy,,v5;,) € R? is the i-th
particle velocity (i € {1,2}) and x denotes the exterior product between vectors of R3.
Furthermore, we assume that the two particles interaction is determined by a potential
V(r) depending on the distance r between the two particles.

The phase space M for this problem is R'? with the singular points of the
interaction potential removed (nine—dimensional planes if V' is the Coulomb potential
(3.0.1)). Let ¢; = (gz.» @y, @) € R3 denote the vector position of the i-th particle and

Pi = (Pz:, Py:» P2) € R3 denote its (non—conjugated) momentum
p; = mu; , ie{1,2}.

The motion of the two particles can be described by a Hamiltonian system, with Hamil-
tonian function H : M — R and non—canonical symplectic form w (see [22]), given

by

1 2 1 2
H = — — Vv — 3.1.5
ST |p1]” + ois p2|” +V (g1 — q2)) ( )
w = Y dgs, Adps, +dgy Adpy, +dg., Adpz, + ki dga, Adgy,
i=1,2

where, for simplicity of notation, we introduce the constants

B
ki=—22 0 ie{1,2}.
C

The Poisson bracket associated with this symplectic form, {.,.} : C*° (M) x C*®(M) —
C>°(M), is given by
oF 0G 0G OF oF 0G  0G OF
th6h = Z.:ZLQ 040, e, D4, Opu,  ay, Opy.  Oay, Opy,
OF 0G  0G OF _k‘<8F oG 0G 8F>
84, Ops, 04z, Op.,  \Opa, Opy,  Opu, Ipy,
The Hamiltonian system defined by (3.1.5) is invariant under the following fa-

milies of symmetries
bv(q1,q2,P1,P2) = (q1 +v,q2+v,p1,p2)
®o (q1,q2,P1,P2) = (Roq1, Reqz, Rop1, Ryp2) ,
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where v = (vy,vy,v;) € R3 is a translation vector and Ry is the matrix representing a
rotation in R? of angle 6 about the z axis and is given by
cosf) —sinf 0
Rg=1] sinf cosf 0 | - (3.1.6)
0 0 1

We define the (signed) gyrofrequency 2; of each particle as

Q== e {1,2},
= ie{1,2}

)

and introduce the notation J and I for the 3 x 3 matrices given by

0 10 100
J=| -1 0 0 |, I=] 010
0 00 00 0

Proposition 3.1.1. The Hamiltonian system (3.1.5) has the following conserved quan-

tities:
e Linear momentum, given by
Py = (P, Py, P,) =p1 +p2+J (k1q1 + kaq2) .
e Angular momentum, given by

- k; )
L = Z qi-in — 52 ’qu’ .
i=1,2
Furthermore, if the particles have equal gyrofrequencies )1 = (), there exists another

conserved quantity W, given by

2
W =I(p:+p)| .
The following commutation relations between the conserved quantities given above hold:

{nypy}:k1+k27 {anpz}zov {Py,PZ}:O,
{L,Px}:Pya {L’Py}:_Px, {L,PZ}:O,
(WP} =0, (W.P,}=0, {W.P}=0, {W.L}=0.
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For a proof of a similar statement (with the two particles moving on a plane)
see proposition 2.1.2.

We will use the notation
P=(P,P,)cR?

for the (x,y)—components of the linear momentum Ps given in proposition 3.1.1 and

will use the notation P, when referring to its z—component.
Remarks We note that:

i) the conserved quantities P53 and L are, respectively, the usual linear and angular
momenta for the two body problem with extra terms for the magnetic field re-
presenting the presence of the magnetic field and hence the effect of the Lorentz

force on the particles.
ii) combining P, and P, into the conserved quantity
P=|P?=P2+P}
we obtain the following commutation relations
{P,L}=0, {P,P.}=0, {PW}=0,

which together with the commutation relations in proposition 3.1.1 show L, P,

P, and W to be in involution.

iii) corresponding to W there is a “hidden” symmetry in the case of equal gyrofre-

quencies 1 = (), given by

1 _
— |R —1d J
qg — q1+ kot Fo [ 2(k1+k2) o 3><3] (p1 + p2)

1 _
—— R —1Id J
q2 — Qg2+ kot Eo [ 2(k1+k2)¢ 3x3] (p1 + p2)
k1
—— |R —1d
P1 — p1+ ko + Fo [ 2(k1+k2) o 3x3] (p1 + p2)
)
- — 2 _[R —1d
P2 P2 + it [Ro(ky +k2)6 sx3] (p1+p2) ,
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where ¢ € R, Idsy3 is the identity matrix in R3 and Rk, 41,)¢ is of the form
(3.1.6) with 0 replaced by 2(k; + k2)¢.

iv) if the interaction potential in (3.1.5) is chosen to be the Coulomb potential (3.0.1)

(as we will do in section 3.3) then the scaling transformation given by

q; = Mg
o= X%t
B = \¥%B,

where \ > 0, transforms the Hamiltonian function and symplectic form (3.1.5) to
H = X\"'H and @ = AY/2w. We could then choose \ so that B = 1 by a rescaling
of the level sets of the Hamiltonian function in (3.1.5). Furthermore, choosing e;
and mq to be units of charge and mass, respectively, we could further reduce the
number of parameters of (3.1.5) by two. The Hamiltonian system (3.1.5) would

then depend only on the charge es, mass mo and physical constants ¢ and ¢p.

v) if the particles were also under the action of an electric field E perpendicular to
the magnetic field B then the particles would drift with constant velocity given

by
_ExB
|BJ*
Changing to a moving frame with velocity u, we reduce this problem to one of

the form (3.1.5).

3.2 Reduction

In this section we provide local coordinates that exhibit the reduction of the Hamiltonian
system (3.1.5) to three degrees of freedom and identify the regime of parameters and
invariant subsets of R'? where the system can be reduced to two degrees of freedom.

This reduction is valid for all potentials V' which depend only on the distance between
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the particles. For simplicity of notation we introduce the combinations

M = mj+mse

mima
my+mg
We change coordinates from positions g; and momentum p; to guiding centre R; =
(Ry,, Ry,) € R?, gyroradius p; = (pa,, py;) € R?, relative vertical position ¢, € R and
a conjugate momentum p, € R, vertical centre of mass C, € R and vertical linear

momentum P, € R by making

pi = 713 (Pespy) Ri = (qu,qy) — pi
4z = 4z — Qz p. = (mep,, —mip.,) /M (3.2.1)
CZ = (mlqzl + mZQZz) /M PZ = le +p22 9

where J is the standard symplectic matrix in R?, given by

0 1
J =

-1 0
Then, the Hamiltonian system (3.1.5) transforms to

k14 9 kol p.2 P2
H =
5 Il + = om T oM

w = Y ki(dRy, AdRy, —dps, Adpy,) +dg. Adp, +dC, AdP;
i=1,2

pol” + V(R) + (3.2.2)

1/2
where R = <|R1 — Ry + p1 — p2|2 + qZQ) . This coordinate change reduces (3.1.5)
by one degree of freedom by conservation of P, and elimination of C,. The quantities

P, L and W are now given by

P = J(kiR;+ k2R»)
k;
L = > 5 <\Pz"2 - ’Ri|2)
=12

w \k1p1 + kapo|®

We separate our analysis into two cases: k1 + ko # 0 and k1 + ko = 0.
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3.2.1 Case k; +ky #£0

We introduce the combinations

o= ki+k
kiko
ki + ko’

and note that since k1 + ko # 0 then u is non—zero and e is well-defined. We in-
troduce the planar relative positions q = (qz,qy) € R? and a conjugate momentum

p = (pz, py) € R?, by making the change of coordinates
g = Ri—Ry+p1—p2
e
= §J(R1—R2—P1+p2)

J (k1 Ry + kaR3)

- o
I

= —J(kip1+ k2p2) ,

where f = (fz, fy) € R? and P = (P, P,) € R% The inverse transformation is given

by
1 [k 2
R = - 2(q—Jp>—JP]
w2 e
1] k 2
R, = —|-2 (q—Jp)—JP}
wl 2 e
1 [k 2
pr = — 2( +Jp>+Jf] (3.2.3)
w2 e
11 k& 2
py = — —1< +Jp>+Jf} .
wl 2 e
Combining (3.2.2) and (3.2.3) we obtain
1 2 9 62 2 e
H p— e z .
o= (PP +p:2) + o laf* + 5-a.Ip+ V (R)
kiQ1 + koo L0 PR
2p — . _ = 2.
+oe@podda) ST T+ o (3.24)
and
w = dgz ANdp; +dgy Adpy +dg. Adp, +dC, AdP,

1
+;(dPx/\dPy —dfy Adfy) ,
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/2

where R = (|g|* + qzz)1 and

Q-
==

measures the displacement from the set of parameters satisfying €2y = Q5. This co-

€

ordinate change reduces (3.1.5) by a further degree of freedom by conservation (and

elimination) of P, and P,. The quantities L and W are now given by

= adp+ g (111~ IPP)

L
wo= |ff°.

Since P is conserved we remove the — |P|? /(2u) term from the angular momentum,
corresponding to a change in the level set of the angular momentum, defining the
following conserved quantity
Lo
po =gq-Ip+ - |fI" .
7

A final change of coordinates makes the system canonical and exhibits the reduction to

three degrees of freedom. It is given by writing

q = Treyp P = prept 2“37;% €9

1/2
F = P¢/ €2+ (3.2.5)
Px = /.LHI Py = Hy )

where 6 is the direction of q, i.e.
er = cosfle; +sinfe, , ep = —sinfe, + cosfe, , (3.2.6)

with e, = (1,0) € R? and e, = (0,1) € R% The vector g+ is defined in the same
way as ey with 6 replaced by 2u¢+6. The coordinate change given in (3.2.5) is singular
at py = 0 since ¢ is undefined in this case. There exists another coordinate singularity
at r = 0 that corresponds to collisions when ¢, = 0.

We obtain the following result.
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Theorem 3.2.1. Let ki + ka # 0. Then the Hamiltonian system (3.1.5) reduces to one

with three degrees of freedom in the variables (r,p,, ¢, pe,qz,p-), given by

H = Hy+eH (3.2.7)

w = drAdp, +d¢ Adpg +dg. Adp, +db Adpy + dII, AdIL, +dC, AdP; ,

where Hy = Hy(r, pr, D¢, 4z, Pz, Do, P-) is given by

1 1 (2upe —ps\® €2 e ps\ P2
Hy = — (p,2 N4 — (2 — 4 — — |+=—=+V (R
0 Qm(pr + P )+2m< 2ur +8mr +2m p9+2u +2M+ () ,

Hl - Hl (TupT7p97¢7p¢> is given b.y

2 — ki1 —k
H = p¢1/2 ((er + M) cos(2up) — 2py sin(2u¢)> +4 2p¢
pr 24
and
2 o\ 1/2 1
R:(T +Qz) 9 p9:L+ﬂP7 qu):Wv (,u'quny)ZP
The reconstruction map is given by
JP & 2 — 2
R = -2 (PN gy D ey
1% 2,u k’leT €
JP & 2 — 2
R, - P R (( _ M) et pr%)
n 2u kikor e
py? k 2 2
¢ 2 11Do — P
pu— 7.] — —_— _— —
p1 0 €2,p+0 + 2 <<r+ [y > er epr60>
1/2
2 [ 2up+0 2 ke kor r PR 0
m m
., = C.+ ﬁq,z ) Gz = C, — MIQZ
m m
Pz = Mlpz+p27 sz:ﬁPz_pz~

If the gyrofrequencies of the two particles are equal, i.e. 21 = Qs, we have that
€ = 0. Applying theorem 3.2.1 we see that ¢ is a cyclic variable and so we obtain the

following result.
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Corollary 3.2.2. If Q = Qo the Hamiltonian system (3.1.5) reduces to one with two

degree of freedom in the variables (v, pr,q.,p), given by

H = HO(T7PT7P¢>QZ7pzvp95PZ)

w = drAdp, +dg. Adp, +d¢ Adpy +dC, AdP, +dO A dpg + dII, AdII, ,
where Hy is as given in theorem 3.2.1.

3.2.2 Case k| +ky=0

We now treat the case where the charges sum to zero. For simplicity of notation let
R = ]{71 = —]{72 .
We make the change of coordinates given by

Ry — Ry +p1—p2

S
I

K
= —§J (p1+ p2)

1
—§J (Rl + R+ p1 + pQ) (328)

N Q=
I

= H(Rl—RQ) s

where ¢ = (¢, qy) € R? is the relative position of the two particles, p = (p;, p,) € R? a
conjugate momentum, C = (Cy,C,) € R? and IT = (II,,I1,) € R?. Inverting (3.2.8)

we obtain
1 1
R, = —II+JC—--Jp
2K I
1 1
Ry, = ——II+JC—-Jp
2K K
1 1 2
= ——JI+ = —-J 2.
p1 51+ 3 <q+ - p) (3.2.9)
1 1 2
= —II— - —=J .
P2 % 5 <q - p)
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From (3.2.2) and (3.2.9), we get the Hamiltonian system determined by the Hamiltonian

function

(mg —my) K
S @ Ip 4V (R) (3.2.10)

K mg —mq 1 2 1 4 1 5
A Egr ™My T Pt P
<4mq + 2myms p> T 3m I+ om?s T oart

1 2 K/Q 2
H = — —
5, Pl + g lal” +

1/2
where R = (]q\z + qzz) , and symplectic form
w = dg; ANdpg +dgy Adpy +dg. Adp, +dC, AdIL, +dC, AdIL, 4 dC, AdP,
with the conserved quantities

P = JII

L = qJp+CJII.

The Hamiltonian system (3.2.10) is already reduced to three degrees of freedom by
conservation of IT and P, and elimination of C' and C,. Unless IT = 0 (or equivalently
P = 0), it is not possible to use the angular momentum L to reduce further (3.2.10)
since L depends on the cyclic variables C' and hence it is not a function defined on the

reduced space. We make a final change of coordinates, given by
q = rer
P = Dprer+ %60 )
where e, and ey are as given in (3.2.6). We obtain the following result.
Theorem 3.2.3. Let k1 + ko = 0. Then the Hamiltonian system (3.1.5) reduces to one
with three degrees of freedom in the variables (r,p,,0,pg,q.,p-), given by
H = Hyo+H (3.2.11)

w = drAdp, +d0 Adpg +dg. Adp, + dC, A dIL, +dC, AdIL, 4+ dC, AdP,

where HO = HO(TapT7p97QZ7p27PZ) is given by

2

P,

1 1 2 K2 mo —Mi) K
Hy = - (242 + 5 (2) + s (me = m)w,,
2m 2m \r 8m 2mims
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Hl - Hl (rap’l’aeap97n$7ny> is given b_)/

K mo —m mo —m 1
Ho=—((—pp B2 00 T2 ) o) 0T+ — |IT)
4m 2mime T 2mime 8m

and

R=(r?+¢)"", p=L-CJII, I=-JP.

The reconstruction map is given by

1 1 1
Ry = —I+JC——"e .+ -puey
2K KT K
1 1 1
Ry = ——IT+3C— e + ~pe
2K kT K
1 1 2 1
pr = ——II+ - (r+ hedl €r — —Pré€g
2K 2 KT K
1 1 2 1
pr = I (r==P)e — —pe
2K 2 KT I
mo mi
9z = C. + qu ) qz, = C, - MQZ
mq ma
Pz, = ﬁpz+p27 pzr_;:ﬁpz_pz‘

If P = 0 then IT = 0 and hence H;, as given in the statement of theorem

3.2.3, is identically zero. From theorem 3.2.3, we obtain the following result.

Corollary 3.2.4. Ifk1+ke = 0 and P = 0 then the Hamiltonian system (3.1.5) reduces

to one with two degrees of freedom in the variables (r,p;,q.,p.), given by

H = HO(T)pr)qzvpzvp9)PZ)
w = drAdp, +dg. Adp, +d8 Adpy +dCy AdIL, + dC, A dIL, +dC, A dIL

where Hy is as given in theorem 3.2.3.

3.3 Reconstructed dynamics for a Coulomb potential

In this section we use the reduced Hamiltonian systems and the corresponding recons-

truction maps obtained in section 3.2 to provide a qualitative description of the possible
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types of dynamics in the full twelve—dimensional phase space in terms of the proper-
ties of the dynamics of the reduced systems. Throughout this section we consider the
interaction potential to be Coulomb

€1€9 1

V(R) = —
( Ameg R’

where R is the distance between the particles and ¢q is the permittivity of the vacuum.

From theorems 3.2.1 and 3.2.3 we obtain that the vertical z—component of the
centre of mass of the two particles moves with constant velocity C, = P,/M. Hence,
by a translation we can assume that C’Z and P, are 0. Furthermore, without loss of
generality we will assume that C', = 0. This corresponds to considering the system as
moving with the centre of mass of the z—component. From now on, we will assume this
is the case. To extend the results in the sections below to non—zero P, it is enough to add
a drift P,t/M to the vertical positions ¢., and ¢, of the particles (by the reconstruction

maps of theorems 3.2.1 and 3.2.3).

3.3.1 Dynamics on the invariant plane ¢. =0, p. =0

In this section we prove the existence of an invariant plane for the dynamics of the
reduced Hamiltonian systems given in theorems 3.2.1 and 3.2.3 and relate it with an
invariant plane of the Hamiltonian system (3.1.5). We proceed by giving a brief des-
cription of both the reduced and reconstructed dynamics contained in this invariant

plane.

Lemma 3.3.1. The reduced Hamiltonian systems (3.2.7) and (3.2.11) given, respecti-
vely, in theorems 3.2.1 and 3.2.3 have an invariant plane determined by the conditions

q:=0andp, =0.

Proof. From (3.2.7) and (3.2.11) we obtain

_ 1
49 = —Pz

m
po = 22 %= (33.1)

dmeq (12 + q,2)3/2
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From (3.3.1) we obtain ¢, = p, = 0 if and only if g, = p, = 0. Since the right hand
side of (3.3.1) is locally Lipschitz away from the singularity, it follows that ¢, and p,

remain equal to zero if they both start at zero. O

Invariance of the plane ¢, = 0, p, = 0 under the dynamics of (3.2.7) and

(3.2.11) corresponds to invariance of the (ten-dimensional) plane

A= {(q1,q,p1.p2) E R : q., = q, ,map., = mup, }

under the dynamics of (3.1.5). Furthermore, on the invariant plane A the dynamics of
the Hamiltonian system (3.1.5) reduce by a further degree of freedom compared to the
reduced systems in theorems 3.2.1 and 3.2.3. In fact, by setting ¢. = 0, p, = 0 in
the Hamiltonian systems (3.2.7) and (3.2.11) we obtain reduced dynamical systems for
the problem of the interaction of two charges moving in a plane under the action of a
magnetic field (with a shift on the energy level sets by P.2/(2M)). This system was
extensively studied in chapter 2. The next two results follow from theorems 3.2.1 and

3.2.3, lemma 3.3.1 and the results in chapter 2. We skip their proof.

Corollary 3.3.2. Let ki +ka # 0 and assume that the dynamics of (3.1.5) are contained
in A. Then

e the Hamiltonian system (3.1.5) reduces to one with two degrees of freedom in the

variables (r,p,, ,pg), given by the restriction of (3.2.7) to q. =0, p, = 0.

o if Q; = Qg the Hamiltonian system (3.1.5) reduces to one with one degree of
freedom in the variables (r,p,), given by the restriction of (3.2.7) to q, = 0,
p, =0 (and e =0).

e ifey and ea have opposite signs and 1 + Qg # 0 the Hamiltonian system (3.1.5)
contains a suspension of a non—trivial subshift of finite type on level sets of high

energy.

Corollary 3.3.3. Let k1+ka = 0 and assume that the dynamics of (3.1.5) are contained
in A. Then
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e the Hamiltonian system (3.1.5) reduces to one with two degrees of freedom in the

variables (r,p,,0,pp), given by the restriction of (3.2.11) to g, =0, p, = 0.

e if P = 0 the Hamiltonian system (3.1.5) reduces to one with one degree of
freedom in the variables (r,p,), given by the restriction of (3.2.11) to g, = 0,
p. =0 (and P =0).

e if P # 0 and Q4 + Qo # 0 the Hamiltonian system (3.1.5) contains a suspension

of a non—trivial subshift of finite type on level sets of high energy.

As was observed in chapter 2 the reduced dynamics exhibit the following types

of dynamical behaviour:
e In the integrable regimes the energy levels are foliated by periodic orbits.

e Close to the integrable regimes most of the periodic orbits cease to exist but
almost all orbits in the energy levels are quasiperiodic and hence the dynamics

still look regular.

e For opposite signs of charge (except for the case Q1 4+ Qs = 0) there is chaotic dy-

namics on level sets of high energy, which implies non—integrability in this regime.

The full dynamics in A correspond to a drift of the two particles with constant
and equal velocities (equal to P,/M) in the z—direction. The dynamics in the (x,y)

plane are as described in chapter 2:

1) If k1 + k2 # 0 the dynamics in the (x,y) plane are, generically, quasiperiodic with
three rationally independent frequencies. The particles rotate with these three

frequencies about a fixed centre determined by the linear momenta.

2) If k1 + ka = 0 periodic and quasiperiodic base dynamics lift to possibly un-
bounded motion in the (x,y) plane corresponding to a combination of a drift
and quasiperiodic dynamics. The quasiperiodic dynamics have, generically, two

rationally independent frequencies.
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3) Chaotic dynamics lift to chaotic dynamics in the (z,y) plane. The motion (in the

(x,y) plane) is always bounded if k1 + k2 # 0 and typically unbounded otherwise.

3.3.2 Existence of close approaches and bounded motion

In this section we describe the regime of parameters where close approaches are possible
and discuss the existence of bounded and unbounded motion for some of the variables in
the reduced systems given in theorems 3.2.1 and 3.2.3. This will gives us important in-
sight about distinct types of dynamical behaviour of (3.1.5) which will be of significance
for the study of the scattering problem associated with this system.

The next two lemmas describe the set of parameters and level sets of the con-
served quantities where trajectories with close approaches might exist. We skip the
proofs of these lemmas, which follow from an analysis of the Hamiltonian functions
given in theorems 3.2.1 and 3.2.3. In chapter 2 we give similar results for the case where

the two particles move in a plane.
Lemma 3.3.4. Let k1 + ko # 0. Then

o ifkiko > 0, or k1ky < 0 and the value of the conserved quantity pg is fixed so
that upg < 0, the planar distance r between the two particles is bounded away

from zero, i.e. there exists d > 0 such that r(t) > d for all t € R.

o if k1ko < 0 and the value of the conserved quantity py is fixed so that upg is
positive, the distance > + q.> between the two particles can be arbitrarily close

to 0. Furthermore, p,> + p,> — oo and Dy — 24pg as r24+¢,2 — 0.
Lemma 3.3.5. Let k1 + ko = 0. Then

e if P =0 and pyg # 0, the planar distance r between the two particles is bounded

away from zero, i.e. there exists d > 0 such that r(t) > d for all t € R.

e if P =0 and py = 0, the distance r*> + ¢, between the two particles can be

arbitrarily close to 0. Furthermore, p,% + p,> — oo as 1% + ¢.2 — 0.
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e if P # 0, the distance > 4 q.? between the two particles can be arbitrarily close

to 0. Furthermore, p,> + p,> — oo and pg — 0 as > + ¢,> — 0.

In the next two results we identify the set of parameters and level sets of the

conserved quantities for which the distance between the two particles remains bounded.

Lemma 3.3.6. Let k1 + ko # 0 and consider the reduced Hamiltonian system given in

theorem 3.2.1. Then

(i) for every level set of the Hamiltonian function the dynamics of r and py are

bounded for all time.

(ii) if ex and ea have equal signs, there exists E' € R such that for every level set
E < E' of the Hamiltonian function the projection of the level set {H = E}
onto the g, direction is unbounded but bounded away from q, = 0, and for £ >
E' the projection of the level set {H = E} onto the q. direction is unbounded.
Furthermore, for every level set of the Hamiltonian function the dynamics of p,

and p, are bounded for all time.

(iii) if e1 and es have opposite signs and the value of the conserved quantity py is
fixed so that 2upg < 0, there exists E” € R such that for every level set E < E"
of the Hamiltonian function the dynamics of q, are bounded and for every level
set E > E" the projection of the level set {H = E} onto the q. direction is
unbounded. Furthermore, for every level set of the Hamiltonian function the

dynamics of p, and p, are bounded for all time.

(iv) if e1 and ea have opposite signs and the value of the conserved quantity py is
fixed so that 2upg > 0, there exists E” € R such that for every level set E < E"
of the Hamiltonian function the dynamics of q, are bounded and for every level
set E > E" the projection of the level set {H = E} onto the q. direction is

unbounded.

Proof. Item (i) follows trivially from the fact that as  — oo then H — oo (and similarly

for pg).
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For the proof of items (iii)—(iv) we define the Hamiltonian function H by

H=H-G(?+q¢2) ",

where H is given in theorem 3.2.1 with V' replaced by the Coulomb potential (3.0.1)
and G = ejey/(4mep). It is crucial to point out that the function H does not depend
on ¢, and is always bounded below. For simplicity of notation we consider H and H
just as functions of the variables in the reduced phase spaces and do not make their
dependence on the conserved quantities P, and py explicit.

We now prove item (ii). For the case of same sign charges the Hamiltonian

function H is bounded below. Denote its lower bound by

F = ian(ryp’r‘a ¢7p¢7 QZ7pZ) .

By lemma 3.3.4 we obtain that r is bounded away from 0 and hence G (r2 + qz2)71/2

—1/2 .
/ Increases at non—zero rate

is bounded. On lines where r is constant GG (7"2 + qz2)
from 0 at the limit ¢, — —oo to attains its (positive) maximum at ¢, = 0 to decrease

again to 0 at non—zero rate at the limit ¢, — +00. We now define

E' =inf H(r,pr, ¢, 04,q: = 0,p:) ,

and note that £~ < E’. From a simple analysis of the Hamiltonian function H we obtain
that for every level set £~ < E < E’ of the Hamiltonian function the projection of the
level set { H = E'} onto the ¢ direction is bounded away from 0 and for E > E' ¢, =0
belongs to the level sets of the Hamiltonian function. Furthermore, we obtain that for
every level set of the Hamiltonian function the projection of the level set { H = E} onto
the g, direction is unbounded. Boundedness of the dynamics of p, and p, follow from
the fact that r is always bounded away from 0 (lemma 3.3.4).

For the proof of item (iii) we start by defining

E' = ian(’l",pr’ ¢,p¢,pz) ’
By lemma 3.3.4 we get that r is bounded away from 0 and hence G (r? + Qz2)71/2 s

) ) —1/2
bounded. On lines where 7 is constant G (rQ + qZQ) / decreases at non—zero rate
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from 0 at the limit ¢, — —oo to its (negative) minimum at g, = 0 to increase again to
0 at non—zero rate at the limit ¢, — +0c. We note that in this case the function H is

also bounded below and define

F- = ian(?”,pra¢ap¢>7Qz = 07p2)
) G
= 1nf (H(Tvaa ¢7p¢7p2’) + T') ?

and note that by item (i) in this lemma, r is bounded and hence G/r is strictly negative
implying that E~ < E”. Using the fact that H does not depend on ¢, a simple analysis
of the Hamiltonian function H shows that for every level set E~ < E < E” of H the
dynamics of ¢, are bounded for all time and for every level set E > E” the projection of
the level set {H = E'} onto the ¢, direction is unbounded. Boundedness of the dynamics
of p, and p, follow from the fact that r is always bounded away from 0 (lemma 3.3.4).

To prove (iv) we note that H is not bounded below at points satisfying ps = 24upg
and define

E" = inf H(r, pr, &, pp, D2) -

Since G (7‘2 —i—qf)fl/z < 0 (possibly unbounded) we obtain that H < H. A simple
analysis of the Hamiltonian function H shows that for every level set F < E” of H the
dynamics of ¢, are bounded for all time and for every level set E > E” the projection

of the level set {H = E'} onto the ¢, direction is unbounded. O

We skip the proof of the next lemma which is analogous (though simpler) to the

proof of the previous lemma 3.3.6.

Lemma 3.3.7. Let k1 + ko = 0 and consider the reduced Hamiltonian system given in

theorem 3.2.3. Then

(i) for every level set of the Hamiltonian function the dynamics of r and py are

bounded for all time.

(ii) if P =0 and pg # 0, there exists E"” € R such that for every level set E < E"

of the Hamiltonian function the dynamics of q, are bounded and for every level
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set E > E" the projection of the level set {H = E} onto the q. direction is
unbounded. Furthermore, for every level set of the Hamiltonian function the

dynamics of p, and p, are bounded for all time.

(iii) if P # 0 or P = 0 and py = 0, there exists E" € R such that for every level
set E < E" of the Hamiltonian function the dynamics of q, are bounded and
for every level set E > E" the projection of the level set {H = E} onto the q.

direction is unbounded.

3.3.3 Asymptotic properties of the dynamics of the reconstructed sys-

tem

In this section we combine the results given in the two previous subsections to provide
a partial characterization for the dynamics from an “asymptotic point of view". We
should remark that this characterization might be incomplete and that the existence of
extra conserved quantities or invariant hypersurfaces for the Hamiltonian system (3.1.5)
may introduce other types of dynamical behaviour.

In the absence of extra conserved quantities or invariant hypersurfaces for the
Hamiltonian system (3.1.5), the following (asymptotic) dynamical behaviours are pos-

sible:

(1) “planar” behaviour: in the invariant plane A the two particles drift with equal and
constant velocity in the vertical z—direction while the dynamics in the (z,y) plane

correspond to the interaction of the two particles in a plane.

(2) “molecule-like” behaviour: if the charges have opposite signs, then there exists
FE1 € R such that for every level set £ < Fp of the Hamiltonian function the
relative position g — g2 of the two particles is bounded for all time. However,

each particle position may be unbounded:

— if P, # 0 the particles drift in the vertical direction with non—zero velocity.
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— if ki + k2 # 0 and P, = 0 using (3.2.1) and the reconstruction map in
theorem 3.2.1, we obtain

JP

— +

z: Qy [

41 .
(_1)’L+1; (kQTer + (—1)z+1p;§/2.]62'u¢+9) .

By lemma 3.3.6 we obtain that 7 and p, are bounded and hence q; and g2

are bounded.

— if ki +ko = 0 and P # 0 we have that the trajectories of the two particles are
typically unbounded in the (x,y) plane: they drift with a non—zero average

velocity (see chapter 2 for more details).

(3) “unbounded” behaviour: there exists E2 € R such that for every level set E > FE»
of the Hamiltonian function the dynamics in the vertical z—direction are un-

bounded. More precisely, the asymptotic behaviour satisfies:

a) limy 400 @z, () = — limy— 100 g2, (F) -

b) limy—+oo |qz, ()| = lims— 400 |qz, (£)] = 00 .

We identify two distinct classes of “unbounded” behaviour to which we call

“bouncing—back” behaviour and “pass—through” behaviour.

(3.1) “bouncing—back” behaviour: we call "bouncing—back” behaviour to an "un-
bounded” behaviour satisfying the additional condition that g, (t) — g, ()
is bounded away from zero for all £ € R.
In particular, if the charges have equal signs, then there exists E3 € R such
that for every level set E < FE3 of the Hamiltonian function the dynamics
exhibit “bouncing—back” behaviour, i.e. the dynamics are unbounded in the

vertical z—direction but bounded away from the plane ¢., = ¢.,.

(3.2) “pass—through” behaviour: we call “pass—through” behaviour to an "un-

bounded” behaviour satisfying the following additional condition:

lim ¢, (t) =— lim q,(¢), ie{1,2}.
t——+o0 t——o0
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In particular, there exists E4 € R such that for every level set £ > Ej of the

Hamiltonian function the dynamics always exhibit “pass—through” behaviour.

Figure 3.3.1: Three distinct dynamical behaviours. For all the figures we fix the parame-
terse; =m; =1, B=c=1and ¢ = 0.1 and initial conditions ¢, (0) = —¢4,(0) = 2,
P21 (0) = P2y (0) = 1 and gy, (0) = ¢y, (0) = py, (0) = py,(0) = 0. On the left column
we set eg = —4, mg = 3 and ¢, (0) = —¢,,(0) = 0.1, p,,(0) = —p,,(0) = —0.01 and
obtain a “molecule-like” behaviour. On the centre column we set e = my = 3 and
¢z (0) = —¢.,(0) = 0.1, p,,(0) = —p»,(0) = —0.01 and obtain a "bouncing—back”
behaviour. On the right column we set e = my = 3 and ¢,,(0) = —¢.,(0) = 10,
P2 (0) = —p.,(0) = —0.85 and obtain a “pass—through” behaviour.

Remark As we will see in the next section, for the case of opposite sign charges, the
regime of energies corresponding to “unbounded” behaviour is the suitable one for the
existence of chaotic scattering in this system: if the energy is high enough, then the
particles always exhibit “pass—through” behaviour while for small positive energies there

is a mixing of “pass—through” behaviour and "bounce—back” behaviour.

3.4 The scattering map

In this section we introduce the scattering map associated with the Hamiltonian system
(3.1.5) and derive relevant properties of this map in some suitable regimes. As in section
3.3, throughout this section we will consider the interaction potential to be Coulomb
V(R) = G/R, where R is the distance between the particles and G = ejeqa/47mep; as

before, we will also set C', = 0 and P, = 0 without loss of generality.
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In the case of zero interaction, the general solution of (3.1.5) can be written as

qi(t) = (Ri+pi(t),q.(t))

pi(t) = (—kiJpi(t),pz,) , (3.4.1)

for i € {1,2}, where R; = (R,,,R,,) € R? are the guiding centres of the particles,
pi(t) € R? their gyroradii vectors, ¢, (t) € R their vertical positions and p.. € R their
vertical momenta. For zero interaction, R;, p; = |pi(t)| and p., are conserved, while
arg (p;(t)) rotates with gyrofrequency €2; and the vertical positions g, (¢) evolve linearly
with time.

As a consequence of theorems 3.2.1 and 3.2.3, for non—zero interactions the
general solution of (3.1.5) can still be written in the form given in (3.4.1), with the
variables R;, p;, q., and p., (i € {1,2}) evolving with time accordingly with the recons-
truction maps and the reduced Hamiltonian systems given in the statements of theorems
3.2.1 and 3.2.3.

We will be considering the cases in section 3.3.3 where the dynamics in the
vertical direction are unbounded: in the limits of ¢ — 400 we have that |q.(t)| =
|gz, (t) — gz, (t)| — o0. In such cases, the typical situation is the following: initially the
particles have a large vertical separation and their trajectories are just helices of the form
(3.4.1), as described for the zero interaction case. At some instant of time their vertical
separation is small so the particles interact and their paths are no longer helices. The
two particles will eventually separate again and their paths approach helices again. Due
to the interaction, the helices in which the particles move before interacting and after
interacting are different. The scattering map describes such asymptotic changes to the
helices.

We will now rigorously introduce the scattering map. We assume that as |t| — oo
the two particles have infinite vertical separation and the particles move in helices. We
would like the scattering map to map the main asymptotic properties of such helices, i.e.
the guiding centres and gyroradius as well as the vertical position and momentum as the

particles approach ¢ = —oo to the asymptotic properties of the helices at t = +00. We
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proceed as follows. First of all, we note that since C, = P, = 0 from the reconstruction

maps in theorems 3.2.1 and 3.2.3, we have that

mo mq
4z, = qu qzy, = _M(Jz
Pz, = Dz Pzy = =Pz,

and hence it is enough to look at the asymptotics of ¢, and p,. There are, however,
some difficulties: in the limit of large vertical separation, the gyroradii of the two parti-
cles rotate uniformly with angular velocity given by the gyrofrequency of each particle
and hence do not have a well-defined limit as |t| — co. To overcome this difficulty we
consider the Hamiltonian system (3.2.2) and introduce the following change of coordi-

nates

pi = (20:)'* Jey, , ie{l,2}, (3.4.2)

where ey, is defined in the same way as ey in (3.2.6) with 0 replaced by 6;. Note that

pi € R is proportional to the gyroradii squared norm |pi]2 and 6; is the i-th particle

gyrophase. Using (3.4.2), we obtain the Hamiltonian system

2
H = gim + k1Q1p1 + koQopa + V(R) (3.4.3)
w = Y ki(dRy, AdRy, +d6; Adp;) + dg. Adp.
i=1,2

where

) 1/2
- qﬁ) :

We should point out that the transformation (3.4.2) introduces two coordinate singu-

R= <‘R1 ~ Ryt (201)% Jeg, — (2p2)"/2 Jeq,

larities at p;1 = 0 and p2 = 0. We note that the gyrophases 6; evolve by the differential

equation
10

0; = Q + ——
* k; Op;

V(R)

and hence do not have well-defined limits Gii = limy_, 1o 0;(t). To avoid this inconve-

nience we introduce modified gyrophases by
gbi =0, — Q;t , i € {1,2} R (344)
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measuring the displacement between the gyrophases in the non—zero interaction and zero
interaction settings. Going to the extended phase space by introducing the conjugated
variables energy F and time t and making the change of coordinates (3.4.4) we obtain

the following Hamiltonian system

2
H = Zm + EyQip1 + kaQopa + V(R) — E
w = Y ki(dRy, AdRy, +d¢; Adp;) + dg. A dp. (3.4.5)
i=1,2

+d(E — k1Q1p1 — koSQap2) A dt
where

5 1/2
R = <‘R1 — R+ (2p1)1/2 Jeqbﬁ-(ht — (2,02)1/2 J€¢2+92t + qz2) . (346)

Note that the dynamics on level sets {H = E} of (3.4.3) correspond to the dynamics

of the level set {H = 0} of (3.4.5). Introducing the asymptotic vertical energy

E.=FE —kQip1 — k2fapo ,

we obtain
D 2
- = —E,
H 5o TV(R)
w = Y ki(dRy, AdRy, +d¢; Adp;) +dg. Adp. + dE. Adt, (3.47)
i=1,2

where R is given by (3.4.6).

Let i € {1,2} and let us denote by R}, p, ¢ and p.* (respectively R;,
p; » ¢; and p,7) the limits of the quantities R;(t), p;i(t), ¢i(t) and p.(t) as t —
+00 (respectively t — —o0). Furthermore, let us denote by ¢, the sign of ¢.(¢) as
t — 400 and by g, the sign of ¢,(t) as t — —oo. The scattering map is the map
SR x {+, -} = RY x {+, -} given by

S (Rlia R277 pL P2 ¢177 ¢27’p277 QZi) =

= (R1+7R2+7p1+7p2+7¢1+7¢2+7p2+7q,2+) . (348)
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Remarks We note that:

i) the scattering map is well-defined provided |g.(t)] — oo as |[t| — oo and the

particles do not go through close approaches in their orbits.

ii) a complete study of the scattering map should take into account the asymptotic
time difference for the particles to travel between two points with and without an
interaction. We skip an analytic study of this asymptotic time difference since the
Coulomb potential leads to unbounded time difference due to a logarithmic term.

However, we do a numerical study of the time difference in section 3.4.3.

3.4.1 Scattering map in the limit of widely separated trajectories

Throughout this section we will consider that the projections of the helices on the
horizontal plane in the limits |t| — oo are two widely separated circles, i.e. the following
condition is satisfied

p1” + |p2f® << |Ri — Rof” . (3.4.9)

Expanding (3.4.6) we obtain

~1/2
R = (IR - R +2(Ry - Ro)w + [w] + ¢.?) (3.4.10)

—-1/2 2(R1 — Ry). 2\ ~1/2
_ (|R1 N R2|2 +qZ2) <1 + ( 1 2) ;U+ ‘w’ > ,
|R1 _R2| +QZ2

where
w = (2p1)1/2 Je¢1+Qlt - (2/)2)1/2 Je¢2+92t : (3411)

From (3.4.9), we obtain the inequality
‘Q(Rl — Ry).w + |wl|?
|R1 — Rof* + g.2
and hence, using Taylor series, we obtain
(1 | 2R~ Ry)w + ]w|2>_1/2 _ o L2Ri - Ry)w + fwf?
|Ri — Ry* +¢.” IRy — Ry|” + ¢.2

1
2

R, — Ry)?
O( | Ry 2|

(’R1 — Ry + QZ2>2

(3.4.12)

_|_
148



Putting together (3.4.10) and (3.4.12), we get
G §2(R1 —R2>.w+ \w|2

V(R) = -
/2 2 _ 2 213/2
(|R1 ~ Ryl + Qz2> (B = Rof” + ¢.%)

IR, — R|
52
(\Rl — Ry|* + Qz2>

+0

Neglecting terms of order O (|R1 — Ry’ /(IR — Ro|* + q22)5/2) we obtain an effec-
tive Hamiltonian system for the interaction of two widely separated charges in a uniform

magnetic field, which is given by
2
weff — P2 peff g
2m
w = Y ki(dRy, AdRy, +d¢; Adp;) + dg. Adp. + dE. Adt
i=1,2

G - gZ(Rl — RQ).UJ + |UJ|2

yeff  —
(|R1 — Ry|* + qz2)1/2 2 IRy — Rof” + q:2)%?

. (3.4.13)

where w is given in (3.4.11).

Averaging

Since the two helices are widely separated, the values of the particles gyrophases have
a negligible effect in the particles distance and hence on the strength of the Coulomb
interaction. This enable us to average (3.4.13) with respect to the gyrophases ¢; and

¢2. We obtain the Hamiltonian system

2
HelT = P2 L Deff _ R, (3.4.14)
2m
w = > ki(dRy, AdRy, +d¢; Adp;) + dg. Adp. + dE, Adt
i=1,2
where
1 2 21
VeIl = — Velldgide,
47'['2 0 0
G G (p1+ p2)

1/2 _ 2 2)3/2
(1R - Rof +4.2) " (B = Bal*+a2)Y
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Note that averaging with respect to ¢; and ¢9 eliminates ¢ and implies conservation of
the quantities p1, p2 and E,. Furthermore, the system (3.4.14) has a three—dimensional
group of symmetries (2 translations and 1 rotation) to which correspond the following

conserved quantities:
P =] (k?lRl + k‘QRQ) (3.4.15)
k k
L —kipr —kepa = —51 |Ry|* - 52 |Rof” .

We will use these symmetries and conserved quantities to reduce the Hamiltonian system

(3.4.14). We divide our analysis into two cases: ki + ko # 0 and k1 + ko = 0.

Case k1 + ko #0

From (3.4.15) we get that the centre of charge of the guiding centres

k1R1 + ko Ro _ —JP
ki +ka kit ko

is a constant. So by a translation we can assume it and P are 0. This implies the

relation
k1
Ry=——"R; . (3.4.16)
ko
Restricting the Hamiltonian system to the set determined by (3.4.16) gives
2
Hell = P2 peff _ g,
2m
k 2
w = —dR,, AdRy, + kidéy Adpy + kaddy A dpy + dg. A dp. + dE, A dt
e

Verr G B G (p1+p2)

<k12 |Ry[* /e + Qz2>1/2 (k12 |Ry|* /e + QZ2>3/2

The angular momentum given in (3.4.15) is now given by

ki?
L—k‘lpl —k2p2 == _7€|R1|2 . (3417)
We introduce a corrected angular momentum

Pop = L —k1p1 — kap2 (3.4.18)

and note that:
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o —2epg,, >0,

e conservation of pg, implies that the guiding centres R; move in circles of radius

\/ —2epo,, /ki* i€ {1,2}.

We reduce the system by angular momentum introducing polar coordinates

Ry =/ —2epg,, /k1eo,,

where ey, is defined in the same way as eg in (3.2.6) with 6 replaced by 6. We
note that there is a coordinate singularity when py, = 0 corresponding to the case
when Ry = Ry = 0, which is not a problem since we are dealing with the case of
large |R; — R2|. To obtain a canonical Hamiltonian system we also introduce signed

gyroradius py, defined by
Py, = kipi

and reduce by the (extra) degree of freedom dE, A dt corresponding to the coordinates
in the extended phase space. We obtain the following one degree of freedom effective
Hamiltonian system

2

oeff — P2 ey
2m
— G k k
VeIl — ¢ _ (o, /1 +p¢2/3/22) (3.4.19)
(—2pp, /e + ¢:?) (—2pp, /e + ¢:?)
w = dg. Adp, +dbg Adpg, +do1 Adpg, +dda Adpy, .

Without any effect on the preceeding results, we can substitute (3.4.9) by the

following (weaker) condition
3 2 2 2
5 (1P P2 1 — feg|” . 4.
2(! 1“+ | ])<|R Ry| (3.4.20)

Noting that condition (3.4.20) is equivalent to 3 (pg, /k1 + pg,/k2) < —2pg, /e, we

obtain that the effective potential in (3.4.19) satisfies:
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0.1

0.1
0 _100 0 100 —~100 0 100
qz qz
(a) (b)

Figure 3.4.1: Plots of V¢ff. For both figures py, /k1 = pg,/ko = 1 and —2pg,, /e = 100.
In the left figure G = 1 while on the right figure G = —1.

e if G > 0, then Veff is positive for all ¢, € R (see figure (3.4.1a)). It is increasing

for g, < 0, decreasing for g, > 0 and has a maximum E’ at ¢, = 0, given by

G _ G (pg,/k1 + Py, [ F2)

E =
(—2pa, /€)' (—2pa, Je)*/?

(3.4.21)

Furthermore lim;_, 4o, Ve&/f = 0.

e if G <0, then Veff is negative for all ¢, € R (see figure (3.4.1b)). It is decreasing
for ¢, < 0, increasing for ¢, > 0 and has global minimum E’ (given by (3.4.21))

at ¢, = 0. Furthermore lim;_, o, V¢/f = 0.

The next results summarize some of the most relevant properties of the scattering
map (3.4.8) for the case of two widely separated charges (satisfying ki + ks # 0) moving
under the action of a uniform magnetic field and a Coulomb interaction. Before stating
the results we need to introduce some notation. We define the asymptotic change for
k1 + ks #0, Iy 4y ysms0 bY

+oo 1

F071,2,3:71/ d.%',
e w (L4222 (1= U, (2))?

where U,, -, (z) is given by

2 _ 3
1+a2)'? (1422

U’Y2,’73 ($> =
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Y1, 2 and -y3 are given by

_ _Ge |m
T TV 2E
G e

2 = S
FE 2pe,,

G e \?* Dy y
o= = _ i_'_pi
E 2pg, k1 ko

and 7y is defined by

—00 if kikg >0 and E > E’
Y0 =94 q.*\/—e/(2ps,) ifkiko>0and0< E < E' , (3.4.22)
—0 if k1ko <Oand E >0

where ¢.* is the only positive root of Ve¢/f(q,) = E and E’ is given by (3.4.21).

Theorem 3.4.1. Let ki + ko # 0 and kika > 0 and assume that inequality (3.4.20)
is satisfied. Then, for every level set {H¢/f = E} of (3.4.19) such that E > 0, the

scattering map S is well-defined. Furthermore, there exists E' € R given by (3.4.21)

such that:

i) for every E > E' we have that p,* = p.~, |p.*| = (2mE)"/? and ¢.* = —¢.~.

ii) for every 0 < E < E' we have that p,* = —p.~, |p.*| = (2mE)"/? and

QZ+ =q; -
Let i € {1,2}. Whenever the scattering map is well-defined, it also has the following

properties:

a) there is no transfer of magnetic moment between the two particles, i.e. the norm

of the gyroradius |p;|? = 2(py,/k:i)? is conserved and hence p; = p; .

b) the asymptotic gyrophases (;Sj and ¢, are related by

1

A(bl = ¢z+ - ¢; = _EF’YOfyly'YQ,'YS .
i
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c) the guiding centres R; move in circles of radius \/ —2epy,, /k;> about —JP /i and
rotate (about the centre —JP/u) by an angle AOr which, to leading order, is

given by

1
AGR = EF’YO:’YM’Y%’YS N

Proof. The first part of the theorem and item i) of the second part follow trivially from

an analysis of the Hamiltonian system (3.4.19). To prove item b) of the second part

note that
_ too HHeff
Moi=of o7 = [ T @ pm)ar.
If E > E’, then
to9HeIT dt
Ag; = —dg, . 3.4.23
From (3.4.19), we obtain
oelf G
8p¢>i k; (—QPQR/G + q22)3/2
dg 9 1/2
= = — Veff
- + <m (E v (qz)>> . (3.4.24)
From (3.4.23) and (3.4.24), we get
G [+ 1
Ag; = —/ dg. .  (3.4.25)
ki) o [ 1/2
(~2popfe+ )" (2 (B -V (0)))

Making the change of variable ¢, = (—2pgR/€)1/2.’E in the integral on the right hand
side of (3.4.25), we obtain

+oo 1
Apg = -1 da

, 1/2
G o (1 a2 (1 ma/ (14222 4/ (14 22)¥?)

_ Ge m
T Top \2E

G e
- 2 /- 4.2
V2 B\ 2. (3.4.26)

_ G e ° (Do, 4 Pox
78 E 2pg,, k1 ke )~
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With a similar procedure, if 0 < £ < E’, we obtain

+0o0 1
A¢Z = ’71/ ) ) 1/2 dz )
w1 e (1o (L) s/ (14 22))

where v; (i € {1,2,3}) are still given by (3.4.26) and 7 is given by

e
*
Yo = ¢ - .
“\ 2pe,

The first part of item c) follows from (3.4.16), (3.4.17) and (3.4.18) and the recons-

truction map in theorem 3.2.1. To complete the proof we just need to evaluate

too 9Feff
AQR:tliEl QR(t)—tliI_Il QR(t):/ g

—oo  Opo, (q:(t),p-(t))dt .

Noting that

oHeI G _ 3G(pg, /K1 + pg, [ k2)
Opg,, e(—2pg,/e+ qzz)3/2 e(—2pp, /e + qZ2)5/2 ’

neglecting the term of order O ((—QpQR/e + qz2)5/2> and proceeding in the same way

as we did for the proof of item b) we obtain the required result. O

Theorem 3.4.2. Let ki + ko # 0 and kika < 0 and assume that inequality (3.4.20)

is satisfied. Then, for every level set {He/f = E} of (3.4.19) such that E > 0 the
scattering map S is well-defined and we have that p} = p;, |p.*| = (2mE)'/? and
¢ = —q; . Leti e {1,2}. Whenever the scattering map is well-defined, it also has the

following properties:

a) there is no transfer of magnetic moment between the two particles, i.e. the norm

of the gyroradius |p;|> = 2(py,/ki)? is conserved and hence p} = p; .

b) the asymptotic gyrophases gZ);r and ¢; are related by

_ 1
Ag; = d’j —¢; = _EF%,%,%,% .
T
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c) the guiding centres R; move in circles of radius \/ —2epy,, /k;> about —JP/u and
rotate (about the centre —JP/u) by an angle AOr which, to leading order, is

given by

1
AGR = EF’YO:’YM’Y%’YS N

The proof of theorem 3.4.2 is identical to the proof of theorem 3.4.1 and so we

skip it.
Remarks We note that:

i) item i) in theorem 3.4.1 corresponds to “pass—through” behaviour (high energy)

while item ii) corresponds to “bounce—back” behaviour (small energy).

ii) in the case of two charges satisfying k1 + k2 # 0 and k1k2 < 0O (as in theorem
3.4.2) the initial conditions that correspond to the scattering problem have energy
E > 0. To level sets with negative energies (bounded below by E’ given in
(3.4.21)) correspond bounded motions and hence, the scattering map is not well—
defined. In this case we have “molecule—like” behaviour in agreement with section

3.3.3.

i) if E > |E'| then |y2|, |v3] < 1 and we can make the following estimate:

+o0 1 ( )
I’Y07Y17Y27 : "71/ T o\3/2 dz + O Y1y .
i —00 (1 +£L'2)3/

Evaluating the integral above, we obtain

Ge m m \ 1/2 e 3/2
Lo = 2n+0 (1172) = _pe\/;JrO <G2 <@> <_2p9 ) ’

Case k1 + ko =0

Let us consider again the Hamiltonian system (3.4.14). We change coordinates to

1
3 (R1 + R»)

1
= —J(R — R 4.27
%% ( 1 2)7 (3 )
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introduce signed gyroradius py, defined by

Py, = kipi

and reduce by the (extra) degree of freedom dE, A dt corresponding to the coordinates
in the extended phase space obtaining the following one degree of freedom effective

Hamiltonian system

2
Helf = D= G _ G(p¢1/k1+p¢2/k2) (3428)

2m (4H2‘p‘2+qz2)1/2 (4/12!P!2+qz2)3/2
w = dg. Adp,+dC; ANdP, +dCy AdP, + d¢1 Adpg, + doa Adpg, -

Using the weaker form (3.4.20) of condition (3.4.9) we obtain that 3 (pg, /k1 + Dy, /k2) <

4k2|P|? from where we get that the effective potential in (3.4.28) satisfies:

o Veff is negative for all ¢, € R (see figure (3.4.1b)). It is decreasing for ¢, < 0,

increasing for ¢, > 0 and has global minimum E’ given by

y_ G Gy /k1+ps./k2)
2|x||P| (2|x|1P))?

(3.4.29)

at ¢, = 0. Furthermore lim;_, o, Ve/f = 0.

The next result summarizes some of the most relevant properties of the scattering
map (3.4.8) for the case of two widely separated charges (satisfying k1 + k2 = 0) moving
under the action of a uniform magnetic field and a Coulomb interaction. Before stating
the results we need to introduce some notation. We define the asymptotic change for

kl + k2 = O’ F(”)/oa"hﬁzﬁs’ by

FE)Y?»’YSKY? - V?/ 3/2 1/2
—oo (1+a2)7 (1= Usgpp())

2

+oo 1

dz |

where U

19~0(z) is given by

o ok

1+22)2 (142232

Usg () =
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and 7Y, 78 and 'yg are given by

0 _ G m
T 2P\ 2E

0 G
2T SPIE
G P De.
0o _ b1 b2
BT §kPIPPE <k1 * k2> '

Theorem 3.4.3. Let k1 + k2 = 0 and assume that inequality (3.4.20) is satisfied.
Then, for every level set {He¢ff = E} of (3.4.28) such that E > 0 the scattering
p-*| = (2mE)'/? and ¢F = —q; .

map S is well-defined and we have that pI = p_,
Let i € {1,2}. Whenever the scattering map is well-defined, it also has the following

properties:

a) there is no transfer of magnetic moment between the two particles, i.e. the norm

of the gyroradius |p;|> = 2(py,/k:i)? is conserved and hence p; = p; .

b) the asymptotic gyrophases gbj and ¢, are related by

_iI‘O
k; 188

Ay = ¢f — ¢ =
¢) the distance between the guiding centres is conserved:

‘1%1+ — R2+} = ‘le — R27| = 2|f€’ |P’ .

d) to leading order, the asymptotic guiding centres R;™ and R;~ are related by

+ _ p.— _ 4,210
R; R =4r Fv?,vSngP )

Proof. The first part of the theorem and item i) of the second part follow trivially from
an analysis of the Hamiltonian system (3.4.28). The proof of item b) is analogous to
the proof of item b) of theorem 3.4.1. ltem c) follows from (3.4.27). To prove item d)

we invert (3.4.27) to obtain
R =C—-kJP, Ry=C+rIP.
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Noting that

+oo ar7eff
R R =m0 im 00= [ L 0.0t

t—+00 —c0 8P

and proceeding in the same way as we did for the proof of item c) of theorem 3.4.1 we

obtain the result. O

Remark We note that:

i) in the setting of theorem 3.4.3, to level sets with negative energies (bounded
below by E’ given in (3.4.29)) correspond bounded motions and the scattering
map is not well-defined. In such energy regimes the dynamics exhibit “molecule—
like" behaviour in agreement with section 3.3.3. Otherwise, in level sets with
positive energies the dynamics exhibit “unbounded” behaviour (more precisely,

“pass—trough” behaviour).

ii) if E > |E’| then |y2|,|y3] <1 and we can make the following estimate:

0 +o00 1
F1 - :71/ 7(31:134—0(71’}/2) .
V1,725,738 e (1 + $2)3/2

Evaluating the integral above, we obtain

G [m GE [ m 12
Promanan =20+ 00m2) = 55pp1 55 T ¢ (8Inl3\Pl3 (35) ) '

We should note that theorems 3.4.1, 3.4.2 and 3.4.3 apply only to the averaged

systems (3.4.19) and (3.4.28). Furthermore, the error of approximation caused by the

derivation of such Hamiltonian systems has not been analysed.

3.4.2 Transfer of energy

In the previous section we have done our analysis in a frame moving with the vertical
centre of mass and did not observe any transfer of energy between the two particles.
In this section we will see that in the original fixed frame there is a transfer of energy

between the particles in the case of “bouncing—back” behaviour.
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Assume the conditions of theorem 3.4.1 and recall that there exists E/ > 0

such that for every level set {H¢/f = E} of (3.4.19) with 0 < E < E’ we have that
p.t = —p.7, Ip.T| = (2mE)Y? and ¢.t = ¢.7, i.e. the particles "bounce-back”
during an interaction.

Let i € {1,2} and let us denote by p (respectively p_ ) the limit of p.,(¢) as
t — 400 (respectively t — —00). By the reconstruction map in theorem 3.2.1 we obtain
that

+ My + + M2 +
pzlzﬁpz—i-pz ) p22:ﬁpz—pz .

Thus, the change on the vertical kinetic energy of the first particle is given by

1 2 _2
AKFE, = %Oﬁ—l *P21>

2
= Mszer .

Similarly, we obtain that the change on the vertical kinetic energy of the second particle

is given by

1 2 _2
AKFE, = %Oﬂ; *ng>

2 +
= —Zp.tp,. 4.
mP (34.30)

Hence, if the vertical z—component of the centre of mass of the two particles moves
with non—zero velocity C, = P, /M there is a transfer of vertical kinetic energy when

the two particles “bounce—back”.

3.4.3 Chaotic scattering: some numerical results

In this section we provide some numerical results that give strong evidence in favour of
the existence of chaotic scattering for the problem of two charges moving in R3 under
the action of a uniform magnetic field and a Coulomb interaction when the averaging

assumptions of the previous subsection are not satisfied.
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Procedure

We numerically integrate Hamilton's equations associated with the reduced Hamiltonian
system given in theorem 3.2.1 under the following conditions: we fix the values of the
parameters

61:15 mlzla 62:_37 m2:57
c=1, B=1, e =0.1,

the initial conditions

Furthermore, if the energy E' > 0 and the initial conditions 7(0) = R and ¢.(0) = h >0
are fixed, we obtain the value of the remaining initial condition p,(0) as a function of
F, R and h:

1/2
3E 49 25R? 5 7 75 21
py—x (I B T A
dr (R? + n2)Y? - 32

For a given h > 0 choosing p,(0) < 0 will make the particles move towards each other,
interact and then move apart again.

We now fix the values of the energy E and initial relative vertical position ¢,(0) =
h and let Tk 5 (R) be the bigger instant of time needed for the particles starting with
horizontal distance r(0) = R (and corresponding p,(0)) to reach a vertical distance of
absolute value h before escaping to co when subject to a Coulomb interaction and let
Tg’h(R) be the time needed for the particles starting with the same initial conditions to
reach a vertical distance ¢, (T&,&R)) = —h when moving freely in a uniform magnetic
field. In the case of zero interaction the particles move with constant velocity in the

vertical direction (equal to (2E/m)'/?) and hence we obtain

m
T (R) = 2h, /ﬁ .
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We define the time difference map 75 : R — R by
Tu.h(R) = Ten(R) — Ty (R)
and define the sign map o : RT™ — {+,—} by

opn(R) = sign (q. (Tpn(R))) ,

where sign(x) denotes the sign of € R. The sign map og ;(R) associates to each
orbit the sign + if the particles “bounce—back” during the interaction and the sign — if
the particles “pass—through”.

Note that the definition given for the time difference map avoids the problems
related with the unboundedness of the logarithmic term associated with the general time
difference map (i.e. h = 0o0) by making h finite. However, we still have that 7, — oo

as h — oo.

Simulations

The plots for the maps o ,(R) and 7g ,(R) that we show below were made for h = 500
and values of energy £ =20, E=10, E=5and £ =1.

400

020,500 () 720,500

200

2 4 6 8 2 4 6 8

R
(a) (b)

Figure 3.4.2: Plots of o ;(R) and 75, (R) for E = 20 and h = 500. The motion
is regular: the only type of dynamical behaviour observed is “pass—through” behaviour
and the time difference map is reasonably smooth.
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2000
T10,500

B — | wﬂ

R
(a) (b)

Figure 3.4.3: Plots of o 4(R) and 7 ,(R) for E = 10 and h = 500. The motion is
still mostly regular but there is already a small number of choices of initial horizontal
distance that lead to a “bouncing—back” behaviour. The time difference map is still
very regular.

710,500 ()

1000

05,500 () 75,500
500

S

1 2 3 1 2 3
R R

(a) (b)

Figure 3.4.4: Plots of o ;(R) and 75 4(R) for E = 5 and h = 500. Although the
dominant dynamical behaviour is “pass—through” there is already a large amount of
“bouncing—back” behaviour. The time difference map loses much of its regularity.
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4000

01,500 0 T1,500
2000

0.6 0.8 1 1.2 1.4 1.6 1.8 0.6 0.8 1 1.2 14 1.6 1.8

Figure 3.4.5: Plots of o ;,(R) and 7 ,(R) for E = 1 and h = 500. Chaotic scattering:
both dynamical behaviours are observable and small changes in the initial horizontal
distance might lead to each one of the observed behaviours. The time difference map
is very irregular.

Note that large energies lead to either a large vertical relative velocity or a large
horizontal displacement between the two particles. For large vertical relative velocities
the interaction time between the two particles is small while for large horizontal dis-
placements the interaction strength is small. This is the main reason for the regularity

of the dynamics for large energies and the lack of it for small energies.

3.5 Conclusions

We have proved that the Hamiltonian system (3.1.5) can always be reduced to one
with three degrees of freedom. Moreover, we have proven that it can be reduced to
one with two degrees of freedom for the special case of same sign charges when the
particles have equal gyrofrequencies (equal ratio of charge to mass) and on some special
submanifolds. Furthermore, we explicitly computed the reduced Hamiltonian systems
and corresponding reconstruction maps for the reduced dynamics, enabling us to lift the
dynamics from the reduced spaces and hence obtain a description for the dynamics on
the initial phase space.

Assuming that the interaction potential is Coulomb we have identified an inva-

riant submanifold where the reduced dynamics are just the reduced dynamics associated
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with the interaction of two particles moving in a plane under the action of a uniform
magnetic field (orthogonal to the plane of motion). In this invariant plane we obtain
that the system always reduces by a further degree of freedom which leads to an inte-
grable system in the case of two particles with equal gyrofrequency (and some special
submanifolds). As a consequence of the results in chapter 2 we obtain that in the case
of particles with opposite sign and non—zero gyrofrequencies sum, the system contains a
suspension of a non—trivial subshift of finite type on level sets of high energy and hence
it is non—integrable.

We have studied the scattering map associated with this problem in the limit
where the two particles trajectories are widely separated. We have obtained that the
magnetic moment is conserved and that the guiding centres either rotate about a fixed
centre during an interaction in the case of two charges whose sum is not zero or drift
in a direction determined by the linear momentum if the two charges sum is zero. We
give explicit formulas for rotations and drifts in this regime. In the frame moving with
the vertical centre of mass we showed there is no transfer of energy between the two
particles in this regime. In a fixed frame, however, energy is transferred between the
particles in the case of “bounce-back”, unless the vertical centre of mass speed is zero.
This extends the results in [2, 11, 12] from the case of infinite to finite magnetic field.
To compute energy transport in a temperature or density gradient, however, one would
also need to take into account the effects of the interaction—induced horizontal rotation
(or drift) of the guiding centres that we have found, which move energy and particles
horizontally in all cases of scattering.

We have also made a numerical study of the scattering map without using the
assumption that the two particles trajectories are widely separated. We observed regular

behaviour for large energies and chaotic scattering for small positive energies.
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