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Abstract

This thesis is divided in two parts.

In the first part, we formally study the phenomenon of the so-called big bang bifurca-
tions, both for one and two-dimensional piecewise-smooth maps with a single switching
boundary. These are a special type of organizing centers consisting on points in parame-
ter space with co-dimension higher than one from which an infinite number of bifurcation
curves emerge. These separate existence regions of periodic orbits with arbitrarily large
periods. We show how a mechanism for their occurrence in piecewise-defined maps is the
simultaneous collision of fixed (or periodic) points with the switching boundary. For the
one-dimensional case, the sign of the eigenvalues associated with the colliding fixed points
determines the possible bifurcation scenarios. When they are attracting, we show how
the two typical bifurcation structures, so-called period incrementing and period adding,
occur if they have different sign or both are positive, respectively. Providing rigorous ar-
guments, we also conjecture sufficient conditions for their occurrence in two-dimensional
piecewise-defined maps. In addition, we also apply these results to first and second order
systems controlled with relays, systems in slide-mode control.

In the second part of this thesis, we discuss global aspects of piecewise-defined Hamil-
tonian systems. These are piecewise-defined systems such that, when restricted to each
domain given in its definition, the system is Hamiltonian. We first extend classical Mel-
nikov theory for the case of one degree of freedom under periodic non-autonomous per-
turbations. We hence provide sufficient conditions for the persistence of subharmonic
orbits and for the existence of transversal heteroclinic/homoclinic intersections. The cru-
cial tool to achieve this is the so-called impact map, a regular map for which classical
theory of dynamical systems can be applied. We also extend these sufficient conditions
to the case when the trajectories are forced to be discontinuous by means of restitution
coefficient simulating a loss of energy at the impacts. As an example, we apply our re-
sults to a system modeling the dynamical behaviour of a rocking block. Finally, we also
consider the coupling of two of the previous systems under a periodic perturbation: a
two and a half degrees of freedom piecewise-defined Hamiltonian system. By means of
a similar technique, we also provide sufficient conditions for the existence of transversal
intersections between stable and unstable manifolds of certain invariant manifolds when
the perturbation is considered. In terms of the rocking blocks, these are associated with



the mode of movement given by small amplitude rocking for one block while the other
one follows large oscillations of small frequency. This heteroclinic intersections allow us
to define the so-called scattering map, which links asymptotic dynamics in the invariant
manifolds through heteroclinic connections. It is the essential tool in order to construct
a heteroclinic skeleton which, when followed, can lead to the existence of Arnold diffu-
sion: trajectories that, in large time scale destabilize the system by further accumulating
energy.



Chapter 1

Introduction

1.1 Big Bang bifurcations

In the first part of this thesis we study in a general way which are the dynamical phe-
nomena behind these bifurcations. This allows us to provide general conditions not only
for the occurrence of the so-called big bang bifurcations but also to predict the involved
bifurcation structures.

Chapter 2 is devoted to provide sufficient conditions for the occurrence of the bifurca-
tion scenario referred as period incrementing for one-dimensional piecewise-defined maps.
It results from a collaboration with Viktor Avrutin and of Michael Schanz, and has been
published in [AGS11].

Chapter 3 is more a guideline of a proposal of future work in order to provide and prove
similar conditions for the so-called period adding scenario (§3.2). We also provide a pro-
posal on how these two previous results can be extended to two-dimensional piecewise-
defined maps (§3.3).

In Chapter 4 we apply the previous results, for one and two-dimensional maps, to first
and second order linear systems in sliding-mode control. In a very natural way, we derive
from a general control scheme based on a relay systems for which the previous results
hold. We show how to predict big bang bifurcations occurring in the parameter space
formed by the relevant parameters from the control design point of view. This results
from a joined work with Enric Fossas, and has been published in DEDS, [FG12].

1.1.1 General description

In the context of piecewise-smooth dynamics, big bang bifurcations have been reported
in the literature (see references below) as specific type of organizing centers in param-
eter space, where an infinite number of bifurcation curves issue from, separating exis-
tence regions of different periodic orbits with arbitrarily large periods. Typically, this
codimension-two phenomenon has been detected in one-dimensional piecewise-smooth



4 1.1. BIG BANG BIFURCATIONS

maps when globally investigating two-dimensional parameter spaces ([AS06a, ASBOG,
ASBO07]), although it is known that they occur also in higher-dimensional maps and flows.
The importance of these points lies on the fact that they organize the dynamics in the
parameter space, as all the possible periodic orbits existing in a neighborhood of such a
point are “created” there. In the cited works it was shown that there are several types of
big bang bifurcations, which cause different bifurcation scenarios to occur in their neigh-
borhood.
Usually, these detections have been performed numerically and supported by analytical
calculations, as no systematic procedures to detect and describe them have been reported
until now. As these bifurcations can be observed in many systems in several fields, the
question arises how to predict their occurrence and how to determine their type.
Based on experience and observation, such a phenomenon seems to appear for piecewise-
defined maps when, under certain conditions, two fixed points (or periodic orbits) collide
simultaneously with the boundary. More precisely, consider an n-dimensional state space
X split into two parts, X, and X,, by a hypersurface ¥ and two two-parameter diffeo-
morphisms fy(z; co, ¢;), fr(z;c,¢,) + X — X. Suppose that f;, i € {{,r}, possesses a
unique! (stable) fixed point! 7 with real associated eigenvalues. Suppose also that for
ce = ¢, = 0, both fixed points cross X transversally at the points Z} € 32. Suppose also
that, near ¢, = ¢, = 0, the position of the fixed point z is locally controlled by ¢;. Let
us then consider the piecewise-defined map

| filziene) freX,

fx) = { fr(z;cp,c) ifz e X,.
It is clear that, whenever one of these points crosses transversely the boundary, it under-
goes a border collision bifurcation ([NOY94]) and the fixed point becomes virtual. Then,
all initial values tend to the other fixed point or, eventually, to a two-periodic orbit with
one iteration at each side of ¥. However, if both fixed points become virtual (increasing
both parameters through (cy, ¢,) = (0,0)) then, for values of (¢, ¢,) arbitrarily close to
(07,07) it is possible to have periodic orbits of arbitrary period, with periodic points on
both sides of ¥. That is, there may exist a big bang bifurcation at the origin of the pa-
rameter space ¢, X ¢,. If one then encodes the periodic orbits depending on which side of
Y. the consecutive iterates belong to, it is easy to see that the possible symbolic sequences
of the periodic orbits mainly depend on the sign of the eigenvalues of the fixed points
associated with the eigendirections pointing to . In the general n-dimensional case, an
explicit description of which symbolic sequences are possible and which are not, for every

'We consider it unique for simplicity. Obviously, everything in what follows remains the same if both
fixed points can be isolated from other invariant sets in a certain neighborhood.

!For simplicity, we assume them to be fixed points, considering an appropriate iterated function
everything can be argued similarly also for periodic orbits.

2Note that, for n > 1, we do not assume that Z; = 2. Therefore, in general, f would not necessary
have to be continuous at the codimension-two bifurcation point.
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case, remains an open problem.

In the first part of this thesis, we will first restrict ourselves, in Chapter 2, to one-
dimensional maps f such that both colliding fixed points are stable (f, and f,. are con-
tractive near = = 0 if ¢, and ¢, are small). In that case, one has X = R, ¥ = {0} (up
to translation) and f becomes a map with a single discontinuity at 2 = 0. The distance
between the fixed points and the boundary is controlled by the offsets ¢, and ¢, at the
origin, and the sign of the eigenvalues of the fixed points are, obviously, given by the
slopes of f; and f, near x = 0 for ¢, and ¢, small.

Then, regarding these signs one can consider two different interesting cases: positive-
positive (increasing-increasing) and positive-negative (increasing-decreasing)® for which
the bifurcation scenarios near the codimension-two bifurcation point are very different.

The bifurcation scenarios for these two cases were first studied using the offsets as
a particular parameterization of a linear piecewise-defined map by Leonov in the late
50’s ([Leob9], see also [Mir87]). There, using direct computations, both scenarios were
described, and have been later called period adding (increasing-increasing) and period
incrementing (increasing-decreasing) ([AS06a]).

Later, it was shown that similar maps were obtained as first return maps of n-
dimensional flows (n > 3) near a double homoclinic bifurcation, as in the Lorenz case.
In this context, this type of (contracting) maps have been intensively studied ([CGT84,
GGT84, GGT88, GPTT86, GH94, Hom96, LPZ89, TS86, PTT87, Spa82]), both near the
codimension-two bifurcation point and far away from it.

For the contractive case, a first study of the codimension-two bifurcation point in a two-
dimensional parameter space was performed in [CGT84|. It was there mentioned in a
footnote that going through a certain region in this space one could find an infinite num-
ber of periodic (and also aperiodic) orbits and that this region shrinks infinitely to the
origin of the parameter space, the big bang bifurcation point. One month later, it was
stated in [GGT84] a first relation between the possible symbolic sequences of the peri-
odic orbits near the codimension-two bifurcation point, their rotation numbers and their
connection to the Farey numbers. This point was called there gluing bifurcation, as the
periodic orbits created there were obtained by “gluing” other periodic orbits. This was
finally proved in [GGT88]| for a contraction ratio less than i and later in [GT88] for the
pure contracting case.

However, in none of these works the sign of the eigenvalues were considered and, therefore,
no distinction between the different bifurcation scenarios was taken into account. This in
fact represents the main difference between a gluing bifurcation and the codimension-two
bifurcation point that, following [AS06a], we refer here as big bang bifurcation. While

3Recall that we are dealing in this work with maps contractive on both sides. Then, the decreasing-
increasing case is equivalent to the increasing-decreasing one. For the decreasing-decreasing one, only a
two-periodic orbit or one or two fixed points are possible.
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the last one is characterized by an infinite number of bifurcation curves issuing from
the point thereby separating periodic orbits with arbitrarily large periods, the first one
refers to the fact that two periodic orbits are glued, although maybe an infinite number
of times through successive gluing. This implies, for example, that for the decreasing-
decreasing case (see footnote 3) a gluing bifurcation occurs creating a two-cycle, but is
not a big bang bifurcation as the two colliding fixed points and the two-periodic orbit
are the unique invariant objects that one can find near the codimension-two bifurcation
point.

A long time after Leonov, in the context of the double homoclinic bifurcation, the sce-

nario for the increasing-increasing case (period adding) was first described for a quadratic
piecewise-defined map at the same time in [GPTT86] and [T'S86], and later studied in
more detail in [LPZ89, PTT87] using direct computations for low periods and renor-
malization techniques. There, it was shown that the infinite number of periodic orbits
emerging from the origin of the parameter space are created by “gluing” them and adding
their periods. More recent studies ([ASO6a, ASB06, ASB07]) have shown, using direct
computations and numerical simulations, that this phenomenon seems to appear for other
piecewise-defined maps.
On the other hand, very rigorous works ([AF03, AL89, ALMT89, Gle90, HS90, LMO1,
LMO06]) also gave classification, properties and the sets of periods of the possible peri-
odic orbits using kneading invariants. This was done for expansive increasing-increasing
piecewise-defined maps (also called Lorenz-like maps) by focusing on them as continuous
circle maps. In this case, an explicit list of the possible periodic orbits is still missing
when a similar parameterization controlling the offsets is used.

1.1.2 Period incrementing

The periodic orbits emerging from the origin of the parameter space for the increasing-
decreasing case were first described also in [Leo59] ([Mir87]) for a piecewise-linear map.
The resulting bifurcation scenario was proven in [GH94] for a particular parameterization
of a contractive quadratic piecewise-defined map. This was achieved by collapsing the
three-dimensional flow undergoing the double homoclinic bifurcation to a 2-dimensional
branched template and using theory of knots and templates. This bifurcation scenario
was named in [AS06a] period incrementing scenario when analyzing a piecewise-linear map
using the offsets as parameters, because the periods of the periodic orbits emerging at
the origin of the parameter space are incremented by a constant value. This is precisely
what we prove independent of the particular topology in Chapter 2, in collaboration
with Michael Schanz and Viktor Avrutin, through the result shown in Corollary 2.4.1.
Additionally we make it independent of particular parameterizations in Theorem 2.2.2.
There we show for a general piecewise-smooth one-dimensional map that, whenever two
(stable) fixed points simultaneously collide with the boundary in such a way that the
signs of the associated eigenvalues are different, then a big bang bifurcation of the period
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incrementing type takes place.

This scenario is also included in the gluing bifurcation considered in [GGT84], as successive
periodic orbits are created by using always the same “gluing orbit”. However, this leads
to a much simpler bifurcation structure near the codimension-two bifurcation point than
for the increasing-increasing case, in the sense that the second scenario contents orbits
that do not exist in the first one.

Also in [Hom96| one can find an accurate description of both scenarios together with
the mechanisms that create the orbits. The objective there was to describe the bifurcation
scenario for a homoclinic bifurcation of a flow with a single homoclinic orbit under the
existence of what is called in [Hom96] a generalized homoclinic orbit. This leads the first
return map near the saddle point studied in [Hom96] to be the one considered above,
but with dependence only on a single parameter making these results valid only in a
distance from the codimension-two bifurcation point. By understanding the flow as a
small perturbation of one with two homoclinic orbits, it is argued in [Hom96] that this also
holds near the codimension-two bifurcation point. However, in Chapter 2, by embedding
the period incrementing scenario in its natural two-dimensional parameter space, we show
this independently of the flow stating it in the context of non-smooth dynamics. Moreover,
we also show that the situation described there occurs for periodic orbits with arbitrarily
large periods. In addition, this allows to relax the global contracting condition required
in [Hom96] to be locally fulfilled.

1.1.3 Period adding, extension to 2D maps and applications

The bifurcation scenario obtained for the increasing-increasing case (period adding) has to
be treated more carefully. After the simultaneous collision of the two stable fixed points,
when they are virtual, the one-dimensional map can be reduced to a discontinuous map
onto the circle. This map is injective and turns out that its inverse can extended to a
continuous (expanding) circle map onto the circle. For this map, the bifurcation scenario
under continuous variation of both parameters leads to the so-called devil’s staircase when
looking at the rotation numbers of the periodic orbits. This opens a bridge between phe-
nomena proper from non-smooth dynamics and classical rotation theory for circle maps,
for which there exists a large literature ([ALMS85, ALMT89, AL89, AM90] among others).
This is what we provide in Chapter 3 (section 3.2) through the conjectured Lemma 3.2.1.
In addition, several results from the 80’s (|GIT84, GGT84, CGT84, GGT8S|) may be
used to relate the rotation numbers of the periodic orbits with the symbolic sequences
appearing in the period adding structure.

Following the idea given by the simultaneous collision of fixed points with a boundary
under the variation of two parameters, we extend in § 3.3 these results to two-dimensional
piecewise-defined maps. Basically, the conditions regarding the signs of the eigenvalues
associated with the colliding fixed points (the monotony properties of the one-dimensional
map near the codimension-two bifurcation) are translated by topological properties for
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the two-dimensional case. More precisely, these refer to intersection of certain sets with
their images at the codimension-two bifurcation point.

In Chapter 4, done in collaboration with Enric Fossas, we apply these results to certain
control systems. More precisely, to first and second order systems in sliding-mode control.
These are systems given by first and second order differential equations whose input is
regulated in order to achieve a certain desired output. This regulation is performed by
forcing the system to slide along a certain switching surface where, when restricted to
it, the system behaves as desired. In practice, this is usually implemented in digital;
hence, we consider the discretized version of these systems. This yields to a one or two-
dimensional piecewise-defined map of the form considered in Chapters 2 and 3. Then, we
show that, under variation of parameters relevant from the control design point of view,
the conditions for the occurrence of a big bang bifurcation are given; specially, the ones
described in Chapter 3 and hence leading to the existence of big bang bifurcations of the
period adding type for these one and two-dimensional piecewise-defined maps.

1.2 Melnikov methods and scattering map in piecewise-
smooth systems

In the second part of this thesis we focus on global aspects of piecewise-defined “Hamilto-
nian”systems. With this we refer to piecewise-defined systems defined in domains where,
when restricting to them, the resulting system is Hamiltonian. This provides a piecewise-
defined function that, when continuous, provides a preserved quantity and hence we refer
to it as piecewise-defined Hamiltonian of the system.

The most paradigmatic examples of such systems are mechanical systems with im-
pacts and electrical systems with switchings. In this part of the thesis we focus on a
special type of piecewise-defined Hamiltonian systems obtained as a generalization of the
so-called rocking block. 1t consists of a rigid planar block which can rock about to of the
ground corners (see Fig. 5.7). Each of these two modes of motion is modeled by a classical
Hamiltonian behaving like an inverted pendulum. The transition between both modes,
given by the impacts with the ground (crossings of the switching manifold), leads to a
system whose equations of motion are provided by a piecewise-defined continuous Hamil-
tonian. The phase portrait of these systems is formed by two C° heteroclinic connections
which surround a region fully covered by C periodic orbits.

In the second part of this thesis we first focus, on Chapter 5, on the persistence of these
objects when considering a small periodic forcing, simulating an small earthquake, and
a small loss of energy at the impacts, hence rigorously extending the classical Melnikov

methods to such class of systems. This work, done in collaboration with Tere Seara and
John Hogan, has been accepted for publication in STADS, [GHS12].
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In Chapter 6, we consider the cross product of two of such systems, leading to a two-
degrees of freedom piecewise-defined Hamiltonian system with two switching manifolds.
We focus on the mode of motion given by the periodic orbits for one system and the
heteroclinic connections for the other one. In terms of the rocking block model, this is
translated on a fast rocking mode of motion for one block while the other one performs
large and lower frequency oscillations. This leads to the existence of three-dimensional C°
invariant manifolds and four-dimensional heteroclinic manifolds. We then rigorously prove
their persistence when introducing a Hamiltonian periodic perturbation which depends
also on all variables. Moreover, this allows us to define the so-called scattering map
similarly as in [DdILS06], which is an essential tool to prove the existence of Arnol’d
diffusion by means of heteroclinic chains.

1.2.1 Extension of classical Melnikov methods

The Melnikov method provides tools to determine the persistence of periodic orbits and
homoclinic/heteroclinic connections for planar regular systems under non-autonomous
periodic perturbations [GH83]. This persistence is guaranteed by the existence of sim-
ple zeros of the subharmonic Melnikov function and the Melnikov function, respectively.
In this work we extend these classical results to a class of piecewise-smooth differential
equations, which generalize a mechanical impact model. In such systems, the perturba-
tion typically models an external forcing and, hence, affects a second order differential
equation. In this chapter, we allow for a general periodic Hamiltonian perturbation, po-
tentially influencing both velocity and acceleration. Note that no symmetry is assumed
in either the perturbed or unperturbed system.

The unperturbed system is defined in two domains separated by a switching manifold
>, and possesses one hyperbolic critical point on either side of . We distinguish between
two different unperturbed systems. In the first case, which we call conservative, two het-
eroclinic trajectories connect both hyperbolic points, and surround a region completely
covered by periodic orbits including the origin. In the second case, we introduce an en-
ergy dissipation, which is modeled by an algebraic condition that forces the solutions to
undergo a discontinuity every time they cross the switching manifold. Then, the origin
becomes a global attractor and non-trivial periodic orbits and homoclinic/heteroclinic
connections can not exist for the unperturbed system.

In order to consider the persistence of periodic orbits for a smooth system, the classi-
cal Melnikov method looks for fixed (or periodic) points of the time 7" stroboscopic map,
where T is the period of the perturbation. Since this map is as regular as the flow, one
can study its periodic points using classical perturbation methods.

However, for our class of systems, the time T stroboscopic map becomes unwieldy to
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use because one has to check the number of times that the flow crosses the switching
manifold, which is a priori unknown and can even be arbitrarily large. Hence, the regu-
larity properties of this map are not straightforward. Instead of the classical stroboscopic
map, using the switching manifold as a Poincaré section and adding time as variable, we
consider the first return Poincaré map, the so-called impact map. For the system under
consideration, the unperturbed impact map is defined on the cylinder and, under generic
hypothesis, is a twist map. Moreover, this map is smooth and hence we can use classical
perturbation theory to rigorously prove sufficient conditions for the existence of periodic
orbits by looking for periodic points of the perturbed impact map. In the conservative
case, these conditions turn out to be analogous to the ones given by the classical Mel-
nikov method, so extending it to a class of piecewise-smooth systems (Theorem 5.3.1). In
addition, we rigorously prove that the simple zeros of the subharmonic adapted Melnikov
function can guarantee the existence of periodic orbits when the trajectories are discon-
tinuous (Theorem 5.3.2). These discontinuities model a loss of energy on the system and,
hence, we also provide conditions for the persistence of these orbits even when the system
is dissipative.

The impact map can also be used to prove the existence of invariant KAM tori in the
system since it is a twist map in the unperturbed case. After writing the system in action-
angle variables, these ideas were applied in [KKY97] to a different system to prove the
existence of such tori.

The use of perturbation methods for the existence of periodic orbits of some specific
linear systems can be found in [TA07, CFGF11]. Other works have also been applied
in [DLZ08, LH10, DL12] to general autonomous systems for the persistence of periodic
orbits. The existence of subharmonic orbits in a class of piecewise-smooth systems is
shown in [Yag] by uniformly approximating the solutions of the piecewise-smooth system
with solutions of a smooth one.

The proof of the persistence of heteroclinic/homoclinic connections for periodically
perturbed smooth systems is well established by the classical Melnikov method [GHS83].
The main idea is to take some point on the unperturbed homoclinic/heteroclinic connec-
tion and consider a section normal to the unperturbed vector field at this point. By the
regularity properties of the stable and unstable manifolds of hyperbolic critical points in
smooth systems, one can measure the distance between the perturbed manifolds. The
Melnikov method derives a first order asymptotic formula for this distance given by the
so-called Melnikov function, which is a periodic function whose zeros give, up to first
order in the perturbation parameter, the perturbed homoclinic/heteroclinic points.

By contrast, since the vector normal to the unperturbed vector field is not defined every-
where in the piecewise-defined system considered here, we proceed as in [BK91, Hog92]
and look for the intersection between the stable and unstable manifolds with the switch-
ing manifold. Since this intersection depends smoothly on the perturbation parameter,
we obtain an asymptotic formula for the distance between the manifolds in this section,
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which turns out to be a Melnikov function modified for the piecewise-smooth case. The
zeros of this Melnikov function give rise to the existence of heteroclinic connections for
the perturbed system. Therefore, we rigorously extend the classical Melnikov method for
heteroclinic connections to these class of piecewise-smooth systems.

We also consider the loss of energy at the crossing of the switching surface, modeled by
an algebraic condition which makes the system dissipative and the trajectories discontin-
uous. Then, we also rigorously show that the zeros of the Melnikov function can be used
to guarantee the existence of transversal heteroclinic intersections. Both results are given
in Theorem 5.4.1.

Other works [Kun00, Kuk07, BF08, BF11] have considered the extension of the Melnikov
method to piecewise-defined systems. In these papers, the stable and unstable manifolds
of a hyperbolic point located on one side of the switching manifold intersect it at two
points that are connected by a trajectory defined on the other side of the switching man-
ifold, thus forming a homoclinic loop for the unperturbed system. Then persistence is
related with the zeros of a modified Melnikov function by proving the existence of so-
lutions of a boundary value problem. A Melnikov method for some classes of nonlinear
impact oscillators is developed in [DZ05, XFR09].

1.2.2 The scattering map in a two-degrees of freedom piecewise-
defined Hamiltonian smooth system

In Chapter 6 we study global phenomena for a piecewise-defined Hamiltonian system
resulting from the coupling of two systems of the class of the studied in Chapter 5. That
is, we consider the generalization of a model based on two coupled rocking blocks (by a
spring for instance) under a non-autonomous periodic Hamiltonian perturbation. This
perturbation actually introduces both the coupling and the periodic forcing, which are
controlled through the same perturbation parameter. This leads to a 5-dimensional non-
smooth system with two switching manifolds such that, when restricted to the domains
of the piecewise-definition, the system is a Hamiltonian system with 4 and half degrees of
freedom.

In this system we focus on the configuration given by large amplitude oscillations for
one block while the other one oscillates with higher frequency and smaller amplitude. For
the unperturbed case, this mode of movement is associated with the dynamics given by
the existence of certain 3-dimensional invariant manifolds that are only continuous and
have stable and unstable C° manifolds. To understand the dynamics of the system it is
crucial to study their persistence when the perturbation is considered. Due to the lack of
regularity of these manifolds, classical perturbation theory cannot be applied. Instead, we
translate these invariant objects in terms of an extension of the impact map, introduced
in Chapter 5, associated with one of the switching manifolds, leading to new invariant
objects that are smooth enough to apply classical theory.
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Once we obtain the persistence of the original objects, we also provide sufficient condi-

tions for the existence of 3-dimensional transversal heteroclinic intersections. This allows
us to define the scattering map following [DAILS06], which associates dynamics in the in-
variant manifolds through heteroclinic connections. Moreover, by studying the first order
terms of this map we provide sufficient conditions for the accumulation of energy in one
of the two coupled systems, the one of that oscillates with higher frequency.
In terms of the rocking blocks, this is translated by the fact that, at each oscillation of the
large amplitude oscillating block, the other one increases its amplitude of oscillations. The
scattering map provides the so-called heteroclinic skeleton for further concatenations that,
when followed, leads to trajectories which destabilize the system by energy accumulation,
hence giving the existence of Arnold diffusion in such a piecewise-defined system.



Part 1

Big bang bifurcations and
applications

13






Chapter 2

Sufficient conditions for a period
incrementing big bang bifurcation in
one-dimensional maps

2.1 Introduction

As mentioned in the Introduction of this part of the work, we provide here sufficient con-
ditions for the occurrence of a big bang bifurcations of the period incrementing type.

This work is organized as follows. In §2.2 we state some notation and definitions
and present our result. In §2.3 we prove this result for globally contracting maps for a
concrete parameterization consisting of the offsets at the origin. After that, this result is
extended in §2.4.1 (Corollary 2.4.1) to locally contracting ones near the boundary with
the same parameterization. This can be proved directly but, for clarity reasons, we prefer
to do this intermediate step. In order to give details on how the bifurcations occur, we
obtain in §2.4.2 a first order approximation of the border collision bifurcation curves that
emerge at the big bang bifurcation for this concrete parameterization. Finally, we prove
Theorem 2.2.2 in §2.4.3 and we make the result independent of concrete parameterizations
permitting the parameters not only to vary the position of the fixed points but also the
topology of the map. As these two sections are mainly technical, we encourage the reader
not interested in the proofs to skip them up to §2.5. There, by two examples, we verify the
predictions. In addition, we also verify the increasing-increasing case, and we conjecture
that, in those examples, the period adding big bifurcation is caused by an infinite tree of
big bang bifurcations of the period incrementing type.

15
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2.2 Definitions, properties and statement of the re-
sults

Before restricting ourselves to the class of maps we are interested in, let us start with
some standard definitions and properties of the symbolic dynamics which we are going to
use in this work.

Definition 2.2.1. Given a map f : R — R and x € R, we define the symbolic repre-
sentation of an orbit starting at z, also called the itinerary of z, as I;(z) € {L, R},
where

@ ={ R Y50 iz

Definition 2.2.2. If x belongs to a n-periodic orbit of a map f, then we will write
Ii(z) =0:=(0,0,...) for some finite sequence 6 of length n consisting of symbols L and
R.

Definition 2.2.3. Given the shift map o defined as o(ay, g, as,...) = (g, as,...) where
a; € {L,R}, we will say that two n-periodic sequences, 01 and By, are shift-equivalent (or
Just equivalent), 01 ~ Oy, if, and only if, there exists 0 < m < n such that 0™ (01) = 0.

It is easy to see that the relation ~ defines an equivalence class in the set of symbolic
sequences.

Definition 2.2.4. We will say that a n-periodic orbit x1,...,x, of a map f is of type 6
if one has I¢(x;) ~ 6, with 1 <i <n and 6 a finite sequence of length n. We will also
call it a O-periodic orbit.

Let us now consider a two-parametric map f(x;cy,c,) of the form!

. _ co+ go(zyco,cr) = folxyep ) ifax<0
f(x; Cy, Cr) - { —¢, + gr($, ce, Cr) — fr(l‘, cr, Cr,«) if ¢ > 0 (221)

such that
C.1 g, and g, are C*°(R) functions such that for i, 5 € {¢,r}
00 cror) = 0
and the limit
o glrene)
im ———=
z—0 gi(x; 0, ())

exists,

'We will also avoid writing the dependence on the parameters explicitly and we will refer to it just as

f(z) or f.
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Figure 2.1: Influence of the parameters ¢y, ¢, on a map as defined in (2.3.1). a) ¢, ¢, < 0,
b) ¢, = ¢, =0 and c) ¢, ¢, > 0.

C.2 there exists €, > 0 such that 0 < gy(x; ¢, ¢) <1V € (—e4,0)if 0 < ¢, ¢, < 1,
C.3 there exists e, > 0 such that —1 < ¢g/.(z;¢p,¢,) <0V € (0,¢,) if 0 < ¢, 0, € 1,

where
dg(; ¢y, cr)

Ox '
Note that conditions C.2 and C.3 allow g;(z; ¢y, ¢,) to have zero slope at z = 0.
Note also that if —1 < ¢, ¢, < 0 then the map has two fixed points, one at every
side of z = 0 (see Fig. 2.1). Due to C.2 and C.3, both fixed points are attracting and,
therefore, all orbits with sufficiently small initial conditions will be attracted to one of
them, depending on the sign of the initial condition. If one of the parameters cy,c,
becomes positive, the corresponding fixed point disappears (becomes virtual through a
border collision bifurcation) and all those orbits will be attracted to the other fixed point.
However, if both parameters are positive but small enough, both fixed points disappear
(are virtual) and the orbits starting near the origin stay forever near the origin jumping
from one side of x = 0 to the other one. The possible asymptotic behaviors of these orbits
is precisely what our result describes, which is reflected in the next

g (z;co,00) =

Theorem 2.2.1. Let f be a map of type (2.2.1) fulfilling conditions C.1-C.3. Then, there
exists g > 0 such that, for every n > 0 and every eg > ¢ > 0,

a) There exist two curves® in parameter space ¢y X ¢y, &b rna(ce) and & nn(ce), passing

2The meaning of the upper indices d and c refer to “creation” and “destruction” of the corresponding
periodic orbits. These terms of course depend on the point of view that one uses to observe the bifurcation
scenario. We choose here to describe the bifurcation curves in the anticlockwise order.
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through the origin, such that for every 0 < ¢, < & with &} pn1(ce) < ¢r < & pnir(cr),
there exists a unique periodic orbit, which is stable and of type RL".

b) For every 0 < ¢y < &, & pnia(ce) < ¢ < Ehpnlce), there coexist two periodic orbits,
which are stable and of type RL™ and RL™ .

Moreover, for (cp,¢,) = (0,0) there exists an open set containing the origin where the
unique invariant object is the stable fized point x = 0.

This means that, when considering the parameter space ¢; X ¢, ~ R?, there exists
an infinite number of border collision bifurcation curves, 5%’2”, emerging from the origin,
separating all the possible dynamics that one can find near x = 0. These curves are
ordered anti-clockwise as follows (see also Fig 2.7(b) for a graphical explanation). Given
n > 1, one first finds a curve where an RL"-periodic orbit is created through a border
collision, &% .., and coexists with an other one of type RL"™! until one finds the curve
§7dz a1 where the RL"™! orbit is destroyed. After that, only the RL"-periodic orbit exists
until the next border collision bifurcation occurs at the curve §% one1 Where a periodic orbit
of type RL" ™ is created. From there on, both orbits coexist until the RL"-periodic orbit
is destroyed at £% ... This is repeated for all n ad infinitum starting with the curve &,
which is located in the 4th quadrant, and followed by the curve £%, which is the (positive)
horizontal axis. Note that, following this point of view, the curve £ is in fact the negative
horizontal axis. All other border collision bifurcation curves mentioned above are located
in the first quadrant and accumulate at the vertical axis. Details on how these bifurcation
curves are obtained will be given in §2.4.2 for the case that the functions g, and g, do not
depend on the parameters ¢y, c¢,.. As already stated in Theorem 2.2.1, all the dynamics
described above disappear exactly at the origin of the parameter space, where only a
stable ixed point exists.

Obviously, if one interchanges ¢ by 7 in conditions C.2 and C.3 (decreasing-increasing
case) and L by R everything above holds. That is, periodic orbits of type RL" become
periodic orbits of type LR".

Regarding what has been said in the introduction, we will refer to the point (¢, ¢,) =
(0,0) as a Big Bang bifurcation. In particular, for the situation described above one has
the following

Definition 2.2.5. Let B be a point in a 2-dimensional parameter space such that the
bifurcation scenario along the boundary of an arbitrary small neighborhood of B is equiv-
alent to the one described in Theorem 2.2.1 for the origin. Then we will say that there
exists a big bang bifurcation of period incrementing type in B.

Then one can formulate Theorem 2.2.1 in a more compact form as
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Theorem 2.2.2. For a map of type (2.2.1) which satisfies the conditions C.1-C.3, the
origin of the parameter space ¢, X ¢; represents a big bang bifurcation point of the period
incrementing type.

2.3 Increasing-decreasing globally-contracting maps

As already mentioned in the introduction, in this section we will prove Theorem 2.2.2
hardening the conditions C.1-C.3. On one hand, we will assume g; to be globally con-
tracting and not only near x = 0. In addition, we will omit the dependency of g; on
the parameters. Then, in §2.4.1 using a simple result (Lemma 2.4.1) we will see that
Theorem 2.2.2 also holds under these assumptions (Corollary 2.4.1). Finally, using a per-
turbation argument, we will prove Theorem 2.2.2 for the conditions C.1-C.3.

Before going into details, let us state the strategy that we are going to follow. In order
to show that only RL™-periodic orbits are possible for ¢, ¢, > 0, we will show that other
type of periodic orbits can not exist (Lemmas 2.3.1, 2.3.2 and 2.3.3). This permits us
using the map f;*(f.) to show in Lemma 2.3.6 that only a periodic orbit of type RL" can
exist for some n. After that, considering the sequence of preimages of 0 under the action
of fy, we will see that RL"-periodic orbits exist for every n (Lemma 2.3.7), that they are
created and destroyed via border collision bifurcations and that at most two of them can
coexist (Lemma 2.3.5).

Let us consider a map as defined in (2.2.1) but relaxing the dependency on the pa-
rameters

sy ={ _otae) 2D sy 25

such that

C.1" go(z) and g,(x) are C*°(R) functions such that ¢,(0) = g,(0) =0
C2 0<g)z)<lifz<O

C3 —1<yg(z)<0ifx>0

CA lim, 1o f(2500,¢.) = —00.

We start the proofs of these results with the following lemma.

Lemma 2.3.1. Given 6 = I;(x) with f as defined in (2.3.1) fulfilling the conditions C.1°-
C.4’, if Iy(z)(i) = R and ¢, > 0 then I;(z)(i+ 1) = L. That is, no consecutive R’s are
possible in 6.

Proof. Obvious, as (0, 00) is mapped into (—oo,0). ]
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Figure 2.2: “Trapped” orbit

Remark 2.3.1. Note that the previous Lemma does not need I¢(x) to be a periodic se-
quence.

Lemma 2.3.1 obviously prohibits R"-periodic orbits to exist. Although two consecu-
tives L’s are possible, L"-periodic orbits are not, as the next result shows.

Lemma 2.3.2. If x belongs to a periodic orbit of a map [ as defined in (2.5.1) fulfilling
the conditions C.1°-C.4’, then, if ¢, > 0 there exists an i such that Ir(x)(i) = R.

Proof. 1If x > 0, then one has I¢(z)(0) = R. Otherwise, as f; is monotonically increasing
with slope less than one and f,(0) > 0, further iterates of x under the action of f, will
necessarily reach the positive domain. O

As a next step we show now that the word RL"RL"™ can not be contained in any
periodic orbit. It is worth to emphasize that with such a word, we obviously refer here
(and in the following) to the compact representation, that is, it has to be followed by
an R, because a successive £ would lead to the word RL"RL"!. This result is shown
in the next Lemma based on a similar one presented in [GH94]. It is stated there using
geometrical arguments in the Lorenz template that similar orbits are not possible for a
three-dimensional flow undergoing a homoclinic bifurcation of the single twisted butterfly
type. By contrast, we will use here only the nature of the map to prove it.

Lemma 2.3.3. If f is of type (2.53.1) with cg, ¢, > 0, holding C.1-C.4’, and there exists
xq such that I1(z1) = 6@, then the word RLYRL"™ can not be contained in 6.

Proof. Let us suppose that there exists x; such that I;(z1) = @ with § = RL"RL"0, for
some finite word #5. Note that using the relation ~ one can consider that 6 is given in
this form. Let us write this periodic orbit as

1 2 n 1 2 n
xlaypyp---7917552;92792,--->QQJ,$37~--a {0 PRI

RE%K" 02 RLMRL™
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where z; > 0 and y/ < 0 (see Fig. 2.2). Let us also assume that z; < z, (otherwise
the same argument can be performed with the points xo and x3) and let us iterate the
whole interval [x1,z5]. As f, is decreasing and ¢, > 0, f.([x1,22]) = [ya, yi] with f,(z2) =
ys < fo(z1) = yi < 0, the interval is twisted. Moreover, as f, and f, are, respectively,
decreasing and increasing contracting functions, we have

[y, za]) > pllyz, vi]) > wlys, v5]) > -+ > pllys, yi]) > pl[xs, z2]),

where pu([a, b]) = |b — al is the length of the interval [a, b].
Now, as f, preserves orientation and the length of [x1,x5] is decreased, x5 € (21, x2)
and therefore y} = f,.(x3) needs also n iterations to return to the right side.

Repeating the same argument with [z3,75], one has that f/'(yi) = x4 € (x3,72).
Iterating the argument, the orbit of z; will be “trapped” in (x3,x2) and will never reach
21 again, so it can not be periodic. L]

Remark 2.3.2. Note that it is cructal in the last proof that both points x1 and xo return
to the right domain (0,00) after exactly the same number n of iterations under the action
of fo. That is, the interval f™([x1,x2]) remains connected for all m.

Before considering periodic sequences containing the word RL"RL™ with n # m,

let us state some properties and definitions of maps of type (2.3.1) fulfilling the condi-
tions C.1'-C.4".
We first note that the left branch f; reaches its maximum value at x = 0 (f(0) = ¢, > 0)
and, therefore, when a point y < 0 is re-injected into the right domain by f, it has to be
necessarily in (0, ¢y]. On the other hand, as f, is monotonically decreasing, every point
x € (0, ¢g] will be injected into the left domain in the interval [v, 0], where v = f,.(¢;) < 0.
Hence, the interval [v, ¢/| acts as an “absorbing” interval as all orbits starting at any point
x € R will reach it after some number of iterations and will never leave it. Therefore we
have the following lemma.

Lemma 2.3.4. Let f(x) be a map of type (2.3.1) which fulfills the conditions C.1’-
C.4" and let v = f,(¢c;). For every x € R there exists an mq such that f™(x) € [v, co] Vm >
mg. Therefore, the map f can be considered as a map on the interval [v, c;):

filv, e = v, e

Remark 2.3.3. Note that this global reduction is true as the functions g¢/g, are glob-
ally increasing/decreasing and contractive (C.1'-C.4’). In the next section, where the
conditions C.1’-C.4 " are going to be relaxed, this reduction will be valid only locally.

Let us now consider the sequences {a, } and {b,,} formed, respectively, by the preimages

of 0 by the left branch and by the preimages of these preimages by the right branch
ap =0, a,=f,"(a,_1) with n >0, (2.3.2)
b, = [ (a,) with n > ny, (2.3.3)
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by

fo A
I/ fr

Figure 2.3: Definition of the sequences {a,} and {b,}. The dotted box corresponds to
the absorbing interval.

with some ng as explained below (see Fig. 2.3). Note that, as f, is a monotonically
increasing function, if ¢, > 0 the sequence {a,} verifies a,+1 < a,, < 0Vn > 03. Although
the preimages of 0 by the left branch (a,) exist Vn, b, is defined for n > ny where ny is
such that a,, < —c¢, < apy-1.

Due to the contractiveness of both functions f, and f,, the following inequalities hold

pllani1, an))

iaman) >0 (2.3.4)
pll0nsbual)
o) ~ T

The sequence {a,} defined in Eq. (2.3.2) splits the interval (—oo, 0] into sub-intervals
of the form (a,41,a,] (see Fig. 2.3) such that Vy € (a,41,a,] the number of iterations
needed for y to return to the right domain is exactly n+1. On the other hand, the intervals
(0,by,,) and [by, byy1) with n > ng, form a partition of (0,00), such that Yz € [by, byy1)
the point f,.(z) needs exactly n + 1 iterations by f, to return to the positive domain.

For a fixed value (¢, ¢,) € RT x RY, the number of iterations that a periodic orbit
can perform in the negative domain is determined by the number of elements of the
sequence {b,} contained in the absorbing interval [v, ¢/|. For example if by and b3 would
be contained in the absorbing interval [v, ¢;], then the number of iterations of a periodic

3Note that f9(0) = 0 as the function f°(z) is the identity.
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Figure 2.4: Backward and forward iterates of (0, ce]. f-((0,¢/]) (dark segment) is smaller
than f,"((0, c¢]) Vn. Therefore, at most one a; can be reached by f,.((0, c¢]).

orbit can be two, three or four. However, as the next result shows, at most one element
of the sequence {b,} can be contained in the absorbing interval [v, ¢/].

Lemma 2.3.5. If f is a map of type (2.5.1) fulfilling conditions C.1°-C.4’, then there
exists at most one a; (equiv. b;) such that a; € f, ((0,¢0]) (equiv. b; € (0,¢q]).

Proof. Recalling that ¢, = f¢(0), one has (see Fig. 2.4)

[ant1, an] = f[l([ana n-1])
a1, 0] = f,1([0, ).

Using the property shown in Eq. (2.3.4) one has

N([()? Cg]) < :u([an-i-lv an]) vn,

and, since f, is a contractive function one obtains

p(fr((0, cd]) < pi[an+1, an]) Vn.

Therefore, at most one a,, can be located in f((0, ¢/]). O

For a fixed j, the uniqueness of such a b; (in case of existence) in the last Lemma
implies that the periodic sequences of a map under the considered conditions can be
either RL/, RLIT or sequences containing these two words only. However, what we
want to show is that the last case is not possible and in fact the only admissible periodic
sequences are exactly RL? and RL/TL. Therefore, let us consider the two only possible
cases: for a certain j, either (0,cq] C (bj,bj41) (which means b; = 0 or b; ¢ [0,¢]) or
(0,¢g) = (0,b;) U [bj, ¢g] (which means b; € (0,¢]) (¢; < bj+1), which is the case shown in
Fig. 2.3.

In the first case, as the periodic orbits have to be contained in the interval [v, ¢/], they
always need the same number of iterations on the negative domain and the result comes
from Lemmas 2.3.1, 2.3.2 and 2.3.3.
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In the second case, we have to show that if a periodic orbit reaches (0,b;) it can not
reach [b;, ¢;] and vice versa, that is, once an orbit enters the absorbing interval [v, ¢/], the
number of iterations needed to return to the positive domain is preserved and is either j
or j + 1. Both cases are included in the following lemma.

Lemma 2.3.6. Let f be a map as defined in (2.3.1) fulfilling conditions C.1'-C.4". If
x € R belongs to a periodic orbit of f then there exists n > 0 such that If(x) = RL" up
to shift-equivalence.

f[”l
- f a )
‘ \/ 77\\
| | Y Y
— "= S ~
I Pt i
N T/ AN fo N fe
] Ny YN N
v a;  a+3 a; 0 b; Gy
T T T 1
- L
! |
- fi

Figure 2.5: The interval f,.((0,¢,]) is split when it returns to the right domain.

Proof. If B a; € £.((0,¢f]), then £, ((0,¢]) C (an,an_1) for some n and

fﬁn(fr (0>C€])) - (O,Cg]-

Due to the contractiveness, the map f;'f.(z) has a fixed point and f an L™R-periodic
orbit. By Lemmas 2.3.1, 2.3.2 and 2.3.3, it is the unique one.

Now let us suppose that there exists a; € f,((0,¢,]) which, by Lemma 2.3.5, must be
unique. We also have a unique b; € (0,¢¢]. As f, is monotonously decreasing and thus
the interval (0, ¢/] is inverted, we can write

fr((O,Cg]) = [V’ a; + 5)

for some 6 > 0.

As f; is continuous in (—oo,0] and fe(a,) = a,—1 Vn > 1, the interval f}'([v,a; + 9))
remains connected and contains a;_,, forn =1,...,j (see Fig. 2.5). For n = j, the interval
contains 0 and therefore it contains positive and negative points. The positive ones are
immediately mapped into (a;j, a;+9) by f, in such a way that f,.(07) = (a;+0)~. Negative
points need one more iteration by f,; and will be mapped into (b;, ¢, with f,(07) = ¢, , so
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the initial interval is split. After that, these points will be mapped into [v, a;) verifying
that f,.(c, ) = v". Summarizing,
f'l‘((oa b])) - (aj7 a; + 5)
fT([ijcd = [V7 aj]

and

| T (v, a5]) C [by, el
fi((aj,a; +9)) C (0,b;),

SO

fl(fr([bjace])) C [bj, e
fg(fT((]?bj)) C (O7bj)a

and, for an orbit starting in (0, ¢,], the number of steps performed in the negative domain
before being re-injected to the positive domain will remain constant and equal to j or j+1
depending on whether it starts in (0, b;) or [b;, ¢/], respectively. Therefore, only symbolic
sequences of the form RLIRLI... or RLITVRLITL . with starting points in (0, ¢ are
possible.

As it has been proven above, that the number of steps on the left side of a periodic
orbit must be preserved, we can apply Lemma 2.3.3 to show that if x belongs to a periodic
orbit of a map under the considered conditions, then necessarily I;(z) = RL" for some
n > 0. O

Now we ask about the reciprocal of Lemma 2.3.6, that is, we want to show that periodic
orbits of type RL"™ exist Vn > 0.

Lemma 2.3.7. Let f be of the form defined in (2.3.1) and fulfilling conditions C.1-C.4".
Then, for everyn > 1 and every ¢, > 0, there exists ¢, > 0 such that f possesses an orbit
with the symbolic sequence RL"™.

The proof of this Lemma is in fact an extension of the arguments presented in [Hom96|
§3.3.

Proof. Tt is clear that for every n > 2 and every ¢, > 0 there exists ¢, > 0 such that
fT((O7 C@]) N [an7 anfl] # ®7
which can be given due to one of the next three situations (see Figs. 2.4 and 2.5)

S.1 ap_1 € fr((()?C@])
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S.2 £.((0,¢f) C (an, an-1)
S.3 a, € f-((0,¢f)
If S.1 holds, b,,_1 € (0, ¢¢] and

f;fr : [bn—la CE] — [bn—lacd
En_lfr . (07bn—1) — (O, bn—l)u

are continuous contracting functions which must have a unique (stable) fixed point. There-
fore, two stable periodic orbits RL" and RL" ! coexist. Note that for n = 2 this proves
also the existence of a RL orbit.

In the second case (S.2), b,—1 € (0, ¢ ([0, ¢/ C (b,-1,b,)) and

f;f'r : (0705] — (0705]

is a continuous contracting function which also must have a unique (stable) fixed point.
In this case, there exists a unique periodic orbit of type RL" which is the unique attractor

in (0, cg].
Finally, if S.3 holds, replacing n by n — 1 and arguing as in S.1, one has that a stable
periodic orbit of type RL" coexists with a stable RL" -periodic one. n

Remark 2.3.4. By contrast to all orbits RL™ with n > 2, the periodic orbit RL exists
not only for ¢, > 0 but also for ¢, < 0. In that case, it coexists with the fized point R
(LR ).

Remark 2.3.5. Note that the transitions between cases S.1, S.2 and S.3 are given by
border collision bifurcations where the respective periodic orbits are created or destroyed
when they collide with the boundary x = 0. This defines the curves £¢ and £ used in
Theorem 2.2.1. See §2.4.2 for more details.

Remark 2.3.6. As it is known, invariant objects of piecewise-smooth systems do not
necessarily have to be separated by another invariant object. In this case, the coexistence
of stable periodic objects may also be separated by the discontinuity (and its preimages)
(see [ABBCKOS] for an extensive overview about piecewise-smooth dynamics).

Theorem 2.3.1. For a map of type (2.5.1) which fulfills the conditions C.1'-C.4’, the
origin of the parameter space ¢, X ¢, represents a big bang bifurcation point of the period
mncrementing type.

Proof. 1t is clear that for (¢4, ¢.) = (0,0) the map f possesses a stable fixed point at z = 0.
In a first step we have to show that an infinite number of bifurcation curves separating
existence regions of different periodic orbits are issuing from the origin. In a second
step we have to show that a smooth change of the parameters across the bifurcation curve
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confining the regions of existence of a unique RL" orbit lead to the creation of (coexisting)
RL™ - or RL™ *-periodic orbits.

The key to show the first step is the fact that the sequence {a,} collapses to the origin
as ¢, — 0, that is

lim a, =0Vn > 1.
cp—0

This is due to the continuity of f, and the fact that it is a monotonically increasing
function. As [a1,0] = £, ([0, ¢]) (compare Fig. 2.4), it is clear that a; — 0 as ¢, — 0.
Now, iterating the argument and using that a, = f[l(an,l), it is clear that for every
e > 0, arbitrarily small, there exists ¢,(¢) small enough such that —¢ < a, < 0. By
Lemma 2.3.7, there exists ¢, such that f,.((0,¢]) contains a, and, therefore, a periodic
orbit of type RL" exists.

On the other hand, it is clear that ¢, — 0 as a,, — 0 and, therefore, a RL"-periodic
orbit exists for every n for values of (¢, ¢,) arbitrarily close to the origin. Finally, if
(¢, c) = (0,0), the map possesses a stable fixed point which absorbs all orbits and thus
all periodic orbits disappear at that point. O

2.4 Extension of the result

2.4.1 Increasing-decreasing locally-contracting maps

In this section we relax the global monotonically-contracting conditions C.1'-C.4’ to be
fulfilled near the origin and show that the results of the previous section are valid suffi-
ciently close to the origin of the parameter space. Thus we restrict ourselves to maps of
type (2.3.1) fulfilling

C.17 g, and g, are C*°(R) functions such that g,(0) = ¢,(0) =0
C.2” There exists €, > 0 such that 0 < gy(z) < 1 Va € (—&,0)
C.3” There exists €, > 0 such that —1 < ¢g/.(x) < 0 Vz € (0,¢,)

Due to the smoothness of functions f, and f, near the origin, there exists an open neighbor-
hood of this point where both functions are contracting and which contains the absorbing
interval [v, ¢/] if ¢, and ¢, are small enough.

On the other hand, the values of ¢, given by Lemma 2.3.7 tend to 0 as ¢, — 0T, and
therefore all results of the previous section hold under these conditions.

From the previous arguments one has the next result.

Lemma 2.4.1. Let f be a map of type (2.5.1) keeping conditions C.17-C.3”. Then there
ezist ¢} and ¥ such that if 0 < ¢, < ¢ and 0 < ¢, < & f is contracting in [v, cg]. Moreover,
for every ¢, < 2 and every n, there exists 0 < & < ¢ such thata; € [v,01Vj <nifc, <e.
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Corollary 2.4.1. Under conditions C.1”7-C.8”, a map of type (2.3.1) undergoes a big bang
bifurcation of the period incrementing type at the origin of the parameter space ¢y X c,.

Remark 2.4.1. If one changes condition C.3° by g, to be a constant function for x > 0,
then all the results presented above are still valid except for one detail. In such a case, one
has only to take into account that, as f.((0, c/|) would be a single point. Then, conditions
S.1 and S.3 in the proof of Lemma 2.3.7 become a,—1 = f.((0,¢]) and a,, = f-((0, ce),
respectively, preventing the coezistence between two different orbits. Therefore, (b) in
Theorem 2.2.1 no longer holds as £ pn—y = &b . Such a situation has been referred to in
the literature ([AS06a]) as pure period incrementing scenario, and therefore the origin of
the parameter space represents a pure period incrementing big bang bifurcation.

Recalling Remark 2.3.5, the orbits given in Theorem 2.2.2 are created and destroyed
at border collision bifurcations curves, which are mentioned in the first version of the
same result, Theorem 2.2.1. In the next section, approximating them up to first order,
we will give details on how they are obtained.

2.4.2 Border collision curves near the origin

Given n > 0 and ¢, > 0 (which we will always assume to be small enough), we know
(Lemma 2.3.7) that there exists ¢, > 0 such that one of the next cases hold

S.1 a,_1 € f((0,¢)
S:2 f+((0,¢d) C (an, an-1)
S.3 a, € f-((0,¢f)

implying the existence of a RL"-periodic orbit. As has been shown in the proof of
Lemma 2.3.7, every case above leads to different dynamics. Therefore, the limiting pa-
rameter values define a (border collision) bifurcation. Then for each of the cases above,
for every ¢, we will find the extremal value of ¢, and obtain the bifurcation curves, éf{én
at which an RL" orbit is created or destroyed.

The smallest value of ¢, which leads S.1 to be fulfilled is given by

fr(cf) = OGp—1 (241)

and corresponds to the creation of the periodic orbit RL" coexisting with the periodic
orbit RL"!. The transition between S.1 to S.2 is given by

fT(O) = Qp-1
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where the periodic orbit RL""! is destroyed leading the periodic orbit RL" to be the
unique attractor (near the origin).
Increasing c¢,., one finds the value of this parameter which satisfies the condition

fr(ce) = ay.

At this parameter value, representing the transition from S.2 to S.3, the periodic orbit
RL™ is created and coexists with RL™.
Finally, the next bifurcation is given by

£.(0) = an (2.4.2)

where the periodic orbit RL" is destroyed as S.3 no longer holds.

Summarizing, for every ¢, > 0 and n > 0, Egs. (2.4.1) and (2.4.2) give the value of ¢,
for the border collision bifurcations where, respectively, the RL"-periodic orbit is created
and destroyed. Therefore, in parameter space, the respective border collision bifurcation
curves in a sufficiently small open set U of the origin will be given by

€7c€£" = {(05707“) S ua Ce > 0 | fr(cﬁ) = an—l}
g’(li%/:" - {(Cfacr) € Ua e >0 | fT(O) - an}

However, in order to obtain first order approximation of these curves, it is more con-
venient to consider the equations

F(ce,¢r) = 17 (frler)) =0 (2.4.3)
Fcp,c,) == f7£.(0) =0

which are equivalent to (2.4.1) and (2.4.2), respectively. In addition, as

OF°¢ -1 ifn=1
E;myy‘{—%mw* ifn>1
oF? N
e (Oa 0) = _92(0) ’
one can always write ¢, as a function of ¢, if g;(0) # 0. Therefore, using
- 41(0) tn=1
‘ O 0) a1
aFd / / 2 / n—1 / n
8_04(0’0) =1+ g;(0) + g¢(0)" + -+ - + g,(0)"" + g;(0)" > 0 (2.4.6)

and applying the Implicit Function Theorem, the first order approximation of the bifur-
cation curves are given by the expressions
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OF°¢
Cr = Epn(cy) = —%ce +0(c7)
ocy
1+ /0+ /02++ lonfl’:ao
_ g@( ) g@( )/ — gé( ) g( )Cg—FO(C?) (247)
gg(O)
ord
Cr = Epn(c) = —%Cz +0(c})
ocy
1+ g5(0) + g5(0)* + - - - + g;(0)" " + g;(0)" >
= co+ 0O(c). 2.4.8

Remark 2.4.2. In the case that g,(0) = 0, all the bifurcation curves 5%62”, withn > 1, are
vertical at the origin and one can not proceed with this approach to obtain approrimated
expressions. However, one can alway obtain ¢, as a function of ¢, instead, although, in
order to distinguish between the curves, a higher order analysis becomes necessary because
all first order approximations lead to the vertical axis.

Remark 2.4.3. Recalling that f) = Id, for n =1 one has that

OF* ,
an (07 0) - gr(o)
oF¢
2 (0.0 = 1.

Hence, the curve (2.4.7) becomes

e (ce) = 1.(0)ce + O(c7),

which, assuming ¢.(0) # 0, has negative slope. Thus, as mentioned in the discussion
below Theorem 2.2.1, this bifurcation curve is located in the fourth quadrant.

Using n = 0 in Eq. (2.4.4), it clearly comes that the curve &% is the horizontal awis,
¢ = 0.

As one can see from Eqs. (2.4.7)-(2.4.8), all other bifurcation curves have positive slope
and, hence, are located in the first quadrant.

2.4.3 Proof of Theorem 2.2.2

In order to prove Theorem 2.2.2 we first consider a map of the form (2.2.1) and obtain
from it a new map

et a(@0.0) = flae) x<o
f(ar)_{ —¢ + g, (2;0,0) = fo(x;¢,) x>0 (2.4.9)
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which is of type (2.3.1) and fulfills conditions C.1”7-C.3”. Note in particular that con-
ditions C.2 and C.3 for a map of type (2.2.1) imply that (2.4.9) fulfills conditions C.2"
and C.3”. Therefore, Corollary 2.4.1 applies and the system (2.4.9) undergoes a big bang
bifurcation of the period incrementing type at the origin of the parameter space ¢, X ¢,.
Then, one only needs to show that all the bifurcation curves issuing from the origin of
the parameter space also exist for the system (2.2.1). For that purpose, let us consider
for example the bifurcation curve defined by the equation

fi (£ (05 ¢);0) = 0. (2.4.10)

which, for convenience, we solve isolating ¢, as a function of ¢,. Thus, recalling Re-
marks 2.4.2 and 2.4.3, we know that (2.4.10) possesses a (unique) solution ¢ for every
¢, arbitrarily small and for every n > 1, defining the border collision bifurcation curve
= g% rn(¢r). Now, we wonder whether the corresponding equation

[ (fr(Osceser)icer) =0 (2.4.11)

that defines the corresponding bifurcation curve for the original system can also be solved
for ¢, for every ¢, small. Note that the functions f, and f, can be written as

felw; co,er) = folw; ) + Gelw; e, 1)
fr(xa Ce, cr) = fr(x; Cr) + GT(I; Ce, C?”)7
with G;(z;0,0) = 0 and 68? (0;0,0) = 0,7 € {{,r} j € {z,cp,c,}. As a consequence of
that, a straight forward calculation shows that equation (2.4.11) can be written as
F(eg ¢p) = i (fr(05co,¢0)5¢0,00) = ﬂn(fT(O; ¢)ice) + Gle, er) =0

with G containing only higher order terms, that is, G(0,0) = 0 and g—S(O, 0)=01i€e{{r}.
Now, as

OF
F — 0. =—
(0,0) =0, 5=(0.0) £0,

one can apply the Implicit Function Theorem at (¢, ¢,) = (0,0) and show that Eq. (2.4.11)
can be solved for ¢,. In addition, the fact that the limit

AT
m ————-—-m—-
2—0 gg(x; 0, ())

exists, ensures us that this solution will be of the form

co = Epn(er) = Efpnlcr) + U (cy). (2.4.12)
where U(c,) is such that
U(cr)

a0 Edea(e)
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that is, ¥(c,) depends on ¢, in higher order terms than % .(c,) does. Therefore, by
considering ¢, small enough, it is clear that both bifurcation curves are arbitrarily close
to each other.

Finally, arguing similarly with the other bifurcation curves, it comes that the bifurcation
scenarios of systems (2.2.1) and (2.3.1) near (¢, ¢.) = (0,0) are the same, which proves
the result.

2.5 Examples

In this section we will illustrate the results obtained so far with two examples.

2.5.1 Example 1

Let us consider o '
flz) = { e+ qgsin(z) =: fo(z) ifx <0 (2.5.1)

—¢, — 3sin(z) = fr(z) ifz>0

shown in Fig. 2.6, which fulfills the conditions C.1”7—C.3” and, in particular, C.1-C.3.

Je)

Figure 2.6: System function of Example 1 defined in Eq. (2.5.1)

As one can see in Fig. 2.7, there exists a big bang bifurcation of the period incre-
menting type at the origin of the parameter space ¢, X ¢,, as predicted by Theorem 2.2.2
or Corollary 2.4.1, which also applies. A global overview of the bifurcation scenario is
presented in Fig. 2.7(a), and a magnification near the origin of this space is shown in
Fig. 2.7(b). There one can observe the expected infinite number of border collision bifur-
cation curves separating the regions of existence of the different periodic orbits. There it
is also shown the first order approximation of the bifurcation curves reported in §2.4.2.
As one can see in the one-dimensional bifurcation diagram presented in Fig. 2.7(c) along
the curve parameterized by ¢ in Fig. 2.7(b), the periodic orbits that exist near the origin
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are of type RL". As labeled in the figures, there exist regions where only one periodic
orbit of type RL" exists, and there exist other regions where two periodic orbits of type
RL™ and RL™ coexist.

Figure 2.7: (a): border collision bifurcation curves for Example 1. A blow up of the
neighborhood of the point A is shown in Fig. 2.9(a). (b): numerical (black) and first order
approximations of the analytical (gray) border collision bifurcation curves near the origin.
(c): bifurcation diagram through the curve surrounding the origin in (b) parameterized
by ¢ anti-clockwise. The gray regions indicate coexistence between two periodic orbits
(d): periods of the detected orbits in (c).

As one can see in Fig. 2.7(a), near (0,7) there exists another point where an infinite
number of bifurcation curves seem to emerge from.

In order to investigate this point in more detail and see whether the result presented
above can be applied, let us first note that it is given by the intersection between the
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border collision bifurcation curves % (the vertical axis) and £%,. This means that, at
this point, a periodic orbit of type RL collides with the boundary together with the fixed
point £. This is exactly what we have considered in this work, the simultaneous collision
of two fixed points with the boundary. Let us therefore consider the following composite
map
fo(z) ifz <0
folz) = { fofolz) ifz>0
which collapses the RL-periodic orbit of (2.5.1) to the fixed point R of (2.5.2). Easily, one
sees that, for (¢, ¢,) = (07, 77), fo(0) = 0%, fof(0) =07, f;(07) = =% and (fof,)(07) =
%. This means that fy(x) possesses two stable fixed points which, when increasing ¢, and
decreasing ¢, through (0, 7), collide simultaneously with the boundary = = 0. However,
fo(z) does not fulfill the conditions of Theorem 2.2.2 as the eigenvalues associated with
both fixed points are both positive.

As mentioned in the introduction, this situation leads to the so-called period adding big
bang bifurcation and the orbits are organized by a Farey-tree-like structure. That is, near
the big bang bifurcation, there exist an infinite number of bifurcation curves separating
existence regions of different periodic orbits in such a way that, in between two regions
there exists another region locating a unique periodic orbit obtained by “gluing” them
and thus having a period which results from the addition of the periods of those. This
implies that between two different bifurcation curves there exist an infinite number of
them (see for example [AS06a] for an extended explanation). This is shown in Fig. 2.8 by
the one-dimensional bifurcation diagram along the curve shown in Fig. 2.7(a).

From the global overview of the bifurcation scenario shown in Fig. 2.7(a) it seems that all

the bifurcation curves created at (0, 7) disappear at the intersection points of the curves
¢4 . and §% pnt1- However, as we will immediately show, this can not be the case.
Let us take a closer look for example at the point labeled with A in Fig. 2.7(a) whose
surrounding is magnified in Fig. 2.9(a). As this point is given by the intersection of the
curves &% ., and &4 -, it represents the simultaneous collision of the periodic orbits RL2
and RL with the boundary. Therefore, the composite map

o= {7 1252

possesses two fixed points colliding with the boundary x = 0 at the point A. The coordi-
nates of A can be calculated solving the equations

{ fzfrfzz(0> =0
fffr(o) =0 ’

which leads to A = (ci', ¢) ~ (0.88325, 1.37759).
One could also consider the iterated functions f,.f,f, and f,f,f. for the left branch.
However, one can see that the first option is the proper way of writing the corresponding

(2.5.2)
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Figure 2.8: Bifurcation structure around the period adding big bang bifurcation occurring
at (0,7) for Example 1. (a) Bifurcation diagram along the curve labeled in Fig. 2.7(a)
and parameterized clockwise by ¢ . (b) Periods of the detected periodic orbits.

iterate, as it collapses the corresponding periodic orbit of (2.5.1) to that fixed point of
the third iterate which collides with the boundary x = 0 at the point A.

Expanding the gaps and the slopes of each branch of f3;(x) at the discontinuity near
A, one has

fofrfe(0) (G, &) = 1.054838, + 0.17280¢, + O(&;, &2, &G, (2.5.4)
(fofrfo) (0) (G, ) =~ 0.04935 + 0. 01994@ +

0.25224¢, + O(&7, &2, &6,) (2.5.5)

fefr(0)(G, &) ~ & — 0.17280¢, + O(&?) (2.5.6)

(fef) (0)(E, €,) ~ —0.086401 + 0.44162¢, + O(&?), (2.5.7)

where & = ¢, — ¢! and ¢, = ¢, — ¢, From Egs. (2.5.4) and (2.5.6), it is clear that there
exist two directions in the parameter space (presented in Fig. 2.9(a) as two dotted straight
lines) along which the position of the fixed points with respect the boundary (the offsets at
the origin) can be locally varied independently. This means that the re-parameterization

¢ = fof fo(0) = 1.05483¢, + 0.17280¢, + h.o.t.
¢y = fofr(0) = & — 0.17280¢, + h.o.t.

writes f3 in the form of Eq. (2.2.1) fulfilling C.1. In addition, it comes from equations
(2.5.5) and (2.5.7) that the conditions C.2 and C.3 are also fulfilled: the colliding fixed
points of (2.5.3) are stable and have associated eigenvalues of different sign. As a con-
sequence, Theorem 2.2.2 applies to f3 and, therefore, the point A represents a big bang
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bifurcation of the incrementing type for the original map (2.5.1).

As the colliding fixed points of (2.5.3) with positive associated eigenvalue is £, the peri-
odic orbits undergoing the incrementing scenario for f3 are of the form RL™. This implies
that the periodic orbits for the original map (2.5.1) emerging at the point A are of type
RL(RL*)™, which are shift-equivalent to LR(LRL)™ (see Definition 2.2.3). This is shown
in Fig. 2.9(b) where a one-dimensional bifurcation diagram is performed along the corre-
sponding segment labeled in Fig. 2.9(a). As the coexistence regions between the periodic
orbits of type RL(RL?*)™ and RL(RL?*)™ ! can not be observed there, a magnification
for the case n = 2 is shown in Fig. 2.9(c).

However, the question arises, where do all other border collision bifurcation curves
created at (0,7) end? As shown in Fig. 2.9(d), when moving away from A, there exists
a point between the two segments labeled in Fig. 2.9(a) where the coexistence shown in
Fig. 2.9(c) disappears. This point is given by the intersection of the corresponding curves
f%ﬁ(RLQ)g and S%E(RLQ)Q exactly as happened at the point A with the curves £f, ., and £ ..
Such a point would be the analogous to the one given by the intersection of the curves
{re(rezy and &4 . labeled with B in Fig. 2.9(a). This self similarity suggests that this
process takes place for every border collision curve, so forming an infinite tree of big bang
bifurcations of period incrementing type whose mother node is the point (0,0), generating
the complete period adding structure absorbed by the point (0, ).

2.5.2 Example 2

Let us now consider a second example fulfilling conditions C.17-C.3” (and C.1-C.3)

et ia(x+2) = filz) ifx <0
flz) = { —c, + %x(x - 1) = fi(z) ifzx>0 (2.5.8)

which is shown in Fig. 2.10(a).

As expected, the origin of the parameter space ¢; X ¢,, presented in Fig. 2.10(b), is
a big bang bifurcation point of the period incrementing type. Moreover, arguing exactly
as before, one can show that the situation between the points (0,2) and (0,0) is the
same as in the previous example between (0,7) and (0,0). This has been validated with
numerical simulations which we do not show as they are equivalent to the ones presented
in Figs. 2.7(b), 2.7(c), 2.7(d) and 2.8. Therefore we omit further comments in that
direction.
However, there exists in the ¢, axis of Fig. 2.10(b) several points that deserve special
interest. For example, let us consider the point (1,0). As one can see in Fig. 2.10(b),
this point is given by the collision of the bifurcation curves &% (the horizontal axis) and
£%c, where the fixed point R and the periodic orbit RL simultaneously collide with the
boundary. Therefore, after re-parameterization along proper directions in the parameter
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Figure 2.9: Bifurcation scenario near the point A (see Fig. 2.7(a)). (a): Blow up labeled in
Fig. 2.7(a). The two dotted straight lines are the directions along which the right and left
images of 0 by f3(z) remain (locally) constant. (b): one-dimensional bifurcation diagram
along the segment labeled in (a): period incrementing scenario. (c¢): magnification of the
coexistence (gray region) between the periodic orbits RL(RL?)? and RL(RL?)? shown
in (b). (d): bifurcation diagram along the segment labeled (d) in Fig. 2.9(a); far enough
from A, the period incrementing structure generated at A disappears.
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Figure 2.10: (a): system function of Example 2 defined in Eq. (2.5.8). (b): border collision
bifurcation curves of Example 2.

space?, the map

h@%={£ﬁ$0 giig (2.5.9)

can be written as in (2.2.1) fulfilling C.1. As before, as the colliding periodic orbits are
stable and their associated eigenvalues have the proper signs, conditions C.2 and C.3 are
also fulfilled. Therefore, Theorem 2.2.2 applies and the point (1,0) represents a big bang
bifurcation of period incrementing type. As the periodic orbit with positive associated
eigenvalue is RL, the periodic orbits of the original map, (2.5.8), emerging at (1,0) are
of type R(RL)". This is shown in Figs. 2.11(a) and 2.11(b) through the one-dimensional

bifurcation diagram along the curve labeled in Fig. 2.10(b).
One can proceed analogously and show that the situation is repeated for the other

points, (py,,0), also located at the horizontal axis of Fig. 2.10(b).
In order to show that, let us consider the equation

£ £e(0) = £:(0), ¢, =0 (2.5.10)

and let p, be the root of the Eq. (2.5.10) which is not a root of the same equation using

4We skip the details as one has just to proceed as in Example 1.
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Figure 2.11: Bifurcation structure around the big bang bifurcation points at (¢, ¢.) =
(1,0) ((a) and (b)) and (cg, ¢) = (p2,0) ((c¢) and (d)). (a) and (c) Bifurcation diagram
along the curves labeled in Fig. 2.10(b). (b) and (d) periods of the periodic orbits. The

gray regions indicate coexistence between two periodic orbits.
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n — 1 instead of n. Then, one can easily see that the map

fo(z) = { fx)  ife>0 (2.5.11)
possesses two colliding fixed points (is continuous at (cs,¢,) = (pn,0)). Again, under

proper re-parameterization, it can be written in the form of (2.2.1) and the conditions
C.1-C.3 hold at (¢, ¢) = (pn,0). Therefore, for every (p,,0) there exists an arbitrarily
small open set containing that point such that only periodic orbits of type R(R"L)™ exist
for all m > 0. Moreover, there exist regions in that open set where two R(R"L)™ and
R(R™L)™ ! orbits coexist Vm > 0.

2.6 Conclusions

In this chapter we have shown that big bang bifurcations occur in low-dimensional piecewise-
smooth systems typically whenever two fixed points cross simultaneously the boundary
and become virtual. This is given by a transverse intersection between two border colli-
sion bifurcation curves when the considered parameters control the distance between the
boundary and the fixed points.

So far we have presented this situation for the one-dimensional case for which the bound-
ary is represented by a single point (z = 0) where the map has a jump discontinuity.
By Theorem 2.2.2; we have explicitly and rigorously characterized the infinite number of
periodic orbits that appear after the collision of two fixed points with the boundary when
they are attracting (the map is locally contractive) and have associated eigenvalues of op-
posite sign: a big bang bifurcation of periodic incrementing type occurs. As mentioned in
Remark 2.4.1, in the case that the branch corresponding to the fixed point with negative
associated eigenvalue is replaced by a constant function in an open set containing x = 0,
the bifurcation scenario remains the same except that the coexistence regions disappear,
and a big bang of the so-called pure incrementing type occurs.

We have also given examples showing that one can consider a proper renormalization of
the map in order to study other big bang bifurcations in the parameter space. In the same
examples we have also checked the result conjectured in the introduction; that is, when
both eigenvalues of the colliding fixed points are positive, then the so-called period adding
big bang bifurcation takes place. A proof of that is left for future work, but in Chapter 3
we present a sketch of it. Using also renormalization arguments we have suggested that
the bifurcation curves issuing from the detected period adding big bang bifurcation are
“collected” by an infinite cascade of period incrementing big bang bifurcations. A rigorous
and more detailed study of this situation will be reported elsewhere.



Chapter 3

A rigorous approach to the period
adding big bang bifurcation and the
extension to 2-dimensional
piecewise-defined maps

3.1 Introduction

In this chapter we discuss several aspects for further research on the topics related with
big bang bifurcations.

In §3.2 we first provide a rigorous proposal for further research in order to extend the
results given in Chapter 2 to the increasing-increasing case, which, as announced in the
Introduction of this thesis, leads to the period adding big bang bifurcation. This type of
bifurcation was introduced in [AS06a] when numerically simulating a discontinuous linear
map. In our approach we propose to study a topological conjugacy between the piecewise-
defined map and a classical Arnol’d circle map, for which the bifurcation scenario is well
known. Hence, we profit in this approach from the classical theory developed so far to
provide generic condition of the occurrence of big bang bifurcation of the period adding
type in one-dimensional maps.

As it was already noted in these mentioned chapters, big bang bifurcation are basically
given by the simultaneous collision of two invariant objects with a boundary. When these
are fixed points, this necessary reflects a loss of continuity of the map at this intersection
for one-dimensional maps. However, this is not the case when considering higher dimen-
sions, where it turns out that continuity at the simultaneous collision is not necessary to
undergo big bang bifurcations.

In §3.3, we propose an extension of the results so far understood about big bang bifurca-
tions for one-dimensional piecewise-defined maps to the two-dimensional case.

41
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c <0 g c =0 fr ce >0 fr

fe
f e <0 e c=0 / c >0

Figure 3.1: Simultaneous collision of two fixed points with positive associated eigenvalues
with the boundary.

3.2 Period adding big bang bifurcation

As announced in the Introduction of this thesis, the so-called period adding big bang
bifurcation exhibits a much more complicated structure as the period incrementing one
reported in Chapter 2. In this section we first introduce a generic map which depends on
two parameters and we conjecture that, under certain conditions, this map undergoes a
period adding big bang bifurcation. After describing this bifurcation, we provide rigorous
arguments which form a guide to proof this result. A complete extension of it is left as
future work.

As in the case of the period incrementing big bang bifurcation (see Chapter 2), we
consider a piecewise-defined one-dimensional map of the form

co+ go(x) = folz;ce) ifx <0

—c + gr(7) = fo(z;e,) ifx >0 (3.2.1)

flz;epc) = {

which reproduces the simultaneous collision of two (attracting) fixed points with the
boundary (see Fig. 3.1). As for the period incrementing case we assume that both fixed
points are attracting, but in this case both have positive associated eigenvalues. Hence,
we assume that the map (3.2.1) fulfills

D.1 g, and g, are smooth functions at x = 0 s.t. g,(0) = ¢,(0) =0
D.2 There exists g, > 0 such that 0 < gy(x) < 1 Vz € (—&4,0]

D.3 There exists €, > 0 such that 0 < ¢g/.(x) < 1 Vz € [0,¢,)

Then, the origin of the parameter space ¢; X ¢, consists on a co-dimension two big bang
bifurcation point of the period adding type. This means that the bifurcation scenario
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around this points is as described below.

Arguing as in §2.4.3, one can show using the implicit function theorem that the
map (3.2.1) is in fact the normal form for the period adding big bang bifurcation. That
is, all the arguments that we provide here for the map (3.2.1) fulfilling conditions D.1-D.3
also hold for the more general map

, _ co+glxice,c) = fiulxyer ) ifr <0
e er) = { —¢r + gr(xy00,¢0) =1 frlx;ep,c) x>0 (3.2.2)

satisfying

D’.1 g, and g, are C*(R) functions such that for i, j € {¢,r}
9i(05 ¢, ¢,) = 0

and the limit
gi(x; 4, ¢r)
im ¥————~
z=0 g;(x;0,0)
exists,
D’.2 there exists e, > 0 such that 0 < gj(z;cp,¢.) <1 Ve € (—e4,0) if 0 < ¢py0, < 1,
D’.3 there exists £, > 0 such that 0 < g.(z;cp,¢,) < 1Vr € (0,¢,) if 0 < ¢, 0, < 1,
where
9g(x; ¢y, cr)
ox
We hence proceed arguing for the map (3.2.1) under conditions D.1-D.3.

g (z;¢0,¢,) =

Similarly as for the period incrementing case, when considering the parameter space
¢p X ¢, one distinguishes 4 different possible scenarios given by the signs of the parameters
ce and ¢, (see Fig. 3.3). When both are negative, two fixed points, 2, < 0 and z} > 0,
coexist, and their domains of attraction are split by the boundary x = 0. When they have
opposite signs, only one them remains while the other one becomes virtual. Finally, when
both are positive, both fixed points becomes virtual and an infinite number of different
periodic orbits exist in the vicinity of the point (¢, ¢.) = (0,0). These are separated by
an infinite number of border collision bifurcation curves, equivalently as in Fig. 3.2.

In Fig. 3.3 we show the bifurcation scenario obtained while varying the parameters ¢, and
¢, along the curve. The periodic orbits that appear along this curve are equivalent to the
bifurcation diagram shown in Fig. 3.3(a) whose periods are given in Fig. 3.3(b). There
one can see that between two regions of existence of two periodic orbits with periods n
and m one can find a region where a periodic orbit with period n + m exists. This occurs
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Figure 3.2: Border collision bifurcation curves in the parameter space ¢, X ¢, for the period
adding big bang bifurcation. The fixed points x; and z; are labeled in the regions where
they exist.
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Figure 3.3: Bifurcation scenario found along the curve plot in Fig. 3.2 and parametrized
by the angle ¢. (a) bifurcation diagram. (b) periods of the period orbits

ad-infinitum forming the so-called adding scenario.

In terms of the symbolic dynamics introduced in section 2.2, this addition of periods is
in fact a consequence of the concatenation of the symbolic sequences of periodic orbits.
That is, given two regions of existence in the parameter space ¢, X ¢, of two periodic
orbits with symbolic sequences ¥ and ®, there exist a region in between where one finds
a periodic orbit with symbolic sequence W® (the concatenation). This forms the infinite
tree schemed in Fig. 3.4.

Moreover, the rotation number of these orbits form a Farey tree. It can be seen
([GIT84, Vee86, Veel87|) that given a periodic orbit with a certain symbolic sequence,
its rotation number is given by the number of times that the symbol R appears in the
sequence divided by the length of the sequence (the period of the periodic orbit). To show
an example, in Fig.3.5 we provide a blow up of the nested regions between the existence
regions where the periodic orbits with symbolic sequences LR and £2R exist.

Let us show that, if ¢, ¢, > 0 are small enough, such a map is a map onto the interval
[—¢, el
For ¢, and ¢, positive and small enough, f, and f, are increasing functions when restricted
to [£-(0),0] = [—¢;, 0] and [0, fo(0)] = [0, ¢(], respectively. This guaranties that, in this
case, the minimum of f;, and the maximum of f, in [—c¢,, ¢/] occur at x = —¢, and = = ¢,
respectively (see Fig. 3.6). As f; and f, are contractive near the origin, it comes that, if
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Figure 3.4: Infinite tree formed by the concatenation of symbolic sequences of periodic
orbits obtained in the adding structure.
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Figure 3.5: Symbolic sequences and the Farey tree formed by their rotation numbers in
the adding scheme for a quadratic map.
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ce, ¢ > 0 are small enough, then

—Cp = fr(o) S ff<_cr>7
fr(ce) < fo(0) = co.

Identifying —c, ~ ¢, this allows us to think on the map f us a circle map,
f : TQ,CT — TCZ,CM

wehre T, ., is the circle given by T, .. = R\[—¢;, ¢/].

Let us now wonder about the invertibility of f. Using D.2 and D.3, it comes that, if
cp, ¢ > 0 are small enough,

|g€(_cr)| <
|9:(ce)| < o

Hence,

gr(ce) = ge(—cr) < |gr(co)| + |ge(—c;)]
< c + cy.

In other words, —c, + ¢,(¢;) < ¢r + go(—¢;), and hence

frlce) < fo(=cr),

and f has the form shown in Figs. 3.6(a) and 3.6(b).
This, together with the monotonicity of the functions g, and g, near the origin, makes f
to be injective and thus invertible in f(T.,,.,) if ¢s, ¢, > 0 are small enough.
Note that if ¢, ¢, > 0 are large enough, the map f loses its invertibility when f,.(c,) >
fi(—c.) (see Fig. 3.6(c)).

We then distinguish between the two possibilities shown in Figs. 3.6(a) and 3.6(b).
If

fﬁ(_cr) = fr(cf)a
(Fig. 3.6(a)) f is then an homeomorphism on the circle T, .
On the other hand, if

fe(=cr) > fi(co),

(see Fig. 3.6(b)) then f is discontinuous at x = —c¢, ~ ¢;. However, it is an injective map
and thus invertible in f(T,, ., ).
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Figure 3.6: Different configurations for the circle map f. (a) continuous, (b) invertible
and (c¢) non-invertible. (d) inverse of (b)



50 3.2. PERIOD ADDING BIG BANG BIFURCATION

Let us consider

f_l : TCZ,Cr — Tcz,cra

given by
1o fr_l(x) if —c, <z< fic)

fil(@) if fole) <z <
and is schematically shown in Fig. 3.6(d).
Note that, if f.(c¢) # fe(—cr) (fr(ce) < fe(—c,)), due to the discontinuity at x = ¢, ~ —¢,
the inverse map f~! is not defined at [f,(c), fe(—c,)] and it is therefore neither continuous.
However, we are interested on invariant objects (periodic orbits) of f, which are also
invariant for f!, which, if they exist, they are located outside the interval [f,(c;), fo(—c,)].

Hence, we can argue as in [PTT87] and fill this interval with a constant the value ¢, (see
Fig. 3.6(d)). Thus, the map

f;l(x) if —CTSZL’SfT(Cé)
=1 if fi(er) < < fo(—c)
Jot @) if fole) <z <

is a continuous circle map which captures the invariant objects of f, and hence their
(local) dynamics.

We now want to make use of results for circle maps obtained so far in the literature in
order to study the periodic orbits of f=!. To this end, we first obtain an equivalent map
defined in a set independent of the parameters ¢, and ¢,. We consider a diffeomorphism

o(zyeryep) : Tepo, — T,

fulfilling ¢(—c¢;¢,,¢0) = 0 and ¢(05A; ¢ryc0) = 1, and T = R\Z is the usual circle. This
diffeomorphism provides us a map f !

T —T
defined as
¢poflog(z) H0< < d(fr(er)
=941 if $(f,(ce)) < < 6(fu(—cr))
oo filod (@) if o(fi(—c;)) Sw <1,
which is continuous map onto T and topologically conjugated to f~1.

As are interested on the bifurcation scenario along a curve surrounding the origin of
the parameter space ¢; x ¢, for ¢4, ¢, > 0, we perform the reparamatrization

¢, = esin )

cp = €cos (),
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with ¢ > 0 and Q € (0,%). For every ¢ > 0 we obtain hence a one-parameter family
of maps f‘l(x; Q). It is our goal now to show that, if € > 0 is small enough, this map
undergoes the period-adding bifurcation scenario described above when €2 is varied. They
key step to see this is the following result, for which we do not provide a proof and hence

we conjeture. Its proof is left as future work.

Lemma 3.2.1. There exist a diffeomoerphism
h: T—T
and a monotonously increasing diffeomorphism

¢: (0,1)> I — [0,%]
QO — Q

with ¢(I) = [0, %], such that

ho f= (h7H(2); (&) = B(x),

where )
Ox) =24+ Q + Py sin 27x (3.2.3)
m

is the Arnol’d circle map. Moreover, the set of rotation numbers of the periodic orbits of
O(z) obtained when varying Q € I is [0,1] N Q.

This result provides topological conjugacy between the Arnol’d circle map for all the
parameter values of ' € I for which ©(x) exhibits complicated dyanmics. The rotation
number, which is defined as

p(Y) = lim M7
n—oo n

that one obtains when varying ' € I form the so-called dewil’s staircase, as shown in
Fig. 3.7. This means that the rotation numbers take only rational values and the resulting
function, p(€'), is flat almost everywhere (for all values of Q' € [0, 1] except in a Cantor
set). This implies that, for almost all ' € [0,1], ©(z) is mode-locked and hence only a
periodic orbit with rotation number p(£') exists.

In terms of the Lemma 3.2.1, the set I = [a, b] is such that

a = sup(§Y), p() =0
b=1inf(QY), p(?) =1,

(see Fig. 3.7).
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Figure 3.7: Devil’s staircase: rotation numbers (p) of the periodic orbits obtained for
the Arnol’d circle map when varying the parameter {2’ € [0,1]. The set I correspond to
the values of € for which the map ffl is topological conjugated to the Arnol’d circle
map (3.2.3).

As the rotation number is invariant under topological conjugacy, the map f ~1 (and
hence the original map f in (3.2.1)) possess periodic orbits whose rotation numbers form
a devil’s staircase when varying Q = () € [0,5] = o(I).

As it is well known, the rotation numbers obtained along the devil’s staircase form
the Farey tree. It only remains then to show that the symbolic sequences of the periodic
orbits obtained when varying €2 form the adding structure. This can be done uniquely
relating the rotation numbers with symbolic sequences by using results reported in the
literature ([GIT84, GGT84, CGT84, GGTS88]). This is left for future work.

3.3 Big bang bifurcations in 2-dimensional maps

In this section we propose an extension to two-dimensional maps of the results so far
presented for big bang bifurcations for one-dimensional maps. As in the previous section,
we give this in terms of a first approach or a guideline for future work to obtain and proof
results regarding big bang bifurcations for two-dimensional piecewise-defined maps.

For the case of the period incrementing big bang bifurcation, we also provide a partial
adaptation of some of the arguments given in Chapter 2. However, we only conjecture
sufficient conditions for the period adding case; a proof of them is totally left for future
work. As it will be shown in Chapter 4, this result, regarding the adding case, turns out
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to be of practical interest, as it can be applied to predict and explain bifurcation scenarios
obtained in discretized sliding-mode control systems.

Let ¥ be a curve splitting R? in two connected components, X, and X,. We then
adapt the general maps given in (2.3.1) and (3.2.1) undergoing a simultaneous collision
of fixed points to R%. Consider a piecewise-defined map

f:R*> — R?
of the form
fi(zyco), ifz€ X
= 3.3.1
f2) {ﬁ(z; ¢), if 2 € X, (33.1)
with z = (z,y).

Let us assume that, for |¢/| and |¢,| small enough, the maps f;, and f, possess two isolated
attracting fixed points zj, 2, respectively, with real associated eigenvalues. Let us also
assume that they satisfy that

(X, ifc, <0
fi(z)5c0) =2, € X ife=0
X, ife, >0
and
X, ife. <0
> ife. =0
X, ife. >0

frlzie) =27 €

That is, for ¢, = ¢, = 0 both fixed points transversally cross the boundary ¥ and f

simultaneously undergoes two border collision bifurcations. In other words, two border

collision bifurcation curves transversally cross each other in the two-dimensional param-

eter space ¢y X ¢;.

Note that we do not assume that fy(z;;0) = f.(z;0) € ¥ and hence we do not require the

map to be continuous when both fixed points collide with the boundary, for ¢, = ¢, = 0.
Let us assume that there exist two open sets Uy, U, C R? such that

fo(27;0) = z; € EN (U NU,) (3.3.2)
[r(2750) =2z e ENUNU,) (3.3.3)
folle 0 X5 0) C X (3.3.4)

Then, the result that we conjecture states that

i) if f.(U, N X5 0) C Xy the origin of the parameter space ¢, X ¢, represents a big bang
bifurcation of the period incrementing type



54 3.3. BIG BANG BIFURCATIONS IN 2-DIMENSIONAL MAPS

i) if f,(U. N A,;0) C X, the origin of the parameter space ¢, X ¢, represents a big bang
bifurcation of the period adding type.

Note that, as we have required the eigenvalues associated with the attracting fixed
points z; and z* to be real for |¢| and |c,| small enough, both situations will basically
occur depending on the sign of the eigenvalues of the fixed points z; and the relative
position of their eigendirections with respect to 3.

A precise study of i) is considered beyond the scope of this thesis and hence left for
future work. It is used, however, in Chapter 4 to predict the occurrence of a big bang
bifurcation in a second order sliding-mode control discretized system. There we also give
numerical evidence of this fact.

We now give some details on how the methodology presented in Chapter 2 could be
adapted to prove ii).

In order to argue that, for ¢4, ¢, > 0 small enough, only periodic orbits with symbolic
sequences of the form £"R exist, with arbitrarily large n, we start with some definitions.
Assuming ¢, > 0 small enough, let us consider the sequence

A, = f,(E), n>—1 (3.3.5)

with Ay = X. For simplicity we are assuming that f, is invertible in the whole curve X
if ¢, > 0 is small enough. If not, one should restrict f; to a proper domain containing
U, where the preimages of X by f; exist. One can always find such a domain if ¢, > 0 is
small enough because of the existence of the attracting fixed point.
Conditions stated in Egs. (3.3.2) and (3.3.4) ensure us that the segments A,, exist for all
n > 0 if ¢, > 0 is small enough, and are located at X,. More over, by making ¢, > 0
small enough and choosing U, also small enough, the set U, N A&, is split in different sets
bounded by consecutive segments A,,. These sets are given by the intersection between
the sets

L,={z€X|fi(z) € Xy, i<n, f}'(z) € X, }, (3.3.6)

and U;. These are characterized by the fact that they are mapped into &, after exactly n
iterations and satisfy that L, = f[l(Ln). We also define the set

Lo = fo(Ly) C X, (3.3.7)
Let us then consider the sequence of sets given by the inverses of L,, by the map f,,
R, = f7Y(L,), n>0.

In Fig. 3.8 we show an example on how all these definitions look like for a map with
Y ={z=0}.
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/ 7
/ |

0 T

Figure 3.8: L7R-periodic orbit (white points) for a two-dimensional piecewise-defined map
undergoing a period incrementing big bang bifurcation. Two (virtual) fixed points are
marked with crosses. As pointed lines their associated eigendirections. In thiner dashed
lines are also plot the trajectories by f; converging to the (virtual) fixed point z; € X,.
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Under the assumptions stated above, it comes that, for every n > 0 and every ¢, > 0
small enough there exist ¢, > 0, such

R, N Ly # 0.
In other words, for every n we can find ¢, and ¢, arbitrarily smalls such that

fT(LO) N Ln 7é @

This defines a partition of Ly in sets of the form R, N Ly, allowing us to construct a map
F:Ly— Lo,

given by
F(z;¢0,¢.) = f o fr(z; ) if x € R, N Ly.
Due to the contractiveness of the maps f, and f,. when ¢y, ¢, > are small enough, the map

F' is also contracitve in L.
At its return to Lo, it may occur that the image of a set R, N Ly intersects R; N Ly,

F(R, N Ly) N (R; N Ly) # 0.

In this case, due to the contractiveness of F', it comes that for every x € R, N Ly there
exists j such that F’(z) ¢ R, N Ly and all points escape from R, N Ly.
This can be observed in Fig. 3.8, where

F(Rg N L()) == f?(fr(Rg N LO; Cg), CT) N (R7 N L(]) 7’é Q) (338)

and all points in Rg N Ly are finally mapped into R; N Ly and escape from Rg N L.
Due to the contractiveness of F', this can not occur for all sets R; N Ly forming the
partition of Ly, and hence there must exist some n such that

F(R, N Ly) = f}(fr(RnN Lo; cg),c) C Ry N L.

As the map f; o f,. is smooth, this implies that this map must have fixed point. Thus,
there exists an attracting periodic orbit for the map f in (3.3.1), which has the symbolic
sequence L"R.

When continuously varying one of the parameters ¢, or ¢,, this periodic orbit undergoes
a border collision and

[ (fr(Rn 0 Losc,), c0) N (R N Lo) # 0,

with i = n+1 or i = n— 1. This gives rise to a period orbit of the form £""'R or L IR,
respectively.
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It may also occur that there exist two sets ;N Lo and R; N Lo such that

F(Rl N Lo) = fg (fr(RZ N L(]; CT); Cg) C R;n LO
F(R; N Lo) = f (f-(R; N Lo; ¢,); ¢e) C RaLg

leading to the coexistence of two periodic orbits with symbolic sequences £'R and LIR,
respectively. This is shown for exemple mentioned above in Fig. 3.9. As their domains of
attraction are split in Lg by preimages of A, by f,, at most two of such periodic orbits
can coexist because there exists only one boundary, ¥, whose preimages by f, are Aj.
Moreover, if such sets exist, they have to be adjoin (see Fig. 3.9), and hence the coexisting
periodic orbits have symbolic sequences of the form £"R and £*"R. Otherwise, as the
map f is only defined with one boundary, 3, the non-invariant sets located in between
should be expanded, which is not possible due to the contractiveness of F'.

Further details and more precise and rigorous statement of the arguments provided
above are left for future work.

3.4 Conclusions

In this chapter we have proposed a detailed future work direction in order to extend the
result presented in Theorem 2.2.2 to the increasing-increasing case. Instead of explicit
calculations of the bifurcations curves, we propose to obtain a topological equivalent map
defined in the circle and to which one can apply well known classical theory. The value
of this approach remains on the relation of particular phenomena of piecewise-smooth
systems with well known results of theory of circle maps, hence avoiding the need of a
new theory.

In addition, we extend the results regarding big bang bifurcations to two-dimensional
piecewise-defined maps. For the case of the period incrementing we have been able to
adapt some of the arguments and techniques used for the one-dimensional case in Chap-
ter 2.
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Figure 3.9: Coexistence of a L'R and a LR periodic orbits (white points) for a two-
dimensional piecewise-defined map undergoing a period incrementing big bang bifurcation.
Two (virtual) fixed points are marked with crosses. As pointed lines their associated
eigendirections. In thiner dashed lines are also plot the trajectories by f, converging to
the (virtual) fixed point z; € A;.



Chapter 4

Occurrence of big bang bifurcations
in discretized sliding-mode control
systems

4.1 Introduction

There exist many methods in order to force a system to exhibit a certain desired be-
haviour. If its output is required to be near a certain value, one common strategy consists
on implementing a control system such that two different actions are applied depending
on the sign of a certain switching function which depends on the actual state and its
derivatives. In general, this leads to a non-smooth system which, among other phenom-
ena can exhibit sliding.

As, in practice, the states are sampled at particular values of time, one considers a dis-
cretization of such a construction through a zero order holder, keeping the sampled value
constant until the next sampling. Instead of a differential equation, the system is then
usually modeled by a map, whose dynamics may differ completely from the time contin-
uous system where a “continuous sampling” of the states (infinite sampling frequency) is
assumed. This especially occurs when the states are close to the switching manifold, as
this map does not coincide with the stroboscopic Poincaré map of the time-continuous
system. In particular, new bifurcation phenomena may be introduced.

Because of the nowadays hegemony of digital implementations, this has become a relevant
topic in the control literature. In ([YC03, GY08, WYLO08, Gall0, GY11]) the discretiza-
tion effects of a sliding mode controller in a planar system is studied. Specifically, the
discontinuous control results from the addition of the equivalent control plus a sign func-
tion, properly weighted. Then, a zero-order holder device is applied. As it is proven
in [GY11], the resulting dynamics show an infinite number of periodic orbits with arbi-
trarily large periods near a certain point in a two-dimensional space. Similar phenomena

29
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were also shown in [KST04] for one-dimensional systems derived from power converters.

Such points in parameter space assemble the so-called big bang bifurcations, first
introduced in [AS06b] when simulating a one-dimensional piecewise-linear system, better
understood and generalized later in [AGS11]. Unfortunately, the theory derived so far only
considers one-dimensional maps and, hence, it can’t be applied to the above mentioned
planar systems in sliding-mode control.

It is worth mentioning here that, when controllers are implemented through switches,
as in the case of power electronics, the resulting sliding-mode control actions reduce to
the discontinuous term; i.e. esign(o). Then, the digitized dynamics matches perfectly
with the maps that yield to big bang bifurcations. On the contrary, when the continuous
term (the equivalent control) is included, the derived map is not longer contractive, which
is highly required in the theoretical results obtained so far.

In this work, we use recent results for big bang bifurcations to explain the behaviour
of a class of digitized sliding mode controlled first order systems. Specifically, in terms
of [ASO6b], a big bang bifurcation of the period adding type is shown to happen in
that systems when the on-off control is digitized. Moreover, big bang bifurcations are
shown to happen in on-off sliding mode controlled planar systems. Since the theory is
not complete in this case, sufficient conditions for such a bifurcation to occur in two-
dimensional piecewise maps are conjectured and corroborated by simulation.

4.2 A system with a relay based control

4.2.1 System description

T p
ROy My B 7o R o B

Figure 4.1: A linear control system by a relay.

Let us consider a nth-order system given by its Laplace transform

where U(s) is a polynomial of the form

U(s) = 8"+ ap_15" '+ -+ +ag, (4.2.1)
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which we assume to have only negative real roots.
Equivalently, one can also consider that the system is modeled by the differential equation

YV + anay" D + -+ agy = bu,

where y”) = d’y/dt' and u is the input of the system.

Let us suppose that we wish to control the system and make its output, y, close to a
certain desired value y.. Although there exist many ways to achieve this, we consider the
closed loop control scheme shown in Fig. 4.1.

On one hand, a certain control law is implemented by the block G.(s), which is assumed
to be of the form

Go(s)=14c18+...+cp18" 1,

with ¢,_1 # 0. This is to let the system have relative degree 1 and allow sliding motion
on o (see below).

Its output is then sent to a relay of gain k, hence providing a sliding-mode control with
a sliding surface (also called switching surface) given by the controller G,

ci=y—yetaly) —yd)+ . ey —yiY) =0. (4.2.2)

In this work we consider y. € R constant, and thus y? =0fore>1.

Depending on the sign of the signal given by the controller GG, the relay outputs the value
k or —k, which yield sliding motions on ¢ provided that the sign and the absolute value
of k are properly chosen.

Finally, the control output is digitized through a zero-order holder device, as in a real
implementation. This is represented in Fig. 4.1 by a switch that samples the output
of the relay at time-multiples of the sampling-period 7" and a zero order holder (ZOH),
which keeps the sampled value constant until the next sampling. Close to the sliding
surface (4.2.2), the dynamics of the discretized system differs from the time continuous
one, although they tend to be the same as T" — 0. It is our goal to study the dynamics
of the discretized system.

After performing a proper change of variables to decrease the order of the system by
increasing its dimension, y; = y?, the closed loop dynamics can be written as

y= Ay +bu (4.2.3)
with ¥ = (o, ..., Yn_1)7 € R™ and
0 1 0 0
0 1 0 0
A: ’5: :
0 0 0 1 0 0
b

—Qayp —ap ... —Ap—2 —Ap—-1
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for t € [T, (i + 1)T"), the input v is a constant equal to

—k ifo(y) <O
u = ifo(y) (4.2.4)
k if o(y) >0
where o is the sliding surface given by the controller G.(s) in Equation (4.2.2).
Sliding modes occur if the vector fields F* = Ax 4+ bk obtained by replacing v = =+k,
point both to the surface o. Since F* are smooth everywhere, this can be checked through

(Lp+o) (Lp-0) < 0. (4.2.5)

e
Let us define u,, = — (CVU)I s

by

then the previous inequality mets on the subset of o defined

k| < teq < |] (4.2.6)

(see [Utk77] for details). In turn, this result can be read as for k properly selected (both
in sign and in absolute value), there is sliding motion on o.
Equivalently, the dynamics of the system are given by the discrete model

Uir1 = P(yi),

where P} (resp. P,) is the piecewise defined stroboscopic map associated with £, (resp.
F~) which is linear and can be explicitly integrated. We obtain

(4.2.7)

with B B
p=e"T i =kp—Id)(AD), i =—k(p—Id)(A™'D).

4.2.2 General system dynamics

Each branch of the map (4.3.1), P, and P, has a fixed point

gy=—(p—1Id) ", g =—(p— 1d)" g, (4.2.8)

which may be feasible or virtual depending on whether it belongs to the domain of their
respective map or not.

Regarding the possible dynamics, we distinguish between three situations.
If both fixed points are feasible (o(g;) > 0 and o(y;) < 0) they also become fixed points
of the map (4.3.1). Hence, if all eigenvalues of p have modulus less than 1, both are
locally asymptotically stable. If only one of both fixed points is feasible (o(y}) < 0 and
o(y;) < 0 or vice-versa) and the same condition for p holds, then it becomes the unique
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fixed point of the map (4.3.1). For the same reason, all trajectories tend towards it, and
now its domain of attraction becomes R™.
Note that, in these two previous cases, the control specification is not fulfilled as ¢ is not
flow invariant by the piecewise vector field F'.

The third situation occurs when both fixed points are virtual (o(g}) < 0 and o(y;) >
0). If all the eigenvalues of p have modulus less than 1 and are real (hence positive) then
there are sliding motions in the original continuous-time system. In this case, and at least
for linear and planar systems, the dynamics of the digitized map consists on periodic
orbits which may possess arbitrarily large periods and whose iterates jump on both sides
of the sliding surface o = 0. Properly tunning the parameters, the amplitude of all these
orbits can be chosen arbitrarily small. Additionally, the design conditions are satisfied in
this case, as the asymptotic dynamics are close to o = 0. A precise description of all the
possible periodic orbits is the main scope of this work, and results from the existence of
a bing bang bifurcation. This is discussed in the next section for first and second order
systems.

4.3 Big bang bifurcation of the period adding type

4.3.1 The one-dimensional case

Let us first study the one-dimensional case (n = 1 and G.(s) = 1) when (4.2.3) is a scalar
equation, which was reported in [FG11]. After applying the change of variable z =y — ¥,
to the original system, the sliding surface is given by z = 0, and the map (4.2.7) becomes

. Py(z) == pz + if 2<0
P(z) = UE) = prt g (4.3.1)
P.(z)=pz4+pu, ifz>0
with
aT bk bk
p=e" <1, p=0p-1)(y— a—) €Rand pe = (p—1)(ye + a—) €R, (43.2)
0 0
and the fixed points
* IU/T * luf
Zr = — eER, 2z =- eR. (4.3.3)

p—1 p—1

In order to describe the dynamics of the map (4.3.1) when both fixed points of its
branches are virtual, . < 0 and p, > 0, we first focus on the bifurcations that occur in
their transition from virtual to feasible or vice versa. To this end, we first restrict ourselves
to a suitable two-dimensional parameter space, in terms of (4.3.3), where the position of
2 and z; with respect to the boundary z = 0 can be independently represented. More
precisely, we are interested on the existence of two curves such that a variation of the
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parameters along them, affects only the position of one fixed point. We proceed arguing
with the parameters p, . and gy in (4.3.1), although we will later translate our discussion
to the original parameters a, T', b, k and v..

We remark that we benefit from the linearity of the system in order to perform explicit
calculations, although the same argumentations below hold also for a non-linear system.

As these transitions occur when one of the fixed points collides with the boundary
z = 0, these are given by border collision bifurcations. Although the parameter p influ-
ences on the position of both fixed points, as we are restricted to 0 < p < 1, its variation
does not lead to such type of bifurcations. Hence, we focus on the p, X p, parameter
space.
There, the vertical and horizontal axis represent border collision bifurcation curves that
the fixed points, p; and ), undergo. Of particular interest is the origin of this parameter
space, which is a co-dimension two bifurcation point, as both fixed points simultaneously
collide with the boundary. Depending on the sign of the eigenvalues associated with the
colliding fixed points, such a point may become a big bang bifurcation point, where an
infinite number of (border collision) bifurcation curves emanate from. If this occurs, these
bifurcation curves separate existence regions of periodic orbits located at the region in
the parameter space py X u, where both fixed points are virtual.
This basically depends on the sign of the eigenvalues of the colliding fixed points, which,
for the one-dimensional case, are the slopes of the map near the discontinuity. The
possible bifurcation scenarios for a one-dimensional contracting linear map with one dis-
continuity were described in [AS06b| through numerical observations, and were general-
ized in [AGS11] (see also the bibliography reported there). With independence of the
particular nature of the map, it was proven there that when the sign of the eigenval-
ues associated with the colliding fixed points are different (also known as increasing-
decreasing/decreasing-increasing case), then a big bang bifurcation of the period incre-
menting type occurs. It was also suggested that, when both are positive (increasing-
increasing case), a period adding big bang bifurcation (described below) occurs. Al-
though this result was conjectured, the resulting bifurcation scenario has been highly
reported in the literature ([Leo59, CGT84, GGT84, GGT8S, GPTT86, GH94, Hom96,
TS86, PTT8T7]), and hence it is a well accepted result.

In our case, as the eigenvalues associated with the colliding fixed points are positive,
0 < p < 1, a big bang of the period adding type occurs at the origin of the parameter
space [y X fiy.
This implies that the region located near the origin of the parameter space where both
fixed points are virtual is fully covered by an infinite number of regions where a unique
periodic orbit exists. All these regions collapse at the origin and, hence, all the possible
periodic orbits exist for any arbitrarily small neighbourhood containing the origin of the
parameter space.
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To understand how these periodic orbits are organized, let us introduce the following
symbolic codification (see [AS06b] for a more extended explanation). Let (zy,...,z2,)
be the sequence of points forming a periodic orbit of period n, then we consider the
symbolic sequence obtained by replacing each of these points by £ if z; < 0 and R if
z; > 0. Then, the symbolic sequences of the periodic orbits are obtained by a gluing
process between periodic orbits. More precisely, in-between the regions of existence of
two periodic orbits of periods n and m with symbolic sequences v and (8 one finds a
region where the (n 4 m)-periodic orbit with symbolic sequence a8 (their concatenation)
exists. As the symbolic sequences are glued, the periods are added, and hence this sce-
nario was referred in [ASO6b] as period adding. This process starts with the fixed points
z; — L and z; — R, which are “glued” to form the 2-periodic orbit LR, and is repeated
add infinitum. Thus, in any arbitrarily small neighbourhood of the origin of the param-
eter space one can find an infinite number of periodic orbits with arbitrarily large periods.

Let us adapt the situation described before in terms of he parameters involved in the
original system (4.2.3)-(4.2.4) for n = 1. Let us first focus on their influence on the
dynamics of the map (4.3.1).

As it comes from the relations shown in (4.3.2), the most relevant parameters regarding
the influence on the location of the fixed points z; and 2 are y., k and b. We proceed
arguing with the pair (y., k), as they are the parameters to be tunned and, hence, are of
more interest from the control design point of view. However, the following discussion
can be easily extended to the pair (y.,b).

In this parameter space, the lines

k = —ap/by. and k = agy/by. (4.3.4)

represent border collision bifurcation curves for z; and z;, respectively. Hence, as both
are attracting with positive associated eigenvalues (0 < p < 1), a big bang bifurcation of
the period adding type occurs at the intersection of these lines, (y., k) = (0,0), where two
border collision bifurcation simultaneously occur.
Note that, although the parameter ag also influences on the position of the fixed points,
it comes that a big bang bifurcation may occur for ag = 0. However, for such a value the
fixed points are no longer attractive and, hence, the results obtained so far on big bang
bifurcation can not be applied.

To demonstrate this, we show in Fig. 4.2(a) the bifurcation scenario in the y. x k pa-
rameter space, where one can observe the infinite number of bifurcation curves emanating
from the origin. The adding scenario is presented in Fig. 4.2(b), where the periods of the
periodic orbits found along the curve marked in Fig. 4.2(a) are shown.

It comes from the adding procedure described above that all the periodic orbits step at
both sides of the boundary z = 0. Hence, each of these n-periodic orbits correspond in
the original 1-dimensional continuous model (4.2.3)-(4.2.4) to a continuous nT-periodic
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Figure 4.2: (a) Big bang bifurcation in the (y., k) parameter space for ag = —2, b = 1 and
T = 0.1. The fixed points z; are labeled in the regions where they are feasible, and, as
dashed lines, the border collision bifurcation curves where they become virtual are shown.
The periods of the periodic orbits found along the pointed curve parametrized by o are
shown in (b).

orbit which oscillates around y = y.. In addition, the amplitude of all these orbits tend
to zero as the parameters y. and k get close to the big bang bifurcation.

4.3.2 A second order system

We now extend the results shown in the previous section to a second order system.
In this case, we have

0 1 = 0
A_<—(I0 _al)ub_(b>7a_yl_yc+cly27

where ag and a; are such that the eigenvalues of the matrix A have real negative eigen-
values.

For commodity, in order to easily proceed as before and argue with the relative position
of the fixed points z; and z; with respect the boundary, we introduce new coordinates

zZ = (z1, z2) given by
- 1 C1 - Ye
== ( apgC1 — aq 1 ) ( 0 ) .

-~

¢
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Note that one can always perform such a change of variables as long as the vector (1, ¢;)?
is not an eigenvector of the matrix A.
In these new variables, the map (4.2.7) becomes

] (4.3.5)

. Py(z) ==pz+ iy if 2 <0
r('z) 2:ﬁ,§ + 21 > 07

where

o (o(8)-4(5))

The main advantage of this change of variables consists on the fact that the boundary
becomes z; = 0, independently of the parameters, while the matrix p remains only de-
pendent on the parameters a;. Hence, the relevant parameters for the study of the border
collision bifurcations only influence the position of the fixed points, which become

kb
7 ( “Ye T 4 )
e=\ _mw _
 (ager — ar)

2* — —Ye + ];_(l:
T %(aoCl — al)
The border collision bifurcation curves that the fixed points undergo become the same
expressions as in the one-dimensional case, given in (4.3.4). Hence, arguing again in the
Y. X k parameter space, for y. = k = 0 both fixed points simultaneously collide with the
boundary z; = 0 and become virtual.
We now conjecture an extension to 2-dimensional maps of the result used above for the
one-dimensional maps. In the considered situation regarding the simultaneously collision
of attracting fixed points with the boundary, there exist a big bang bifurcation of the

period adding type if there exist an open neighbourhood U such that, at the simultaneous
collision,

Z, Zr el

PUNX)CUNX, iec{lr},

where X, and X, are the left and right part of R? separated by the boundary.
In our case, these conditions coincide with the sliding conditions given in (4.2.5). This
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|

Figure 4.3: Big bang bifurcation in the (y., k) parameter space for ay = —2, a; = —5,
b=1,¢,=15and T =0.1.

is because, at the big bang bifurcation point, k£ = y. = 0, both fixed points collide with
origin of the state space, z7(0,0)”. Hence, near the bifurcation point, |u.,| << 1 and thus
condition (4.2.6) is fulfilled if

017&0.

Note that, although the map (4.3.5) is continuous at z = (0,0)” at the big bang bifurcation
point because both fixed points coincide at z = (0,0)7, continuity is not assumed in the
conditions mentioned above.

The simulations shown in Fig. 4.3 show how a big bang bifurcation of the period adding
type occurs for y. = k = 0 if ¢; # 0.

4.4 Conclusions

In this chapter we have applied the results and methodology presented in Chapters 2
and 3 to an application example consisting of a general system controlled by relays in
sliding-mode operation. We have hence shown the existence of a co-dimension-2 big bang
bifurcation in a two-dimensional parameter space relevant from the control design point
of view.

When discretized, the original system becomes a piecewise-defined system with a single
boundary. The discretization is obtained through a stroboscopic map of flows with at-
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tracting critical points, which become critical points of the piecewise-defined maps with
positive associated eigenvalues. Hence, as suggested in Chapter 3, this big bang bifurca-
tion is of the period adding type.

In addition, we also consider a second order system which leads a two-dimensional
piecewise-defined for which the results conjectured in §3.3 hold, hence exhibiting also a
big bang bifurcation of the period adding type. We also provide numerical simulations in
order to confirm the predicted behaviour.

Although the first and second order systems that we have used as example were linear,
all the arguments that we have presented in this chapter can be applied to systems with
nonlinear transfer function under the same control-mode.
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Melnikov methods and scattering
map in piecewise-smooth systems
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Chapter 5

The Melnikov method and
subharmonic orbits in a
piecewise-smooth system

5.1 Introduction

As explained in the introduction of this thesis, this chapter is devoted to extend classical
Melnikov methods to a class of piecewise-smooth “Hamiltonian” systems. It is organized
as follows.

In §5.2 we describe the class of system that we consider and introduce some notation and
tools needed for this work. In §5.3, we prove the existence of periodic orbits distinguishing
between the conservative and dissipative cases. §5.4 is devoted to heteroclinic connections.
Finally, in §5.5, we use the example of the rocking block to illustrate the results obtained
regarding the periodic orbits, and compare with the work of [Hog89].

5.2 System description

5.2.1 General system definition

We divide the plane into two sets (see Figs. 5.1-5.2),

ST ={(z,y) e R*|z > 0}
S™={(z,y) e R*|z < 0}

separated by the switching manifold
Y=2tuXx u(0,0) (5.2.1)

73
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where
¥t = {(x,y) €eR?*|z =0, y>0}
Y= {(m,y) ER*|z=0y< 0}.
We consider the piecewise-smooth system

B\ _ )X (@) e (zy,t) if (z,y) € ST
< Y ) a {Xo_(ﬂU,y) + X[ (z,y,t) if (z,y) € S~ (5.2.2)

We assume X;° € C®°(R?) and X (z,y,t) € C(R?), although this can be relaxed to less
regularity in ST and S* x R, respectively.

System (5.2.2) is a Hamiltonian system associated with a C° piecewise-smooth Hamilto-
nian of the form

H.(z,y,t) = Ho(x,y) + eHy(x,y,t). (5.2.3)
The unperturbed C°(R?) Hamiltonian H, is a classical Hamiltonian given by
2
2 H (z,y) :== % +V*H(x) if (z,y) e STUX
Hy(z,y) :== 5 +V(z) = ) (5.2.4)
Hy (2,y) =7 + V7 (2) if (v,y) €57

with VE € C(R) satisfying V(0) = V(0).

Similarly, the non-autonomous T-periodic C*(R?) perturbation, e H, is given by

H (z,y,t) if (z,y) € STUXT
Hmy’t)::{ Hay,t) if (2,y)

Hi (z,y,t) if (z,y) € ST U
satisfying H{ (0,y,t) = Hy (0,y,t) V(y,t) € R%
Then, the relation between (5.2.2) and (5.2.3) is given by

Xy +eX =JV(HS +eH)

g . g g (5.2.5)
Xy +eX =JV(H, +cH)),

where J is the usual symplectic matrix

J:(_Ol é)

We assume that the phase portrait of the unperturbed system (5.2.2) (¢ = 0) is topo-
logically equivalent to the one shown in Fig. 5.1, which we make precise in the following
hypotheses.
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C.1 There exist two hyperbolic critical points 2+ = (zt,y") € ST and 27 = (27,y7) €
S~ of saddle type belonging to the energy level

{@wﬂﬂ@mﬂ=q>0} (5.2.6)

C.2 The form of the Hamiltonian Hy in Eq. (5.2.4), ensures that X" are both tangent to
¥ at (0,0) € ¥. We require that V* satisfy

(VF)'(0) > 0; (V) (0) <0,

and so (0, 0) is an invisible quadratic tangency for both vector fields. Following [GST11],
we call the point (0,0) an invisible fold-fold.

C.3 There exist two heteroclinic orbits given by W"(z7) = W?9(z") and
WH(z*) = W#(z~) surrounding the origin and contained in the energy level (5.2.6).

C.4 The region between both heteroclinic orbits is fully covered by periodic orbits sur-
rounding the origin given by

Ao = {(@.y) € B Hofa,y) = c} (527
with 0 < ¢ < ¢1, and A, intersects ¥ transversally exactly twice.

C.5 The period of A, is a regular function of ¢ with strictly positive derivative for 0 <
c <.

Note that, as the unperturbed Hamiltonian Hy is C* in ST and S, the fact that the
heteroclinic orbits are in the energy level Hy(z,y) = c¢; follows automatically from hy-
pothesis C.1. However, we include it explicitly for clarity.

We wish to determine which of these objects and characteristics persist and which
are destroyed when the small non-autonomous 7-periodic perturbation € H; is considered.
The splitting of the separatrices and the persistence of periodic orbits is of interest. In the
smooth case, these answers are given completely by the classical Melnikov method [GH83].
Hence, it is natural to check whether these classical tools are still valid for the piecewise-
smooth system presented above and if any changes to the method are necessary.
Another interesting question that can be addressed with a similar approach is the existence
of 2-dimensional invariant tori of system (5.2.2) (see [KKY97, Kun00]).
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Y

W (z7) = WS (a™h)

We(z7) = W¥(z™h)

-

Figure 5.1: Phase portrait for the unperturbed system (5.2.2).
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5.2.2 Poincaré impact map

To study system (5.2.2) we will proceed as in [Hog89] using the Poincaré impact map. We
consider the extended phase space R? x R adding time as a system variable and equation
t =1 to Eq. (5.2.2). As the perturbation is periodic, this time variable is usually defined
in T = R/T; however, it will be more useful for us to consider R instead. We want to
study the motion in the region surrounded by the heteroclinic orbit, so we consider in
this extended phase-space the Poincaré section

5T ={(0,y,1) eR*xR|0 <y < V21 } . (5.2.8)

To simplify the notation, as the first coordinate in £+ is always 0, we will omit its repe-
tition whenever this does not lead to confusion. The domain of the Poincaré map is not
$* but a suitable open set U, that depends on ¢ and, for ¢ = 0, does not contain the
heteroclinic connection.

We now define the Poincaré impact map
P..UC Q- Z~]+,
as follows (see Fig. 5.2). First, using the section
57 ={(0,y,t) e R* xR| —/2¢; <y <0}, (5.2.9)
with (0,yo,t) € UT € £, we define the map
Pr.UtcEt — 5,

as
P (yo, to) = (IL, (¢ (t13t0,0,50,€)) , 1) (5.2.10)

where ¢ (t;tg, z,y,¢) is the flow associated with system (5.2.2) restricted to S*, and
t1 > to is the smallest value of ¢ satisfying the condition

IL, (¢ (t1;t0,0,90,€)) = 0. (5.2.11)

where 11, II, are projections onto the z and y axes, respectively.
Similarly, we consider

P .U cy — 2t

£

for (0,41,t1) € U~ C %~ defined by

P (yi,t) = (I, (67 (t2;11,0,91,€)) , t2) (5.2.12)
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Z—l—
Pe(?JOa tO) (yo tO)
S~ S+
¢ ¢*

T

P€+ (y07 to)
-

Figure 5.2: Poincaré impact map (5.2.14) represented schematically.

where ¢~ (t;t1,x,y,¢) is the flow associated with (5.2.2) restricted to S™, and ¢t > t; is
the smallest value of ¢ satisfying the condition

I, (¢~ (ta;t1,0,y1,¢)) = 0. (5.2.13)

Then the Poincaré impact map is defined as the composition

P: Ucxt — nt

5.2.14
(yOa to) — PeioP;(y()v tO) ( )

Notice that, as assumed in C.4, for the unperturbed flow all initial conditions in X% lead
to periodic orbits surrounding the origin. Hence, we can give a closed expression for Fj,
the Poincaré impact map when € = 0. Let

(VE)"Hn)

1
+2 d
R = Vi)

be the time needed by an orbit of the unperturbed system with initial condition (0, £y) €
% to reach ©F. In the unperturbed case, the orbit with initial condition (0,y) € ¥+ has
period

2
z, h=Hy(0,+y) = % (5.2.15)

a*(+y) =

aly) = a’(y) +a” (~y). (5.2.16)
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Then the Poincaré impact map when ¢ = 0 is defined in the whole X, and can be written
as

Po(yo,to) = (Yo, to + a(yo)). (5.2.17)

Thus, if € is small enough, the perturbed trajectories starting at ST cross OF again. The
Poincaré impact map is well defined, and is as smooth as the flow restricted to S* and
ST

Note that in the symmetric case, V*(z) = V~(—x), a™(y) = a~ (—y) is half the period
of the unperturbed periodic orbit with initial condition (0,y) € T,

5.2.3 Coefficient of restitution

As the name of the previous map suggests, it is typically used to deal with systems with
impacts, as is the case of the mechanical example of section 5.5. In order to include the loss
of energy at the impact, one considers a coefficient of restitution, r € (0, 1], that reduces
the velocity, y, at every impact. More precisely, if a trajectory crosses Y transversally at
some point (0,yg) at t = tp, then the state is replaced by (0,ryg) at a later time ¢4 to
proceed with the evolution of the system. In other words, the system slides along ¥ from
(0,y5) to (0,ryp) during time t4 — tp and

y(ta) = ry(ls). (5.2.18)

For the rest of this article we will assume that the loss of energy is produced instanta-
neously and hence t4 = tg. Thus, there is no sliding along > and the trajectory jumps

from (0,yp) to (0,7yp).

Clearly, when such a condition is introduced to a system of the type (5.2.2), the
unperturbed system (¢ = 0) is no longer conservative, the origin becomes a global attractor
and none of the conditions C.1-C.5 hold. In particular, the orbits with initial conditions
on the unstable manifolds W*(27) and W*(2*) tend to the origin and can not intersect
the stable manifolds W#(z") and W*(z7), respectively (see Fig. 5.3).

Although periodic orbits surrounding the origin are not possible for the unperturbed
case if r < 1, they may exist if ¢ > 0. However, roughly speaking, as these orbits will
have to overcome the loss of energy, the magnitude of the forcing can not be arbitrarily
small. We will make a precise statement of this fact in §5.3.2 (see also [Hog89]).

To study the existence of periodic orbits we will use again the impact map, which can
also be defined for r < 1 as (see Fig. 5.4)

P..(yo,t0) := R, 0 P~ o R, o P (yo, to) (5.2.19)

3 3

where
R, (y0,t0) = (1Yo, o).
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Z+

W (=)

Yy
WH(z7) \~<

.
% //
"~

S-l—

wez) |27

Figure 5.3: Stable and unstable manifolds of system (5.2.2) for » < 1 and ¢ = 0.
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S xr S+

P. . (yo, to) /‘>R,~ (0, to)

P \
P

RT<

Figure 5.4: Impact map for r < 1 and € > 0.

Note that J—Z’m is as smooth as the flow restricted to S¥, since it is the composition of
smooth maps.

Using Egs. (5.2.15) and (5.2.16), the impact map, 15”, for e = 0 and r < 1 can be
written as

Po,r(yo, to) = (7‘2y0, to+at (yo) + of(—ryg)) ) (5.2.20)

Note that, for any € > 0,

P. 1(yo,t0) = P(yo, to)-

5.2.4 Some formal definitions and notation

Up to now, we have considered separately the solutions of system (5.2.2) in ST and
S~until they reach the switching manifold 3. Given an initial condition (xg, yo,to), one
can extend the definition of a solution, ¢(¢;to,xo, Yo, €,7), of system (5.2.2),(5.2.18) for
all t > ty by properly concatenating ¢ or ¢~ whenever the flow crosses ¥ transversally.
Depending on the sign of xq, one applies either ¢* (¢; tg, g, yo, €) or ¢~ (t; to, To, Yo, €) until
the trajectory reaches X, and then one applies (5.2.18). If zy = 0, one proceeds similarly
depending on the sign of yo. This is because & = y + O(¢) is always an equation of the
flow and the orbits twist clockwise.

In this work, we will mainly use solutions with initial conditions (0,o,%) € $*. In
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Yy nt
(?JO; tO) (ys T to,r)
\ (yg,ﬂ g,r)
S™ ST
’Zg_ ﬁ/ -
2 ¥

S

(y2,.t2,)
( 1 1

ys,r? e,r

)

Figure 5.5: Sequence of impacts for » < 1 and € > 0.

that case, we define the sequence of impacts

Wit ) = {

with (yg,w tg,r) =
(5.2.21) will be finite if the flow reaches ¥ a

For the unperturbed case, for any point (0,0, to) € LT,

(T yo’t6r1+a (
( ryo,tf)rl#—oﬁ

(Yoo o) = {

where a® are defined in Eq. (5.2.15).
Once the impacts (y.,.
system (5.2.2),(5.2.18) with initial condition

R, o P (yL,
R OP+(y€r17tzZsr1) 1fyl 1>O ’

t,.) are defined,

(0,92,,t.,) (see Fig. 5.5), if they exist, as

1tz 1) lfyZ 1<O

r7e,r

(5.2.21)

(o, to) and P* defined in (5.2.10) and (5.2.12). Notice that the sequence

finite number of times only.
the sequence (5.2.21) becomes

“lys)) ifi > 2 even

o)) ifi>1o0dd ° (5.2.22)

(r'

the solution of the non-autonomous
(0,90, t0) € LT is given by

T (t:t2.,0,y2,€) if t2, <t <t
o(t;t0, 0,90, 8,7) == L i>0. (5.2.23)
O (L2, 0,25 e) a2 <t <#ZF

Note that in the case when the number of i
time to be infinitely long.

mpacts is finite, we take the last interval of
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In the rest of the chapter we will generally distinguish between the conservative (r = 1)

and dissipative (r < 1) cases. We will omit the parameter r in the flow ¢ whenever we
refer to r = 1.
Note that we have only defined the solution of the system for an initial condition (0, yo, to) €
>+, Given (0,0, o) € ¥, one defines similarly this solution by just properly shifting the
subscripts of ¢ in (5.2.23). In addition, it is possible to extend precisely this definition to
an arbitrarily initial condition (zg, yo, to)-

As is usual when dealing with Hamiltonian systems, we will use the unperturbed
Hamiltonian to measure the distance between states. In addition, as we are dealing with
a perturbation problem, we will frequently use expansions in powers of €. In this case,
the integral of the Poisson brackets of the Hamiltonians H;, and H, typically provides a
compact expression for the linear terms in €. Given m > 1, (0, 4o, to) € St and its impact
sequence (0,2 ,,t%,), 0 < i < 2m, for the piecewise-smooth system (5.2.2),(5.2.18) when
r < 1, we introduce

t2n
/ {H07H1}(¢<t;t07ouy0757r)7t) dt
t

0

mol (e -
= (/ {Hy H} (o7 (452,0,92,¢), 1) dt (5.2.24)
£
+/t§. {Hy, Hy } (o (68271,0,420 e),t) dt)

where {Q (z,y), R (x,y)} = %—g‘g—g - %—g‘g—lj is the canonical Poisson bracket of the Hamil-
tonians ) and R.

2m.
e,r)

The next Lemma provides an expression for Hy ((b (t to, 0, Yo, €, r)), which we will

use below.

Lemma 5.2.1. Let m > 1 and (0,0, t0) € XF, and let <O7y2,r7ti,r>7 i=0,...,2m, be its
associated impact sequence as defined in (5.2.21). Then,

2«/.21%

H0(07 y??) - HO (07 Z/O) = 7’2 [8/ | {H07 Hl} <¢ (ta tOv 07 Yo, €, 7’) 7t) dt
to

(5.2.25)

2m—1

5 (o) (o22))]

=0

Proof. The proof of this Lemma comes from a straightforward application of the funda-
mental theorem of calculus to the smooth functions Hi (¢ (t;to,0, %yo,€)), using the
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fact that

H0(07 y??) - HO (T¢ (t?:;r:}) t07 07 Yo, €, 7"))
= TQHO ((b (tzzfu tOv 07 Yo, €, 7’)) )

taking into account the intermediate gaps induced by the impact condition (5.2.18) and

that
d
EHS[ (qﬁi (t;t, x*,y*,s)) =c {H&L, Hli} (¢i (t;t*, ", y*,s))

for any (z*,y*) € ST UX* and t > t* such that ¢~ (¢;t*, 2%, y*,¢) € S*. O

The following Lemma gives us an expression for the expansion in powers of ¢ of
Ho(0,y27) — Hy (0, yo), which we will use in §5.3.

Lemma 5.2.2. Let m > 1 and (0,0, t0) € XF, and let (0,9%,,tL,),1=0,...,2m, be its
associated impact sequence as defined in (5.2.21). Then, if € ~ 0, the Taylor expansion
of expression (5.2.25) becomes

2
H0(07 y??ﬁ) - HO (07 yO) = y_O(TAm - 1) + gGm(yovtO)

2 (5.2.26)
+0(e*) + O(e (r — 1))
where 40)
Gm(yo,tg) = / {HQ,Hl}(¢ (t; 0,0,?/0,0),t+t0) dt (5227)
0

and o(yo) is given in (5.2.16).

Proof. The zero order term in € of the expansion is found by noting that, if ¢ = 0, from
) i+1
expression (5.2.22), one has Hy(0,p,) = Ho(0, %) Hence all the terms in the sum of

T

Eq. (5.2.25) cancel each other except for the first and the last one. This, in combination

with the fact that Hy(0,y) = %, gives the first term in Eq. (5.2.26). For the linear term
in €, one first obtains

0

2m
TQ[/ {H07H1}(¢ (t;t0a07y0707r)7t) dt
t

2m—1

NG (d% (Ho ((yi,mtér)))|ao>

=1

Then, by applying Eq. (5.2.20) m times, one has that 27 =t + ma(ye) + O(e). Thus,
by expanding this for » near 1 and ¢ near 0 and noting that the unperturbed flow is
autonomous and hence ¢(t; g, 0,yo,0) = ¢(t — t0; 0,0, 40, 0), one gets expression (5.2.27).

]
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Remark 5.2.1. If in Eq. (5.2.27) we take a(yo) = “L, then we recover the classical
Melnikov function for the subharmonic orbits [GH83] with the modified integral (5.2.24).

5.3 Existence of subharmonic orbits

5.3.1 Conservative case, »r = 1: Melnikov method for subhar-
monic orbits

Let us consider system (5.2.2) neglecting the loss of energy at impact (r = 1in Eq. (5.2.18)).
According to C.1-C.5, for ¢ = 0, this system possesses a continuum of periodic orbits, A,
in Eq. (5.2.7), surrounding the origin. Our main goal in this section is to investigate the
persistence of these orbits when the (periodic) non-autonomous perturbation is considered
(¢ > 0). The classical Melnikov method for subharmonic orbits, which here, in principle,
does not apply, provides sufficient conditions for the persistence of periodic orbits for a
smooth system with an equivalent, smooth, unperturbed phase portrait.

The period of the orbits A. tends to infinity as they approach the heteroclinic orbit.
More precisely, if ¢.(t) is the periodic orbit satisfying ¢.(0) = (0,yo) with Hy(0,v0) = c,
its period a(yp) tends to infinity as ¢ — ¢; (see formula (5.2.16)). As we are interested in
finding periodic orbits for 0 < ¢ < 1, we will use the unperturbed periodic solutions as
e-close approximations to them. In general, such perturbation results are valid only for
finite time and therefore, from now on, we will restrict ourselves to a set of the form

st={0ynesto<y<e}, (5.3.1)

for a fixed ¢ satisfying 0 < & < v/2¢;. Note that, if (0,0,t) € X7 then a(yp) is uniformly
bounded (a(yy) < «(¢)). However, following [GH83], it is also possible to extend the
method for all the periodic orbits up to the heteroclinic connection.

To look for periodic orbits we will use the impact map defined in (5.2.14). In terms of
this map, a point in U C >t will lead to a periodic orbit of period nT if it is a solution
of the equation

P (Yo, to) = (Yo, to + nT), (5.3.2)

for some m. We take m to be the smallest integer such that (5.3.2) is satisfied. In that
case, ¢ (t;to,0,y0,¢) will be a periodic orbit of period nT', which crosses the switching
manifold ¥ exactly 2m times. We will call this an (n, m)-periodic orbit. Then for (n, m)-
periodic orbits with ¢ > 0 we have the following result analogous to the smooth case

Theorem 5.3.1. Consider a system as defined in (5.2.2) satisfying C.1-C.5, and let
a(yo) be the function defined in (5.2.15)-(5.2.16). Assume that the point (0, o, to) € X3
satisfies
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H.1 ofy) = 2T, with n,m € Z relatively prime

H.2 ty € [0,T] is a simple zero of
nT
M () = / (Ho, Hi} (qu(£), £ + to)dt, ¢ = Ho(0, o), (5.3.3)
0

where q.(t) = ¢ (t;0,0, 7o) is the periodic orbit such that a(f) = "L

ol
Then, there exists €y such that, for every 0 < e < gy, one can find y; and t; such that
o(t; 15, 0,95, €) is an (n, m)-periodic orbit.

Proof. The proof of the result comes from a straightforward application of the implicit
function theorem to equation (5.3.2). Let us fix n and m relatively prime. We replace
equation (5.3.2) by

Hy (07Hy0<Pgn(y07t0))) _ H0(07y0> — 0 ) _ (534)
IL, (P (40, o)) to+nT 0
That is, we use the Hamiltonian H, to measure the distance between the points
(0, Iy, (P (o, t0))) and (0, o).
Using the second equation in (5.3.4) we have
Iy, (P" (4o, t0)) = Iy (¢(to + nT' 10,0, 50, €))
0 Ha: (¢ (tO_l_nT;thO)ymE))‘

This allows us to rewrite Eq. (5.3.4) as

S LD I )

We expand Eq. (5.3.5) in powers of . Using Eq. (5.2.17), the second component of (5.3.5)
becomes
Iy, (P (Yo, to0)) — to — nT = ma(yy) —nT + O(e) =0, (5.3.6)

where a(yp) is the period of the periodic orbit ¢.(t), ¢ = Hy(0, 1), given in Eq. (5.2.16).
On the other hand, using Lemma 5.2.2 and noting that

Hyo (Pem (yOvtO)) = ysz,Tln’

the first equation in (5.3.5) can be written as
Ho (0, 1Ly, (P (yo, t0))) — Ho(0, o)
ma(yo)
:8/ {H()aHl} (¢(tao707y070)7t+t0>dt+O(62)
0

= eG™(yo, to) + O(?).
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where G™(yo, to) is given in (5.2.27). Hence, Eq. (5.3.5) finally becomes

Fym (Yo, to, ) = ( mi?;sofog;fggg) ) - ( 8 ) , (5.3.7)

where the order in ¢ of the first component has been reduced and, thus, the implicit
function theorem can be applied to Eq. (5.3.7). Therefore, one needs

S.1 Fn,m(g07t_070) = (070)T

S.2 det(Dy, 4, F (Y0, t0,0)) # 0, where D, = D is the Jacobian with respect to the
variables yy and .

The first condition is satisfied by noting in Eq. (5.3.7) that gy has to be such that a(gy) =
% and ty a zero of the subharmonic Melnikov function

M) = G to) = [ o, E (0. ¢+t

where q.(t), ¢ = Hy(0,%p), is the unperturbed periodic orbit of period % such that
q.(0) = (0,yo), and therefore q.(t) = ¢ (¢;0,0, o, 0).
In addition, for ¢ =0, DF, ,, is given by

Pl fo0) = ( ma'ly) 0 ) |

By C.5, o/(yo) # 0, and the second condition is satisfied if ¢y is a simple zero of the
subharmonic Melnikov function, M™™(ty), which completes hypothesis H.2.

Finally, applying the implicit function theorem to (5.3.7) at (yo, to,€) = (o, to,0), there
exists 9 > 0 such that, if 0 < € < ey, then there exist unique y;(e) and t{(¢) solutions of
the equation (5.3.4), which have the form

Yo = Yo + O(e)

Hence, the orbit ¢ (¢;t5, 0, y5, €) is an (n, m)-periodic orbit, as it has period nT" and impacts
2m times with the switching manifold ¥ in every period. O]

Remark 5.3.1. The upper bound ¢y given in the theorem depends on n and m. However,
for every fixzed m, it is possible to obtain £yo(m), such that for e < eo(m), we can apply
the theorem for all n such that a‘l(%) € ig. This is because the approximation of the
perturbed flow by the unperturbed periodic orbit is performed m times beyond the period
of the unperturbed periodic orbit.
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Remark 5.3.2. The proof of the result provides us with a constructive method to find the
initial condition for nT-periodic orbits for e > 0.

8.1 Given n and m, find 3o such that (o) = =T using Eq. (5.2.16).
S.2 Find to such that M™™(tg) has a simple zero at to = to.
S.3 Use (io,to) as seed to solve Eq. (5.3.4) numerically.

Lemma 5.3.1. The subharmonic Melnikov function (5.3.3) is either identically zero or
generically possesses at least one simple zero.

Proof. The proof comes from the fact that M™™(ty) has average

1 T
< Mn’m<t0) >= —/ Mn’m<t0)dt0
T Jo

equal to zero.

1 T nT
< M™™(tg) > = T/ / {Ho, Hy} (qo(t), t + to) dtdty
0 0

1 nT pT
— [ e o+ ) da
0 0

nT

= {Ho, < H1 >} (qc(t))dt.

Recalling that a(yo) = 25 (see (5.2.15)-(5.2.16)) and letting
qzr<t) ¢+(t;0707y070)
¢ (t) = ¢ (" (1), 0, =40, 0),
< M™™(ty) > can be written as

nT

m (/a%) (HE, < HY >} (g7 (6)) dt + /’” (Hy. < Hy >) (g (1)) dt)

T (yo)

ot (yo) At

ot (yo) o
([ e wonacs [ 4> @)
:_m(<H;>@yamm»—<Hf>@ﬂm>

+ < Hy > (q: (%) — < Hy > (g (a*(yw))) =0.

]

Note that, if M™™(tq) = 0 then a second order analysis is required to study the
existence of periodic orbits.
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5.3.2 Dissipative case, r < 1

We now focus on the situation when the coefficient of restitution r introduced in §5.2.3
is considered. As already mentioned, for ¢ = 0 the origin is a global attractor and hence
none of the periodic orbits studied in the previous section exists if the amplitude of the
perturbation is small enough. However, as was shown in [Hog89] for the rocking block
model, for € large enough an infinite number periodic orbits surrounding the origin can
exist. This was studied analytically and numerically for the rocking block model under
symmetry assumptions for the particular case m = 1. Here, our goal is to relate the pe-
riodic orbits existing for the dissipative case to those which exist for » = 1 in the general
system (5.2.2),(5.2.18). As will be shown below, all the periodic orbits given by Theo-
rem 5.3.1 can also exist for the dissipative case, when r» < 1 is small enough compared
with € > 0. In other words, we generalise in this section the result presented for the
conservative case.

As in §5.3.1, in order to obtain the initial conditions of a (n,m)-periodic orbit for
r < 1, one has to solve the equation

P!,Z"(ZUOJ t(]) - (y(]? tO + nT)a (538)

where Pavr, is defined in Eq. (5.2.19). The next result states that, under certain conditions
regarding r and ¢, Eq. (5.3.8) can be solved.

Theorem 5.3.2. Consider system (5.2.2),(5.2.18). Let (0,70,t) € XF be such that
a(yo) = %, with n and m relatively prime, and ty a simple zero of the subharmonic
Melnikov function (5.53.3). There exists p such that, given £,7 > 0 satisfying 0 < g < p,
there exists &g such that, if e = &6 and r = 1 — 76, then Y0 < § < &y there exists (yg,t5)
which is a solution of Eq. (5.3.8). Moreover, y5 = o+ O(9), t& = 1o +O(§) +O(7/€) and

the solution (yg,t5) tends to the one given in Theorem 5.8.1 asr — 1~

Proof. As in the conservative case, we use the unperturbed Hamiltonian to measure the
distance between points in 3. Then, Eq. (5.3.8) can be rewritten as

el ) (5 ()

As in Theorem 5.3.1, we proceed by expanding this equation in powers of € and r — 1
using (5.2.26) and (5.2.27) obtaining

i

7( - )+€G (yo,to)+0( )+ O(e(r — 1))
:(0) (5.3.10)
*(r%yq +Zoz r**lyg) + O(e) — nT 0 )" o

S
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Note that, for r = 1, Eq. (5.3.10) becomes Eq. (5.3.5).
We are interested in studying Eq. (5.3.10) when 1 —7 and ¢ are both small. Therefore,
for € > 0 and 7 > 0 we set
e=¢&0, r=1-—r9, (5.3.11)

where § > 0 is a small parameter. Then Eq. (5.3.10) becomes

Fn,m(yOa tO? 6) =

(i To ) =(5)- e

We now need to apply the implicit function theorem to (5.3.12).

The first step is to solve Eq. (5.3.12) for § = 0. The second equation gives a(go) = 2L, as
in Theorem 5.3.1. To solve the first equation, we define
™ (to) = —2miys + EM™™ (o), (5.3.13)

and 7, will be given by a zero of f™™(ty). Assume now that , is a simple zero of M™™(t,).
As M™™(ty) is a smooth periodic function, it possesses at least one local maximum. Let
ty be the closest value to to where M™™ () possesses a local maximum, and assume
(M™™Y (to) # 0 for all ty between o and ty,. If (M™™)' (t5) vanishes between #, and tyy,
we then take tj; to be the closest value to f, such that (M™™)" () = 0 to ensure that
(M™™Y (o) # 0 between fy and t5;. We then define p := %%M) Then, if

T

0< < <p, (5.3.14)

3

there exists to L-close to o where f™™(ty) has a simple zero. Since o/(fo) > 0, a similar
calculation to the one in Theorem 5.3.1 shows that

det (Dﬁ’yo,to (g07%\07 0)) 7é 07

and hence we can apply the implicit function theorem near (yo,to,8) = (7o, to, 0) to show
that there exists dg such that, if 0 < 0 < dg, then there exists

(Wo: t5) = (Mo, to) + O(8) = (o, to) + O(5) + O(7/2)

which is a solution of Eq. (5.3.8).
This solution tends to the one given by Theorem 5.3.1 when 7 — 0% . This is a natural

consequence of the fact that ]52;, uniformly tends to P" asr — 1. m

Remark 5.3.3. In order to determine p in (5.5.14), we have imposed ty; to be the local
maximum of the Melnikov function closest to its simple zero, to. Instead, one could also
use the absolute maximum so increasing the range given in Eq. (5.3.14). However, in this
case, the values where (M]"™)' (o) = 0 have to be avoided to ensure that the desired zero
of f™(to) is simple.
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Remark 5.3.4. Arguing as in Remark 5.5.1, for every m fized, the constant do(m) can be
taken such that if & < do(m), there exist periodic orbits for all n such that a(%X)~1 € 3.

n
m

5.4 Intersection of the separatrices

We now focus our attention on the invariant manifolds of the saddle points of sys-
tem (5.2.2),(5.2.18) when € > 0. As explained in §5.2, for ¢ = 0, there exist two het-
eroclinic orbits connecting the critical points 2z* if 7 = 1 (see Fig. 5.1) whereas, if r < 1,
the unstable manifolds W*(2*) spiral discontinuously from 2* to the origin and W#(z*)
becomes unbounded (see Fig. 5.3). As we will show, in both cases, heteroclinic orbits
may exist for the perturbed system.

For a smooth system with Hamiltonian Ko(z,y) + eKi(x,y,t), the persistence of ho-
moclinic or heteroclinic connections is achieved by the well known Melnikov method which
states that if the Melnikov function

+oo
M(to) = / (Ko, K} (6 (t 0, 20, 0) . £ + to) dt.

[e.9]

with 29 = (z9,90) € W*(27) = W*(z"), has a simple zero, then the stable and unstable
manifolds intersect for ¢ > 0 small enough (see [GH83]).

In this section we will modify the classical Melnikov method and we will rigorously prove
that it is still valid for a piecewise-smooth system of the form (5.2.2), even if r < 1.
There exist in the literature several works where this tool has been used in particular
piecewise-smooth examples, [Hog92, BK91]. Theorem 5.4.1 generalises the result stated
in [BK91] where the Melnikov method is shown to work, although the proof there is not
complete.

The homoclinic version of a piecewise-defined system with a different topology was stud-
ied in [Kun00, Kuk07, BF08, DZ05, XFR09]. However, as noted in the Introduction, the
tools developed there do not apply for a system of the type (5.2.2).

We begin by discussing the persistence of objects for ¢ > 0 and r < 1. It is clear
that by separately extending the systems X" + e X to R? x T, where T = R/T, we get
two smooth systems for which the classical perturbation theory holds. It follows then
that, as 2z are hyperbolic fixed points, for ¢ > 0 small enough there exist two hyperbolic
T-periodic orbits, AX = {zF(7);7 € [0,T]}, with two-dimensional stable and unstable
manifolds W**(AL).

As the system is non-autonomous, we fix the Poincaré section

@to = {<x7y7t0)7 (:c,y) S RQ};
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Figure 5.6: Section of the unperturbed and perturbed invariant manifolds for ¢ = ;.

and consider the time 7" stroboscopic map
Hto . ®t0 — ®t0+T7

where
1_[150 (Z) = ¢<t0 + Ta th Z, €, 7n)

and ¢ is defined §5.2.4.

This map has 2 (ty) as hyperbolic fixed points with one dimensional stable and unstable
manifolds (curves) W% (2£(ty)) (see Fig. 5.3). Proceeding as in [BK91], we fix the section
Y defined in (5.2.1) and study its intersection with the stable and unstable manifolds
W(zZ (to)) and W#(zX (to)). In the unperturbed conservative case (¢ = 0 and r = 1),
WH(z~) and W*(z") intersect transversally ¥ in a point z;. The perturbed manifolds,
W(zZ (to)) and W*(zF(to)), intersect X at points z%(ty) and z°(to) respectively, e-close
to zo (see Fig. 5.6). Recalling the effect of the coefficient of restitution (5.2.18) explained
in §5.2.3, both invariant manifolds will intersect if, for some t,, one has rz*(ty) = z°(to),
r < 1. As in [BK91] and [Hog92|, we use the unperturbed Hamiltonian Hy(z,y) to
measure the distance A(ty, e, r) between 2" and 2*

A(to, g, 7") = HQ(TZu(tQ)) — H0(25<t0)) = T2H0(Zu(t0)> — H(](Zs<to)). (541)
We then have the following result.

Theorem 5.4.1. Consider system (5.2.2),(5.2.18), and let zo = W*(zT) N X. Define the

Melnikov function
400
M(to) = {Ho,Hl} (gb (t;to,Zo,O) ,t) dt, (542)

o0
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where ( )
. _ gbi t;th 2070 th S tO
¢(ta t072070) - { ¢+(t;t0, 2070) th >t

is the piecewise-smooth heteroclinic orbit that exists for r = 1 and € = 0. Assume that
M (to) possesses a simple zero at ty. Then the following holds.

(5.4.3)

a) If r =1, there exists g > 0 such that, for every 0 < € < &g, one can find a simple
zero t§ = to + O(e) of the function A(tg,e,1). Hence, the curves W*(zZ (t)) and
We(2ZF(ty)) intersect transversally at some point, z, € X, e-close to zy € ¥, and

{¢(t7 tEk)J Zh, 5), te ]R}
is a heteroclinic orbit between the periodic orbits A7 and AF.

b) If r < 1, there exists p such that, given &, 7 > 0 satisfying 0 < £ < p, one can find &y
such that, if e = €0 and r = 1 — 79, then, for 0 < § < &g, there exists a simple zero
of the function A(tg,€6,1 — 70) of the form t =ty + O(X) + O(8). Hence, the curves
WU (22 (1)) and W*(2F(t3)) intersect X transversally at two points, ziF € ¥, satisfying
2 =20+ 0(0) and z, =z /r, such that

(LI 1]

{o(t; 15, %, 60,1 — 76), t € R}
is a heteroclinic orbit between the periodic orbits A7 and AT.

Remark 5.4.1. Note that, for r = 1, we recover the classical result given by the Melnikov
method for heteroclinic orbits extended to the piecewise-smooth system (5.2.2).

Proof. Applying the fundamental theorem of calculus to the functions
s —> Har/_ (q§+/_ (s;to, zs/“,s)) ,
we obtain
to d

Har/f (Zs/u) _ H()i(¢ (Ts/u;to,zs/u’g) _|_/ / EHSF/* ((bJF/* (S;to, ZS/U’&‘) dS) s
TS u

and then make T°/* = 4/—oco. However, the limits

lim ¢ (t;t0, 2°/* )

t——+/—00

do not exist because the flow at the respective stable/unstable manifolds tends to the
periodic orbit AF. To avoid this limit, we proceed as follows.
Given tg, we define

f-(s)=Hy (qﬁ’ (s;tg,z“,e)) — Hy (¢’ (s;to,z;(to),e)) , 8 <tg

5.4.4
fi(s) = H (¢* (sito,2°,€)) — Hy (¢7 (s3t0, 22 (to),€)) , s > to, ( )
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which are well defined smooth functions because the flow is restricted to the stable and
unstable invariant manifolds or to the hyperbolic periodic orbit and never crosses the
switching manifold 3.

Then, we write Eq. (5.4.1) as

Alto, e, 1) =17 f_(to) — f(to) + 2 Hy (22 (to)) — Hy (22 (t)) - (5.4.5)

Noting that

HE (2 (1)) = HE(5) +e DHE() 22001 o), (5.4.6)
—— —_——— e
c1 6
Eq. (5.4.5) becomes
A(to, g, T) = TQf_ (to) - f+(t0) + (7’2 — 1)01 + 0(52) (547)

We apply the fundamental theorem of calculus to the functions (5.4.4) to compute
to
f-(to) = f-(T") + [ fl(s)ds =
T’LL

f(T) —l—a/; ({H()_,Hl_} (¢_ (s;t0, 2", €) ,s)
—{Hy H} (07 (sito, = (o) <) ;) ) ds
e (5.4.8)
J+(to) = f4(T7) — fjr(s)ds =

to

£t = [ ({HGHT 6 (sit0,2%2) )

to

—{H,H} (o7 (s;t0, 27 (to) . €) , 5) )ds.

Due to the hyperbolicity of the periodic orbits AF, the flow on W/ “(A:/ ) converges
exponentially to them (forwards or backwards in time). That is, there exist positive
constants C, A and sg such that

¢+ (S;t()?ZS,g) - ¢+ (S;t()u Z;r(t())?g) ‘ < Cei)\sa Vs > S0,
and similarly for ¢~. This allows one to make T°/* — +/—oc in Egs. (5.4.8), since

lim fi(S) =0

s—too
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and, moreover, the improper integrals converge in the limit.
Now, expanding the expressions in (5.4.8) in powers of ¢, we find

to
f-(to) = 5/ {Hy,H } (¢~ (s:to, 20,0), 8) ds + O(e?)
T (5.4.9)
Folt) = ¢ [ {H HEY (6" (sito,0.0) 5) ds + O2),
to
where we have used property (5.4.6) to include the second terms in the integrals into the
higher order terms. Finally, substituting Eq. (5.4.9) into Eq. (5.4.7), we obtain

A(tg,e,7) = (1* — 1)y +eM(tg) + O(e®) + O(e (r — 1)), (5.4.10)

where M(ty) is defined in Eq. (5.4.2).

We now distinguish between the cases r = 1 and r < 1. If r = 1, we recover the classical
expression for the distance between the perturbed invariant manifolds. By applying the
implicit function theorem, it is easy to show that, if M(tg) has a simple zero at o,
then A(tg,e,1) has a simple zero at t§ = to + O(g). Thus, the curves W*(zZ (¢)) and
Ws(2ZF(ty)) intersect X transversally at some point, z, = z%(t) = 2°(t5) € X, e-close to
2o € Y. Therefore,

{o(t; t5, zn,€), t € R},

is a heteroclinic orbit between the periodic orbits AZ and AZ.

If r <1, we define € = £§ and r = 1 — 76, and Eq. (5.4.10) becomes

Alto, 85,1 — 76)
5

Then we argue as in Theorem 5.3.2. As M(ty) is a smooth periodic function, it possesses
at least one local maximum. Let t); be the closest value to ¢y where M(ty) possesses a
local maximum, and assume M'(ty) # 0 for all to between ¢y and t),. If M'(ty) vanishes
between ty and t,;, we then take t); to be the closest value to ¢y such that M'(ty) =0 to
ensure that M'(to) # 0 between #o and t);. We then define p := 290 Then, if

2c1

= —2Fc, + EM(t) + O(0). (5.4.11)

O<2<p,
19

there exists 1/6\0 g—close to ty such that
—27c; + M(tg) =0

and M’ (ty) # 0. Hence, we can apply the implicit function theorem to Eq. (5.4.11) near
the point (ty,8) = (t9,0) to conclude that there exists d, such that, if 0 < § < &y, then
one can find

t5 =1ty +0(8) = Iy + 0(0) + O(7/2)
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o’ O

ap(t)
Figure 5.7: Rocking block

which is a simple solution of Eq. (5.4.11).
Hence, arguing similarly as for r = 1, there exist two points z;7 = 25(¢§) = 20 + O(d) and
2, = 2%(t§) = z0/r + O(8)r such that z;” = rz; and

{o(t: 15, 2F, 86,1 — 76), t € R}

where
“(tito, th, 2 Jre) ift <t
O D AN
ot (tito, to, 2, e)  if >t
is a heteroclinic orbit between the periodic orbits AZ and AZX. O

5.5 Example: the rocking block

5.5.1 System equations

In order to illustrate our results, we consider the mechanical system shown in Fig. 5.7,
which consists of a rocking block under a horizontal periodic forcing given by

ap(t) =eagcos (U +0). (5.5.1)

This system was first studied in [Hou63|. The fixed angle between one side of the block
and the diagonal through the mass centre is denoted by a. When there is rotation, the
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angular displacement from the vertical is given by axz. Then, the equations that govern
the motion of the bock, after a time scaling, are given by

a + sign(z) sin(a(1 — sign (z) x)) =
— aecos (a (1 — sign (x) x)) cos (wt) (5.5.2)
B(th) =ri(ty)  (v=0)

where w = /32Q (see for example [YCP80, SK84, Hog89] for details).
g

The last equation, (5.5.3), simulates the loss of energy of the block at every impact with
the ground, as described in §5.2.3 and the function

) 1 ifx>0
sign(z) = 1 iz <0 (5.5.4)

distinguishes between the two modes of movement: rocking about the point O when
x > 0 or rocking about O when z < 0. Hence equations (5.5.2)—(5.5.4) are piecewise-
smooth, conditions C.1-C.5 are satisfied and so results from previous sections can be
applied. However, as our purpose is to compare with [Hog89], we will consider the the
terms linear in « of Eq. (5.5.2) instead, which will permit us to perform explicit analytical
computations. This linearization is equivalent to the assumption that the block is slender
[Hog89]. Thus, the system that we will consider, written in the form of Eq. (5.2.2), is

T =y .

= 1 = cos (wt)} if x >0 (5.5.5)

T =y .

Jmr 1 ccos (wt)} ifx <0 (5.5.6)
y(th) =ry(ty) (z=0), (5.5.7)

where the perturbation becomes a smooth function due to the linearization.
If r =1, system (5.5.5)-(5.5.6) can be written in the form (5.2.5) using the Hamiltonian
function

H.(z,y,t) = Ho(x,y) + eHy(x,1), (5.5.8)
where , )
% — % +ax,ifx >0
H0<x7y) = 2 132 (559)
y_r_ x,ifx <0

)
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and
Hi(z,t) =z cos (wt) (5.5.10)

is a C'* and T-periodic function, with T' = 27 /w.

In addition, when € = 0, conditions C.1-C.5 are fulfilled, and the phase portrait for the
system (5.5.5)-(5.5.6) is equivalent to the one shown in Fig. 5.1. That is, it possesses an
invisible fold-fold of centre type at the origin and two saddle points at (1,0) and (—1,0)
connected by two heteroclinic orbits.

Furthermore, the origin is surrounded by a continuum of periodic orbits whose peri-
ods monotonically increase as they approach to the heteroclinic connections. This can
be shown as follows. Using Egs. (5.2.15) and (5.2.16), the symmetries of the Hamilto-
nian (5.5.9) and assuming yo > 0, these periods are given by

1—4/1-y2 1
a(yo) = 4/ dr =
0

VY + 12— 2z

1+ yo)
=2In , 5.5.11
<1—yo ( )

and hence o/(y) > 0.

5.5.2 Existence of periodic orbits

We first study the persistence of (n, m)-periodic orbits for » = 1 in Eq. (5.5.7) by applying
Theorem 5.3.1. The subharmonic Melnikov function (5.3.3) becomes

M™™(ty) = — /On I, (qc(t)) cos(w (t + to))dt, (5.5.12)

where ¢.(t) is the periodic orbit of the unperturbed version of system (5.5.5)-(5.5.6) with
energy level ¢ = %" satisfying ¢.(0) = (0, 7o) and

nT
nl’ ezm — 1
go=a ! <E> = . (5.5.13)

We now want to obtain an explicit expression for Eq. (5.5.12). Thus we first note that
the solution of system (5.5.5)-(5.5.6) with initial condition (z¢,yo) at t = ¢, is given by

J}i(t) _ Citet + Céte—f +1 (5.5.14)
yi(t) — Cli t C;@it, (5515)

where X 1 1
Oli _ ) Yo + €_t0, CQi — Meto‘ (5516)
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As explained in §5.2.4, the superscript + is applied if g > 0 or g = 0 and yg > 0, and
the superscript — otherwise.
Assuming xg = 0 and yp = o > 0, it can be shown that

T
Cret — Che™, if0<t< Z—

I, (q.(t)) = m (5.5.17)
—Chel Bm 4 Cpe tHimif E <t< g
2m m’

where _ 1 _ 1
Yo Oy = Yo '

i =
! 9 2

(5.5.18)
Thus, Eq. (5.5.12) becomes

nT

m—1
2m T
M™™(t E (/ C’le — Che™ t) cos <w (t+t0+j%)>dt
j=

nT

W n mn T
+ / (—Clet_% + Cge_”%) CoS (w (t + 1o +jn—)) dt)
nT m

2m

and, after some computations, we have

4 (wty), ifm=1
cos (wtg), itm=
M™™(tg) =4 w41 ° (5.5.19)

0, ifm>1.
As M™'(ty) has two simple zeros, {{ = T and & = 2L, by Theorem 5.3.1, if ¢ > 0
is small enough, the non-autonomous system (5.5.5)-(5.5.6) possesses two subharmonic
(n, 1)-periodic orbits. In addition, the initial conditions of these periodic orbits are e-close
to

nT
(0, 50, ) = (0, % %) (5.5.20)
and i
(0, 5o, t5) = (0, ﬁ %), (5.5.21)
respectively.

Proceeding as in Remark 5.3.2, one can solve Eq. (5.3.2) numerically with m = 1 and
find the initial conditions for such a periodic orbit. In Fig. 5.8 we show the results for
n = 5. Both periodic orbits are obtained by using the points given in Eqgs. (5.5.20) and
(5.5.21) to initiate Newton’s method. Then, following the solution, € was increased up to
e = 1.6565 - 1072

Since the subharmonic Melnikov function is identically zero, nothing can be said about
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Figure 5.8: Periodic orbits forn = 5and m =1, r = 1, w = 5 and € = 1.6565 - 1072
Their initial conditions are e-close to the points given in Egs. (5.5.20) and (5.5.21).

the existence of (n,m)-periodic orbits with m > 1 (ultrasubharmonic orbits), using the
first order analysis given in this work.
However, if instead of (5.5.10) one considers the perturbation

Hy(z,t) = z (cos (wt) + cos (kwt)) ,

then, it can be seen that the corresponding Melnikov function possesses simple zeros for
m = k and n relatively prime odd integers. Thus, periodic orbits impacting m > 1 times
with the switching manifold can exist if higher harmonics of the perturbation are consid-
ered.

Let us now introduce the energy dissipation described in §5.3.2 and consider the whole
system (5.5.5)-(5.5.7) with r < 1 using the Hamiltonian perturbation (5.5.8). From
Theorem 5.3.2, simple zeros of the Melnikov function (5.5.19) also guarantee the existence
of (n, 1)-periodic orbits when 1 — r is small enough compared to €. More precisely, taking

e=2¢80, r=1-r70, (5.5.22)
condition (5.3.14) becomes
o1 (o4 2
2
0<l<= (enT i > M™L(t2) = p, (5.5.23)
€ 2\e2 —1
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Figure 5.9: (5,1)-periodic orbits for w = 5 and £ = 0.07. Following the obtained solu-
tion, the perturbation parameter § has been increased up to its maximum value. Initial
conditions close to (7o, %) and (7o, £2) have been used in (a) and (b), respectively.

where M™(ty) = M™ (L) = w;il is the maximum value of the Melnikov function (5.5.19).
Then, according to Theorem 5.3.2, there exists an (n, 1)-periodic orbit if § > 0 is small
enough. The initial condition of the periodic orbit is located in a d-neighbourhood of the

point (o, Yo, to) = (0, 7o, to), where § is defined in Eq. (5.5.13), such that
a(yo) = nT

and 7 is given by the simple zeros of Eq. (5.3.13), which becomes

—2F9e + EM™ (ty) = 0. (5.5.24)
Hence we find
2

1 w41 fe% -1\ 7 T

0 = _arccos | —— (enzT+1> z +(Z_1)§’ i=1,2. (5.5.25)
As before, if we set n =5 and w = 5, then expression (5.5.23) becomes
0< L <0.0914. (5.5.26)
€

Hence, for any fixed ratio £ satisfying (5.5.26) there exist two points, (o, 1), 1 = 1,2,
such that, if 0 is small enough, Eq. (5.3.10) possesses a solution d-close to them. Such a
solution is an initial condition for an (n,1)-periodic orbit of system (5.5.5)-(5.5.7), with
r=1—70 and € = &J.

In Fig. 5.9 some of these orbits are shown for one value of the ratio g satisfying (5.5.26).
Two different periodic orbits are shown, whose initial conditions are d-close to (%o, %) and
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@0,?{2)). In both cases, § tracks the solution, up to values where solutions of Eq. (5.3.9)
can no longer be found. These values are used in the simulations shown in Fig. 5.9. Note
that, above the limiting value of the ratio given in (5.5.26), no (5, 1)-periodic orbits were
found for w = 5 for any value of 4.

5.5.3 Existence curves

We now derive existence curves for the (n, 1)-periodic orbits (n odd) and compare them
with results obtained in [Hog89].

By integrating the linearized system and imposing symmetry conditions on the orbit, an
explicit expression for the existence of (n, 1)-periodic orbits in the r-¢ plane was obtained
in [Hog89], namely

(1+w?) R (1—cosh (%))

5min(R) - 2 2
VJw?sinh? (1) B2 4 (2 = R)? (1 + cosh (1))

, (5.5.27)

2

where R = 1 — r. This exact global formula provides, for every n and r, the minimum
value of the amplitude of the perturbation €,,, such that a (n, 1)-periodic orbit exists.
Unlike in [Hog89], we obtain similar curves in the ¢ plane by applying Theorem 5.3.2.
As the existence of such orbits in Theorem 5.3.2 is proven using the implicit function
theorem, the existence of these orbits is valid only locally. Hence, such existence curves
are obtained by numerical continuation of the local periodic orbits. However, our method
is more general; it does not depend on the details of the system, the type of perturba-
tion or any symmetry assumptions. Moreover, it can also be applied when considering
ultrasubharmonic periodic orbits (m > 1) as long as the hypothesis of Theorem 5.3.2 are
fulfilled.

The limiting condition provided by Theorem 5.3.2 is given in Eq. (5.5.23). Thus, for
a given r close to 1 (that is, 70 close to 0), it is natural to fix 7 and minimize € by
maximizing the ratio in (5.5.23), setting == = g—g =L = p. As can be seen in Fig. 5.10
this curve, which is the straight line

1 —7r=pe,

is very close to the one obtained in [Hog89|, given by (5.5.27).

One might think that these two curves should be identical due to the fact that the sys-
tem appears to be linear in € and piecewise-linear in z. Nevertheless, it is important to
emphasize that the system solutions are in fact nonlinear in e, since it is necessary to
solve a nonlinear equation for the time when the solution crosses the switching manifold.
Therefore, the curve 78—" = p, obtained using Melnikov theory, is not identical to the one
obtained in [Hog89], but both curves are very close when ¢ is small (see Fig. 5.10).
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As our method applies to general systems, the existence of periodic orbits given by

7

Theorem 5.3.2 is only valid for § < dy = 50(2). Moreover, dy tends to zero as & — p, as
it is derived from the implicit function theorem. This is because, as £ — p, the solution
to which solves Eq. (5.5.24), tends to tj;, where tj; is a maximum of M™!' and hence
(M™Y (tar) = 0. Therefore, as f, approaches ¢y, the domain of validity provided by the
implicit function theorem tends to zero, and thus so does &y (6 = O ((M™')'(fo))). As a
consequence, it is not possible to find §* = dy(p) > 0 such that for any § < ¢* we could
apply Theorem 5.3.2 to obtain periodic orbits. Hence, the condition g = p can not be
used to derive a limiting relation between r and ¢ if we use a first order perturbation
theory as in the Melnikov approach. Instead, we proceed as follows.

We first fix n odd and w > 0. Then, for every ratio 0 < g < p, we increase 0 from 0 to dgy
by numerically following the solution obtained using as initial condition one of the values
provided in Eq. (5.5.20) or (5.5.21). This results in a curve in the r-¢ plane parametrized
by the ratio g

As our result is only locally valid, in order to compare it with [Hog89] we have to check
whether both curves are tangent at the origin. From (5.5.27) we easily obtain

ot 2
o) = 15 ( - 1) -,

eg—i-l p

which, by the inverse function theorem, tells us that both curves are tangent at the origin.

In Fig. 5.10, we show an example for n = 5 and w = 5 using initial conditions
near (5.5.20). As can be seen, the expression derived from Theorem 5.3.2 (black line)
provides, for every value of r, both the maximum and minimum values of ¢ for which
a (5, 1)-periodic orbit exists, according to our method. The lower boundary derived in
[Hog89], (Emin(-))"X(€) is also shown (dotted line). As demonstrated above, both curves
are tangent at the origin, with slope equal to p. Note, however, that the minimum value
does not coincide with the line 1 —r = pe, although their difference tends to zero as r — 1.
This confirms that one can not derive the minimum value of ¢ from condition (5.5.23) for
every fixed 7.

5.6 Conclusions

In this chapter we have extended the classical Melnikov methods, for subharmonic orbits
and homoclinic/heteroclinic connections, to piecewise-defined Hamiltonian systems with
a piecewise-defined periodic Hamiltonian perturbation. We rigorously prove that, when
the unperturbed system has a piecewise-continuous Hamiltonian, the classical method
also holds. In this case, simple zeros of the modified classical and subharmonic Melnikov
functions guarantee the existence of subharmonic orbits and heteroclinic connections, re-
spectively, in the perturbed system. We have also considered the case when the solution
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Figure 5.10: Existence curves of a (5,1)-periodic orbit for w = 5. Expression derived
from Theorem 5.3.2 (black line), expression for ey, derived from [Hog89] (dotted line)
and 1 —r = pe (dashed line).



CHAPTER 5. MELNIKOV METHODS 105

trajectories are discontinuous at the switching manifold, as in the case of an impacting
system with energy loss represented by a coefficient of restitution. In this case, the unper-
turbed system has the origin as a global attractor. We have shown that the same results
hold when this restitution coefficient is small enough with respect to the amplitude of the
periodic perturbation.

In addition, our method provides a constructive way to find initial conditions for subhar-
monic orbits. In this way, we have found periodic orbits in the rocking block problem
[Hog89]. We have also numerically obtained existence curves for these periodic orbits,
and we have compared them with those given in [Hog89].

Future work should consider an extension of the method to quasi-periodic or almost-
periodic perturbations. In [MS89] the authors present a generalization of the Melnikov
method for this class of perturbation to smooth systems to show that the perturbed
system has homoclinic trajectories. The Poincaré stroboscopic map is not a suitable
tool for the systems treated in [MS89], as is the case for the periodic perturbations for
piecewise-smooth systems that we have considered here. Hence, we believe that the
results presented here can also be extended to quasi-periodic perturbations by the use of
the impact map.
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Chapter 6

The scattering map in two-coupled
piecewise-smooth systems

6.1 Introduction

As explained in the introduction of this thesis, in this chapter we study the persistence of
invariant manifolds for a system given by the cross product of two of the systems studied
in chapter 5 when considering a small Hamiltonian perturbation which couples both sys-
tems and introduces a periodic forcing. This chapter is organized as follows.

In section 6.2 we introduce and describe the system and its invariant objects before the
perturbation. In section 6.3 we introduce the essential tools, formulas and technical
results which will allow us to rigorously prove the persistence of invariant manifolds (sec-
tion 6.3.6), the existence of heteroclinic transversal intersections (section 6.4.1) and to
define and provide first properties of the scattering map (section 6.4.2).

6.2 System description

6.2.1 Two uncoupled systems

In this work we consider a non-autonomous dynamical system formed by coupling two
piecewise-defined systems in R? through a non-autonomous periodic perturbation. We
first define these two systems.
Let us split R? in the two sets,

St ={(q,p) eR*|¢ >0}
S™={(¢,p) €R*|¢ <0}
separated by a switching manifold

L=Xtux" U{(0,0)} (6.2.1)

107
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where
= {(0,p) eR?*|p >0}

¥~ ={(0,p) eR*|p<0}.

Let us consider the piecewise-defined systems defined in R*\X

( x ) = X(z,y) = {){Jr(x,y) if (v,y) € 5 (6.2.3)

(6.2.2)

Y X (x,y) if (z,y) € S~
) T(u,v) if (u,v +
( Z ) =U(u,v) == {ZEI/U; ii EU’ U; 2 g (6.2.4)

with X*(x,y), UE(u,v) € C=(R?).

Let us assume that (6.2.3) and (6.2.4) are Hamiltonian systems associated, respec-
tively, with the C°(R?) piecewise-defined Hamiltonians of the form

Xy) =L+ (@)
Xt (x,y) = y; +Y*(x) if (z,y) € ST
- Z (6.2.5)
X~ (z,y) —§+Y_(x) if (x,y) € S~
Ulu,v) = 5 + V()
Ut (u,v) = %2 +V*t(u) if (u,v) € ST
- 2 (6.2.6)
U™ (u,v) ::5+V_(u) if (u,v) € 57,

with Y, VE € C*(R?) fulfilling Y*+(0) = Y~(0) = 0 and V*(0) = V~(0) = 0. Then, we
have the following relations between systems (6.2.3) and (6.2.4) and the piecewise defined
Hamiltonians (6.2.5) and (6.2.6), respectively,

Xt =Jvx+

6.2.7
ui — JVUi ( )

where J is the Symplectic matrix
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From the form of the Hamiltonians (6.2.5) and (6.2.6), it becomes natural to extend
the definition of the flow of X" and U™ to STNYET and the flows X~ and Y~ to S™NX~.
Hence, the Hamiltonians (6.2.5) and (6.2.6) become naturally extended to R? as

% Xt (x,y) if (z,y) € STUXTU{(0,0)}

(z.9) = X~(z,y) if (z,y) € S~ UE,
and similarly for U(u,v).
Note that the vector fields XY™ and X'~ are tangent to X at (0,0) (resp. U+ and U ™).
To define the flow associated with system (6.2.3), we proceed as usual in non-smooth
systems. Given an initial condition (g, o), we apply ¢x+ or ¢x- if (xg,79) € ST, which
are the flows associated to the smooth systems X+, until the switching manifold ¥ is
crossed at some point. Then, using this point as new initial condition one proceeds
evolving with the flow associated with the new domain. Similarly for system (6.2.4).
Note that, as no sliding across the switching manifold is possible, the definition of the
flows becomes very straightforward.
This permits us to consider the flows

b (t; w0, y0) and Gy (t; , uo, vo) (6.2.8)

associated to systems (6.2.3) and (6.2.4), respectively, that are C° functions piecewise-
defined in ¢ fulfilling

9252((0; 71’0790) = (l’oayo)
¢u(0§ 7U0,Uo) = (Uo,vo)-

Let us assume that the following conditions are fulfilled

C.1 System (6.2.3) possesses two hyperbolic critical points @* € S* and Q= € S~ of
saddle type and belonging to the energy level X (Q%) = d.

C.2 There exist two heteroclinic orbits given by W*(Q~) = W*(Q") and W*(Q") =
W*(Q~), also located in the level of energy X (z,y) = d.

C.3 The Hamiltonians U in (6.2.6) fulfill
(VF)(0) >0, (V7)(0) <0,

and so (0,0) is an invisible quadratic tangency for both vector fields U* in (6.2.4).
Following [Kuz04, GST11], we call the point (0,0) an invisible fold-fold.
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C.4 System (6.2.4) possesses a continuum of (piecewise-defined) periodic orbits surround-
ing the origin. These can be parametrized by the Hamiltonian U and have the form

Ae={(u,v) e R*|U(u,v) =c}, 0<c<c (6.2.9)

The main purpose of this chapter is to study the dynamics around one of the heteroclinic
orbits. Hence, we focus from now on one of them, the upper one

Y= WHQT) NWHQT) = {(v,y) € R* | X(2,y) =d, y > 0} .
There we consider the following parametrization
Y = {o"(t), t € R} (6.2.10)
where o"P(t) is the solution of system (6.2.3) fulfilling
a"(0) = (0,y) € &

lim o"(t) = Q%,

t—+oo

(6.2.11)

where (0,y3), yn = Vd, is given by
(0,5n) =W"(Q7)NE =W(Q")NX.
Equivalently, we could consider the lower heteroclinic connection,
,ydown — {O_down(t)’t c R} — Wu(QJr) — Ws(Qi),

and proceed similarly in the rest of this chapter with v,

Before introducing the non-autonomous perturbation which will couple both systems
described above, we roughly describe the invariant objects of the cross product of both
systems (see Fig. 6.1), which is a “Hamiltonian” system with (piecewise-defined) Hamil-

tonian
Ho(u,v,z,8) = U(u,v) + X(x,y). (6.2.12)

On one hand, the cross product of the periodic orbits A, with the critical points QF gives
raise to periodic orbits, A, x QF, which are hyperbolic when restricting the system to the
level of energy U(u,v)+ X (x,7) = c+d. Although they are non-regular manifolds due to
the non-smoothness of A., as it will be detailed later on §6.3.6 in the extended phase space,
they have stable and unstable (non-regular) manifolds. Moreover, the stable/unstable
manifolds of each periodic orbit of the form A. x QT coincides with the unstable/stable
manifolds of the periodic orbit A. x @, respectively, and hence there exist (non-regular)
heteroclinic manifolds connecting these periodic orbits.
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{(U, U), | U(u, U) = C} =: Ac FuP Yy
Q) =W Q)

Q-‘r

SN
WHQT) =w*(Q")

odown

Figure 6.1: Invariant objects for the unperturbed coupled system.

Also of relevant interest in this work will be the manifold given by the cross product of
the critical points QF with the union of all periodic orbits

A= AxQF
c€ler,e2]
— {0, Q%) [U@w,v) =, Sc< e )
A= Acx@
c€ler,e2]

= {(,0,Q7) |U(u,v) = ¢, c1 <c < enf,

for some 0 < ¢1, co < ¢. In Fig. 6.2 schematically show these two manifolds.
As it will be shown in §6.3.6, these manifolds will lead to normally hyperbolic invariant
manifolds for the impact map, introduced in §6.3.1.

6.2.2 The coupled system in the extended phase space

As announced above, we will focus our attention on the system given by coupling sys-
tems (6.2.3) and (6.2.4) through a non-autonomous 7-periodic Hamiltonian perturbation,
eh(u,v,x,y,s) € C*(R) satisfying

h(u,v,z,y,s) = h(u,v,z,y,s+T), V(u,v,z,y,s) € R,

Using this property, we will from now on consider the coupled system in the extended
state space R* x Tp, where Ty = R\7T. Let us remark that consider here T not as
the usual circle (modulus 1) but modulus 7', because T is a relevant parameter from the
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S e
QO
I Ae x WH(Q—) = Ae x W*(QT)
S -
b ;

Qe
T

Ac Ar
v

Figure 6.2: Schematic representation of the manifolds A* and A~.
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application point of view and hence we prefer to keep it.
We now add the variable A € R to the variables of the extended state space and assume
that the coupled system is, for z = (u,v,x,y), the autonomous system associated with
the C° Hamiltonian

H.(2,A) :== A+ H.(2)

where

H.(Z) :=U(u,v) + X(x,y) +eh(z2), € > 0, (6.2.13)
with 2 = (z,s), s € Tr.
The addition of the variable A € R, the symplectic conjugate of s, is a standard formality

to keep a Hamiltonian structure for the perturbed system, which is equivalent to adding
the equations

. 0
s5=1, A= —aHE(u,v,x,y,s)

plus the terms coming from the perturbation, to the systems (6.2.3)-(6.2.4). Note that
the variable A does not have any influence on the dynamics, as it does not appear in
any differential equation. Thus, we only study the dynamics of the coupled system in the
variables (u, v, x,y, s), and refer to it as a system of two and a half degrees of freedom asso-
ciated with the Hamiltonian H.(u,v,z,y, s). Recalling that unperturbed systems (6.2.3)
and (6.2.4) are piecewise-defined, these differential equations will be defined in four par-
titions in R* x Tt as follows

( S,V (UY + XT +¢h) (2)
if2eSTURT x STUXT x Ty
i LV (U + X" +eh)(2)
0 ifz2eSTUXTxSTUES™ xTrp
z LV (U™ + X +eh) () (6.2.14)
Y if 2€S"UX xS U™ xTr
LV (U + X" +eh)(2)

\ if 2 STUX xStUXt xTr
s =1,
where
0 1 0 O
-1 0 0 O
Bi=1 o 0 0 1
0 0 -1 0

These differential equations define four different autonomous flows in the extended phase
space, ¢E(t; Zp;¢€). Letting ¢**(¢;t0, 20) be the correspondent non-autonomous flows
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such that ¥ (to: to, 20) = 2, we write ¢ (¢; Zy) fulfilling ¢++(0; Z) = %, as
0 20) = (675 (6 20), 50 + 1)

where ¢F£(t; Z9) are such that
Spii(t; to, 20) = ¢ii<t — to; Z0)-

Proceeding similarly as we did for the systems U and X', by properly concatenating
the flows ¢*= and ¢~* when the 3-dimensional switching manifold u = 0 is crossed, and
$i+ and &i_ when x = 0 is crossed, we can define the solution, qg(t; Zp; €), of the coupled
system (6.2.14) fulfilling ¢(0; Zo; €) = Z,. We will give explicit expressions for ¢ in §6.3.4.
Note that ¢ is not differentiable at those times corresponding to the crossings with the
switching manifolds, although it is as smooth as the flows ¢=* when restricted to the
open domains given in the respective branches.

Note that, for € = 0, the invariant objects described in §6.2.1 for the cross product of
the systems (6.2.3) and (6.2.4) possess now one dimension more due to the addition of
time as a variable. Hence, the periodic orbits A, x QF, which where homeomorphic to
the circle, become now the tori A, x Q* x Tp. Similarly for the 2-dimensional “invariant
manifolds” A*, which become the 3-dimensional “invariant manifolds” A* x Trp.

This will be explained in more detail in §6.3.6 after introducing the impact map in the
next sections.

6.3 Some notation and properties

6.3.1 Impact map associated with v =0

Let us define in R* x Ty the section
Y=Y xR2x Ty ={(0,v,z,y,5)} (6.3.1)
where

St =%t xR x Ty = {(0,v,2,y,5) | v > 0} (6.3.2)
YT =% xR?x Ty = {(0,v,2,y,5)|v < 0}

and ¥ and X% are defined in (6.2.2).
Let us observe that ¥ is one of the switching manifolds of system (6.2.14) in the extended
phase space, and will play an important role in our constructions. This is the section
crossed by the “normally hyperbolic manifolds” A, x Q* x Ty, and hence these objects
are not regular but just continuous.
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It is now our goal to define the impact map associated with 3, which will be a map
from section ¥ to itself. Basically, this map regularizes system (6.2.14) in some open
domains, and will allow us to apply classical results for perturbation theory for smooth
systems in order to rigorously proof incoming results such as persistence of invariant man-
ifolds and their stable and unstable manifolds.

Before introducing this impact map, we first define four intermediate maps involving the
sections . and X% given in (6.3.1)-(6.3.3).

Let us first consider the projection onto the section X by the flow ¢
ke : R* x Tp — .

That is, given a point Z € R* x T, one evolves, for positive values of time, using the flow
associated with (6.2.14) and described in §6.2.2 until the switching manifold 3. is reached.
Although such a construction is well defined, we are interested on avoiding the concate-
nation of flows due to the crossing with the switching manifold given by x = 0. Hence,
we restrict k. to a suitable domain

O,. CR* x Ty (6.3.4)

given by the points whose trajectory by ¢ first impacts the switching manifold given by
u =0 () than the one given by z = 0.

We will provide a more precise description of this set in §6.3.2. However, for a better
understanding of the involving geometry, we note that (;),% depends on ¢ and is formed by
two connected components separated by the section x = 0. In addition, these components
are not empty for € > 0 small enough, as one can always find points (u,v,z,y, s) with
(x,3) close enough to the critical points Q* and (u,v) close enough to the origin of the
u — v plane, whose trajectory first impacts with the switching surface u = 0 rather than
x = 0.

With this restriction, the map

ke : Op. CRYX Ty — 8 (6.3.5)

becomes

if ze St x
ifze S x
if ze St x
ifze S x

STUXST) x Ty
STuxTt)
STUXT) x Ty
STUX)

¢

K

ke (2) = 3
¢

AA/-\/-\

where t5 is the smallest value of ¢ > 0 such that ot (t;2;¢) € 3. We can hence precisely
define the set

O, = {z e R x Tr |11, ((;E(t; 2;5)) £ OVt e [O,ti]} ,
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Figure 6.3: Schematic representation of the maps P, P and P..

[

where II, is the projection onto the x axis and (;E(t; Z;€) is the flow associated with sys-
tem (6.2.14), which, for ¢ € [0,¢g], coincides with one of the flows ¢p=*(¢; Z; €) and hence
is well defined and smooth.

Similarly, we consider an open set @RE and define the map
Fe: O CR*XxTp — 32 (6.3.6)

projecting to X backwards in time. That is, considering ts, < 0. Hence @RS becomes
Or. {ZGR x Ty | T, ( (t: 3 g)> £ 0Vt e [ti,O]}.

Remark 6.3.1. The maps r. and k. are continuous in (R* x R? x Tr) \X. Forze¥,
we have that ts = 0 and therefore Kels, = Id. In fact, for Z € X, k. 1s continuous on the
left but not on the right, and viceversa for k..

We provide in Fig.6.3 a schematic representation of the definitions that follow.
We also consider two sets (’)P+ C ¥* and (’)P C Y~ with the same characteristics
described for O, x.- That is, these are the set of points in $* and X~ whose trajectories

first hit the switching manifold given by u = 0, 3, rather than the one given by z = 0.
Then we define two maps

Mz
Mz

5'@P5+ —
P~ 0,- T —

Mz
Me
+
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as follows.

If 2= (0,v,2,y,s) € @Pj C ©F (v > 0), then
e ez + + +
PH(E) = ¢ (ts-;%Z;¢) if2e Xt x (STUTY) x Ty
o (tg—;Z;e) ifZ2€ Tt x (STUXT) x Ty

where ¢5_ is the smallest value of ¢ > 0 such that (;3+i (t;Z;¢) € 3=, The set @P; becomes
then

O ={2e 0" xR x Ty |11, (&(t; z;s)) £O0VE€E [0, ts] b, (6.3.9)
£ N s
s+
and, as O,_, has two connected components in X x (ST UXT) x Ty and Xt x (S~ U
Z_) X T.

If e = 0, we can provide an explicit expression for B, as follows.

Let us recall that the flows gz;ii consist on the uncoupled flows ¢y and ¢y described
in (6.2.8) but extended by adding the time s as state variable. Regarding conditions C.1—
C4, the phase portrait of system U is formed by the continuum of periodic orbits, A,
which, due to the expression of the Hamiltonian U, are symmetric with respect to v = 0.
Hence, the map P;" can be written as

Py (0,v,2,y,s) = (0, —v, ¢ox(a(v);2,y), 5+ oz+(v)) ,

where
(Ve

at(v) =2 ! dz,
0\/2(0— V+H(x))

is the time taken by the flow ¢ (¢;0,v), with v > 0, to reach X7. In the case that the
Hamiltonian U is symmetric with respect to u = 0, this is half of the period of the periodic
orbit A..

We will give a detailed description of (’jpgr in §6.3.2.

2

c=U(0,v) = % (6.3.10)

Finally, if 2 = (0,v,2,y,s) € @Pg C ¥~ (v < 0), then we similarly define
{€5+(752+; o) if2e T x (STUDT) x Ty

O (tgs; Ze) fZ2eX x (S* U E*) x T,

where t5, is the smallest value of ¢t > 0 such that ¢F (t; 3;¢) € BT
Hence, the set Op- becomes

O, =7ey xR x Ty |1, <¢(t;2;5)> £ 0Vt € [0, 5]
€ —

5
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If e =0, the map F; becomes
PO_(Oa v,T,Y, S) = (Ov -, ¢X(a_(v); L, y)v 5+ Oé_('U)) )

where
2

c=U(0,v) = % (6.3.11)

(V) o) )
a (v) = —2/ dz,
| e—v-@)
is the time taken by the flow ¢y, (;0,v), with v < 0, to reach 7.

Finally, as it is usual when dealing with piecewise-defined systems, we construct the
impact map as the composition of the maps P~. Let us consider an open set,

Op. C Ops UOp- C 5, (6.3.12)
and we define the Poincaré impact map
P, @ps cY—%
as . .
P oP7(0,v,z,y,s) if (0,v,2,y,5) € Op- C X~
P= o PF(0,v,2,y,s) if (0,v,z,y,s) € @P; cut

From now on, we will eventually omit the repetition of the coordinate u = 0, identifying
3 ~ R3? x Ty. Moreover, we will use the following notation. When considering points
(0,v,2,7,5) € X C R* x Tp, we will refere to them as @ = (v, z,y,s). We will include
these points again back in R* x Tp, writing Z = (0, ).

Hence, the new variable of the impact map will be @w. To avoid further complication on
the notation, we will consider the set @ps in R?® x Ty and write the impact map

P5(07/U7'r7y7 S) = {

P.:Op — R*x Ty (6.3.13)

as

€

P.(®) = .
®) P-oPH@) ifQ@ € Ops

{ PfoP (@) ifweOp (63.14)
The domain Op, is defined as
Op, = {w = (v,2,9, ) € ([—v2, —0] U [v1, v2]) X R? x Trr

T (98 (0,2)52)) £ 0ve € [0,10, (P(&)) - 5] |

and is formed by four connected subsets located in [vy, vo] X R?x Ty and [—vy, —v1 ] x R*x T
which will be more precisely described in §6.3.2.
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As we did for the maps P, if € = 0 we can also obtain a closed expression for the map
P07
PO(Uv x,y, S) = (Ua QSX(OZ('U); xz, y)v s+ O{(U)) ’

where

a(v) =at(jv]) +a (|| (6.3.15)

is the period of the periodic orbit A., with ¢ = U(0, v), that system (6.2.4) possesses, and
dx(t;z,y) is oL (t;z,y) if (z,y) € ZTUST and ¢ (¢ x,y) if (z,y) € X" US™.

Note that the map F. is invertible in @Pgl .= P.(Op.) and hence it has sense to
consider
P Ops CR? x Ty — R x Tr. (6.3.16)

£

Remark 6.3.2. The maps P, P=, P. and P! are reqular maps in their respective do-
mains, and are as smooth as the ﬂows gbii(t Z; e) restricted to S* x S* x T, respectively.
However, the maps k., k. are also reqular but when restricted to O,{S\Z and O \Z

Remark 6.3.3. The formulas provided for the definition of the maps ke, k. and P* can
be applied beyond the domains Oy, Ox. and Opx. However, the relation with the real

dyamics of the system is lost, as the respective flows éii are applied outside the domains
given in (6.2.14), where they are used as flows of system (6.2.14).

6.3.2 The domains of the maps

We now describe with a little more detail the sets O,._, Ox., @PE:E and Op, where have
defined the maps r., k., PT and P., respectively.

As described in the previous section, these are given by points whose trajectories first
impact with the switching surface given by u = 0 () rather than the one given by z = 0.
In general, this implies that such points have to be isolated enough from the switching
manifold R? x ¥ x Ty.

Due to the form of the Hamiltonian X given in (6.2.5), for € > 0 small enough the flow
crosses the switching manifold = 0 increasing « when y > 0 and decreasing x for y < 0.
Hence, the points in @P;, @PE‘ and @HE can be arbitrarily close to x = 0 when zy > 0
(first and third quadrants of the x — y plane), even containing some part of the segment
x = 0, but not when xy < 0. Due to the backwards integration of the flow used in the
map kK, this is precisely the contrary for the set (’),{5

In any case, this implies that all sets OP+, OP , O, and Ox_ consist on two connected
components separated by the switching manifold given by r = 0, R? x ¥ x Tr.

How these sets are separated from x = 0 depends on the time required to reach the
switching manifold v = 0. For ¢ = 0 the Hamiltonian H, does not depend on s and
systems U and X are uncoupled. Hence this time, denoted as a*(v) in (6.3.10)-(6.3.11),
depends exclusively on the projection to the u — v plane of the initial condition and a
geometric description of the sets becomes much easier. We then look at these sets as
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e-perturbations of the ones for ¢ = 0, which we describe below.

We first focus on O Pt (¢ = 0), whose precise definition is given in (6.3.9).
Let (v, x,y,s) € @PJ with s € T a free coordinate and v is such that 0 < % < ¢. This

guarantees that the flow crosses the surface ~ and hence the image of (z,y,v,s) by the
map P, exists. Let a'(v) be the time taken by the flow ¢;(¢;0,v) to reach the section
Y7, given in (6.3.10), and assume that it is an increasing function of v > 0. Hence,
v = V/2¢ leads to the largest time, t7 := a+(\/2_5), required to reach the section ¥~ and
thus represents the most restrictive situation to describe the projection to the plane x —y
of the set @PJ.

Consider any open neighbourhood V* containing Q" such that
oyt V) C ST

Note that this set is not empty, as points arbitrarily close to Q1 take arbitrarily large
time by the flow ¢y to reach x = 0.
Then, the set
ST x VT x Tr
which does not intersect with = = 0, is contained in O pt 0 (35T x ST x Tr).
Also @P(;r N (XF x ST x Tr) contains the set

¥t x (Ugb}(t; VhHn S*) x Tr,

<0

which reaches z = 0 and contains ¥ x (W*(Q1)NST) x Tr.

Similarly, one can construct a tubular neighbourhood containing X" x @~ x Ty, ¥ x
W5(Q~)xTr and a piece of X+ xW*(Q~)x Ty which is contained in @P;ﬂ(ZJF x S7 x Tr).
This gives us a sketch of the two connected components that compound @PJ.

As mentioned above, we have considered the most restrictive situation given by v = v/2¢.
This means that, as long as v > 0 is decreased, the time needed to reach u = 0 decreases
and the tubular sets described above become thicker and larger.

A very similar description applies to @PJ but arguing with o~ (—/2¢), where o~ (—v) is
the time needed by the flow ¢, (¢; 0, —v) to reach the section ¥*, and is given in (6.3.11).
Taking into account expression (6.3.13), set @po is given by the union of two smaller sets
contained in O py and o p;- Therefore, Op, has four connected components located in

Y x ST x Tp
YT xS x Ty
Y x ST xTp
X7 x ST xTrp.
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Regarding O,,, it has a similar shape in the (z,%) coordinates as the one described
above. However, as we have defined kg to be the identity in 3, the description given above
of the projection onto the x — y plane applies for (’N),.m for points outside % (u # 0). For
points in f], the projection of @NO onto the x — y plane becomes R2.

6.3.3 Impact sequence

Let (v, z,y,s) € (’)p and € > 0 small enough. Proceeding similarly as in [H0g89 GHSlQ]
we define the direct sequence of impacts associated with the section X, (v?,z%, 7, s'), as

(Uév Ié, yév Zs) =

PH (ot el g s af (o el iyl slt) € Ope
P (pi-! gi-! S if (vl il il ) e O (6.3.17)
€ (Ua a ?ya 7 e ) 1 (Ua 7'175 ?ya 735 )G P
with i > 0 and (v, 29,42, s%) = (v, 2,9, s).
We also define the inverse sequence of impacts, if they, exist, as
(U xmya? Ze) =
(PE-‘r) (U;-i-l’ xi—i-l’y?-l? 5?1) if (U;ﬂrl’ xi—l—l’yé-&-l, 5?1) c P:(@Pj) (6 ; 18)
(Po)7H (it 2l oyl sth) i (o el yt s € P2 (Opy), -

with ¢ < 0.
In general, this is a finite sequence, and is defined up to the nth iterate such that

(08,2 g, ") & Ops UOp-, n >0
(o7, 2™y, st) & P (@p;) U RS (@Ps) <l

That is, we consider all the impacts with the switching surface given by u = 0 of the
trajectory associated with system (6.2.14) with initial condition (0,v,z,y,s) that are
previous to the first impact with the surface x = 0, both forwards and backwards in time.
When this occurs, then it is possible to extend the sequence by properly concatenating
the flow ¢ after such crossing. However, if we allowed the switching manifold z = 0 to
be crossed between two elements of the impact sequence associated with v = 0, then
the elements (v, 2%, %!, s') wouldn’'t be given by the smooth maps P¥. Moreover, as
the number of times that the switching manifold z = 0 would be crossed between the
impacts (v, z%,y¢, s¢) and (v 2 ¢t i) is unknown and may arbitrarily large,
such transition wouldn’t be Smooth7 which is a property from we will later profit.

When ¢ = 0, of special interest will be the impact sequence associated with a point of
the type

(Uu 07 Yh,s S) € @Ps
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fulfilling
U(0,v) =¢,0<c<g,

and where (0, y5) = 0"(0) is the intersection of the heteroclinic orbit of system X', defined
in (6.2.10)-(6.2.11), with the switching curve ¥. Hence, recalling that for the unperturbed
case system (6.2.14) consists on the two uncoupled systems (6.2.3) and (6.2.4) plus the
time variable s, the impact sequence of such a point is defined for all ¢ € Z, because, as
(0,yn) € W5(QT) N W*(Q™), the switching manifold x = 0 is never crossed again by the
orbit of (0, v, 0, yp, s), neither forwards nor backwards in time. Moreover, assuming v > 0,
and recalling that (v, 20,3, s3) = (v, 0, ys, s), it has the following expression,

(U(i)v CL’%, y(i)v 36) =

(—v,0™ (st ' —s+at(v),sh " +at (v)) foriodd (6.3.19)
(v,0" (s§ ' —s+a (—v)),sy " +a (—v)) forieven o
if 1 >0, and
(V0> o, Yo, 50) =
—v, 0% (sl — s — a7 (—v)),si™t —a” (—v)) for i odd
( (ﬁ ‘ ( »H 0 (=v)) _ (6.3.20)
(v,0"™ (s4 — s —at (v), st — at (v)) for i even

if i < 0, where o"P(t) parametrizes the upper heteroclinic connection given in (6.2.10)-
(6.2.11), and a*(4v) are defined in (6.3.10) and (6.3.11).

Remark 6.3.4. If v <0, then one just have to replace o by oF in expressions (6.5.19)
and (6.3.20).

6.3.4 Explicit expressions for the flows

Although the general solution of system (6.2.14) was already described in §6.2, the impact
sequence defined in §6.3.3 permits us to provide explicit expressions for 45 as long as the
switching manifold = 0 is not crossed. In this case, one has only to take into account
the crossings with the switching surface given by u = 0, 3, which are determined by the
impact sequence.

For ¢ > 0 small enough, we first consider an initial condition Z, = (0,&p), @y €
Op., and the (direct and inverse) impact sequence (v}, %, 4!, st) associated with @g. As
mentioned above, this is in general a finite sequence. This is due to the fact that the flow
eventually crosses the switching manifold given by z = 0. In addition, it may also happen
that the flow does not cross u = 0 again; this would also make the impact sequence to be
finite.

Hence, we assume that there exist natural numbers —ny, n; € N restricting the length of
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the impact sequence, —ngy < ¢ < ny. If this switching manifold is not crossed forwards or
backwards in time, then we consider ny = 0o or n; = oo, respectively. .
For instance, assuming that Zy € X7 x ST x T, the flow ¢(¢; Zp; €) such that ¢(0; Zg; ) = Z
becomes
OMH(t + 50 — 520,07, 22 Y2, 52 e)
. if s28 <t+4 59 < 52!

o(t; Z05e) =~ . 4 . . .
5+ 50 — sV 0, 0241, gV 0, S04 )

if s <t 455 < 212,

(6.3.21)

with
iy < 20,2+ 1< ny.

Remark 6.3.5. In general, wy can belong to any of the four connected components of @ps
described in §6.3.2. Hence, there exist in fact four different expressions for the flow given
in (6.8.21). Assuming in general that Zy = (0,&) € XF x S* x Ty, these are obtained by
replacing the flow in the first branch of (6.5.21) by ¢*=, and the one in the second one

by ¢TE.

If the initial condition Z, does not belong to the switching manifold 3, we can make
use of the maps k. and . in order to provide an explicit expression for the flow ¢(¢; Zg; )
through the impact sequences of the points r.(Zp) and/or £.(Zy) as follows.

Let € > 0 be small enough and let us assume that z, € @KS N @RE and that the points

(,:)1 = /fa(go) (6322)

(:}2 = RE(ZO) (6323)
fulfill

& € Op, (6.3.24)

s € Op-r. (6.3.25)

We now use the impact sequences of the points w; and @y in order to give an explicit
expression of ¢(t; Zg;¢) for t > 0 and ¢ < 0, respectively. Using that

Z = ¢ (@) — g(@2); 223 €)

where
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the impact sequences (vi7, 2%, ybi, s47) associated with @;, j = 1,2, are related by
2,1 i1 z 1\ i+1,2 H—l 2 o i+1,2 z+1 2
(Ug ’ l’a ) ye ) S¢ ) - (Ue y Lg ) Ye ) Se )

Hence, it is possible to proceed with the direct and inverse sequence associated with only
one point. However, as we will have to use a similar trick in §6.4.1, we prefer to use here
the direct and inverse impact sequences of @; and @, defined in (6.3.17) and (6.3.18),
respectively. Note that conditions (6.3.24) and (6.3.25) ensure us that these are not empty.

Let (vo!, 2t ybt st1) 0 < i < ny be the impact sequence associated with Z;, where
ny > 0 is given by the last element of the sequence before the section z = 0 is crossed. If
it does not occur then we consider n; = oo.

Let also (v2?, 222 yb?, s%?), ny < i < 0, be the impact sequence associated with Z,, where
ny < 0 is given by the last element of the sequence (backwards in time) before the section
x = 0 is crossed. If it does not exist, we then consider ny = —oc.

As an example, let us suppose that Zy € S x ST x Tr and therefore 2, € ¥~ x S* x Ty
and Z, € X x ST xTy. Then, for t € [s2?—sg, s2! —s), we can write the flow ¢(t; Z; €),
fulfilling ¢(0; Z9; €) = 2, as

Ot + 50 — s0% Zpe) if s72% <t + 59 < 827
O(t; Z0:6) = < &M (t; Z0:€) if s22 <t 459 < 52 (6.3.26)
Ot + 50— 0% 2 e) if $9F <t 459 < 5L

where é++ is the smooth flow associated with the respective domain in Eq. (6.2.14) and
d(t; Z;; €) is given in (6.3.21).

Similarly, if Z, € ST x S* x Ty, the explicit expression for <;~5(t; Zp; €) becomes the same
as in (6.3.26) but replacing ¢+ with ¢+,

Note that this definition of ¢ is defined only as long as the impact manifold given by
x = 0 is not crossed. We now extend it for initial conditions at x = 0. Hence, let us
consider initial conditions of the form

Zo = (uo,v0, 0, %0, 50), U(ug,v9) <& yo > 0. (6.3.27)

Such a type of initial conditions will play an important role in §6.4.

In this case, as Zp belongs to the switching manifold given by z = 0, by using the im-
pact sequences associated with the points Z; given in (6.3.22)-(6.3.23), expression (6.3.26)
provides us an explicit expression for the flow ¢(¢; Zp; ) allowing it to cross the switching
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manifold given by = 0. For instance, assuming Z; € ST x X7 x T (ug > 0), it becomes

gz;(t + 59 — 827 Zyre) if 8727 <t 4 5y < 50

€

- b (t: g e if 92 <t+sy<s
d(t; 3:¢) = PG Rie) oo (6.3.28)
¢ (t; Zo; ) if so <t+s9<s,

Ot + s9 — 82 Zp5e) if s2T <t 459 < s

As before, depending on the signs of ug and v, Zo € ST x £* x T7 and the respective
expression is obtained by replacing in (6.3.28) ¢* by ¢** and ¢t~ by ¢*F.

In general, the impact sequences associated with the points z; and Z; will be finite
sequences (n; < oo and ng > —00).
For e = 0, the unique points for which the expression of the flow given in (6.3.28) is valid
for any ¢ € R are the heteroclinic points Zy = (uqg, vo, 0, yn, So), with U(ug,vg) < ¢ and
sg € Tp. Then z; € R? x W#(Q") x Ty and Z, € R?* x W*(Q ™) x Ty and the iterates
of their associated impact sequences are all defined, forwards and backwards in time,
respectively.
In this case, if for instance ug > 0, then vy? > 0 and vy < 0 and Eq. (6.3.28) takes the
form

(b(t? 07 Vo, 07 Yns S0 0) =
(G0 O, (s () SRS 1 < s
(gt + 50— s7%0,057712), 0" (1), 50 + 1) if s/t <t s < s

((bztr(t + 59 — 58’2; 0, U8’2), o™ (t), so + t)

6.3.29
= (g} (; 1o, v0), "P(t), 50 + t) if s0° <t +s9 <50 ( )
((b& (t+ 850 — 53“3 0, vgi,l)j a"P(t), so + t) if sgi’l <t+sp < 53”171

\ (¢Z{_(t + S — S(%H_Ll; 07 U(%H_l,l)? Uup(t)v So + t) if SSH_LI S t+ So < 8(2)i+2'
with

0<2i,2i+1< 00
—00 < 2,27+ 1<0.

Analagously if uy < 0.

6.3.5 Perturbative formulas

As we will see in §6.3.6, in the unperturbed case, the existence of heteroclinic manifolds
in system (6.2.14) will be given by the heteroclinic manifold W*(Q~) = W*(Q™"). As this
heteroclinic will intersect transversally the switching manifold given by xz = 0, so will also
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the stable and unstable manifolds that we will show that exist for € > 0. Hence, in §6.4.1,
in order to find suitable heteroclinic connections, we will be interested on measuring the
distance between points belonging to stable and unstable manifolds at their intersection
with the switching surface x = 0. As we will show in §6.4.1, the heteroclinic connections
will be found by using Melnikov-like arguments, involving the integral of Poisson brackets
between the unperturbed and perturbed Hamiltonians along trajectories to measure such
distances.

Taking into account that these trajectories will be given by initial conditions at the
switching manifold z = 0, and hence by points of the form (6.3.27),

20 - (u07U0707y07 80)7 U(UO7U0) < (_37 Yo > 07

the integrals
ty ~
/ (X, h) (cb(t; % g)> dt (6.3.30)
ti

/ff U, h} (cz?(t; Z0; 8)) dt, (6.3.31)

for some suitable t;, ts, t;, ts, have to be considered as piecewise integrals regarding
the expression of the flow given in (6.3.28). These pieces are separated by the intervals
[sbk, stHLR) 'k = 1,2, given by the impact sequences associated with the points ©; = (%)
and @y = K.(Zp). Note that, at each interval, one does not only have to distinguish between

the flows ¢=*, but also between the integrands {X*, h} and {U*, h}.

For the case of the Poisson bracket {X, h}, by the definition of the impact sequence, the
impact manifold z = 0 is only crossed for t = 0, and the integral (6.3.30) can be separated
in two piecewise integrals of as follows

/82 {X, h} (o (2; 20;6))dt:/j,2 {X7 1} (0 (8 20:2)) dt

J
€

i1

+/086 LXHRY (6 (t: 50; 2)) dt.

Let us emphasize that in both integrals the flow crosses the switching manifold given by
u = 0 at every impact time s-*. Therefore, both integrals consist on a sum of j integrals
over gzz_i and ¢ integrals over 95“[.

For the case of {U, h}, one has to consider that the switching manifold u = 0 is crossed
at every impact. Hence, not only the flow but the integrand changes between {U™, h}
and {U~, h} at each integrating interval.

The following lemma provides us formulas for the unperturbed Hamiltonian X evalu-
ated at points at the switching manifold 3. These will be used later on §6.4.1 to obtain
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expressions for the distance between points in the switching manifold given by z = 0
through the projection by k. and k.. As remarked below, in Remark 6.3.7, similar for-
mulas can be obtained for the Hamiltonian U.

Lemma 6.3.1. Let us consider a point
w E @pe N @P€—1

and Z = (0,@) in the extended phase space, and let (vi,x% yt, s') (ng < i < my, ng < 0
and ny > 0) be it’s (direct and inverse) impact sequence. Then, it holds that

X(w) = X(1,(0),11,(@))

_ 5/50 (X, 1) <¢(t;2;5)) dt + X (), yg)

152
for any ny <1 < mny.

Proof. By a very straightforward piecewise-application of the fundamental theorem of
calculus. O

Remark 6.3.6. The integral given in Lemma 6.5.1 is a piecewise integral separated by
the intervals given by the impact sequence of & (or Z) as in Eq. (6.3.21). However,
the integrand {X, h} is kept constant, and is set to {X* h} or {X~,h} depending on
which component of the sets @PE—I and @PE the point @ belongs to. As an example, if
W € [v1, 9] x ST x T (and therefore Z € X+ x St x Ty ), the flow with initial condition
W is given in (6.3.21). Then the expression provided by Lemma 6.3.1 becomes

X (@)= X (@)
.
si%:_l iy K07 = 452 (0,555 e)
k=—1 g2k+1_g0
te > / {70} (0 (1= 52+ 50 (0,0%); ) ) b+ X (@),
i<2k 52k —s2

forng <i < nj.

Remark 6.3.7. A similar expression can be derived for U(®), which will be used in §6.4.2
to derive properties of the scattering map. However, by contrast to the case of the Hamil-

tonian X, the integrand {U, h} changes as the flow between {U*,h} and {U~,h} at every
interval conforming the integral given in Lemma 6.3.1.
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6.3.6 Invariant manifolds and their persistence
6.3.6.1 Unperturbed case in the extended phase space

Let us first focus on the invariant objects of system (6.2.14), relevant for our study,
when ¢ = 0. As we work in the extended phase space to deal with the non-autonomous
perturbation, we first embed the invariant objects described in 6.2.1.

The cross products of the hyperbolic critical points Q* and the periodic orbits A, give
place to two families of invariant 2-dimensional tori of the form

7;+:ACXQ+XTT:
{(u,v,x,y,s) | U(u,v) =c, (z,y) = Q% s € TT}
ﬁ_:Ach_x']I‘T:
{(U,U,Qf,y,s) | U(U,’U) = ¢, ('xvy) = Q_7 s € TT} )
with 0 < ¢ < ¢. These tori are only continuous manifolds, because of the singularity of

the Hamiltonian U at u = 0. See Fig. 6.4.
Let us parametrize 7. by

(6.3.32)

TE = {(¢u(0a(v);0,v),Q%,s), 0 € T, v € R, U(0,v) = ¢, s € Tr}, (6.3.33)

where a(v) is the period of the periodic orbit A, given in Eq. (6.3.15), T = R\Z is the
usual circle and ¢y, is the flow associated with system (6.2.4). Then the flow ¢ restricted
to these tori becomes

o (t;0u(0a(v); 0,v), Q*, 5;0)

_ (@ ((9+$) a(v);(),v) ,Qi,s+t;o),VteR,

and 7~Z is hence invariant.
Note that these tori have two different frequencies, ﬁ for 6 and 1 for s. In order
to normalize, one could also consider a new parameter, 7 = =&, such that (6,7) € T?

T
with T = R\Z the usual circle, with frequencies (a(1 7 2). We use however the original
coordinate s.

For each of these invariant tori there exist 3-dimensional continuous manifolds

X

Tr = Ae x WHQ") x Tr
= {(u(Oa(v);0,v),0"P(&),s),|U0,v) =c¢, 0 € T, £ € (—00,00), s € Tr},

where o"P(¢), given in (6.2.10)-(6.2.11), parametrizes the upper heteroclinic orbit of sys-
tem X (see Fig. 6.4). These manifolds are invariant and the flow ¢ restricted to them can
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Q Aexy"PxT
| W*(To—) = W(T.})
B — T+
AL 7.
=
-

Figure 6.4: Scheme of the manifolds A*, the tori 7+ and their invariant manifolds.
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be written as

¢ (t:0u(0a(v); 0,v), 0" (§), 5;0)
t

= (¢u ((e+ W) a(v);(),v) ,aup(§+t),s+t) , Vt € R,

and they are hence invariant. Moreover, for any Z = (¢y(6a(v);0,v), 0" (€),s) € W*(T.7) =

W(T.”), there exists two points
7t = (gbu(@a(v);o,v),Qi,s) € 7?[
such that

: T 200 — A4 3E- — 7 up Nt _
Jim [6(t:250) = (¢ 250)] = lim(0,0,6™ (€ +1) = Q¥,0) =0
In addition, as the points QT are hyperbolic for the flows ¢§, there exist then positive
constants K* and A\* such that

|6(t; 2,0) — o(t; 25;0)| < KFe MM ¢ — +o0. (6.3.34)

Note that £A* and £\~ are the eigenvalues of DX and DX, respectively, which are
opposite one to each other because qﬁ are Hamiltonian flows.

Although W®*(T*) are just continuous manifolds, we will call them the stable and un-
stable manifolds of 7*. As they coincide, the 3-dimensional continuous manifold

A = WH(TH) = W(T.")

will be a 2-dimensional heteroclinic manifold between the tori 7, and 7,*.
Analogously, the lower heteroclinic connection mentioned in condition C.2 leads also to
similar heteroclinic manifolds between the tori 7.*. However, as it is enough for our pur-

poses, we will focus from now on only on the heteroclinic manifold 2P.

Following [DAILS00], considering all the tori 7, and 7.~ together we end up with two
3-dimensional continuous manifolds

At = U T+ = U Qt x A, x Tp

c€ler,ez] c€ler,e2]
= {(u,v,x,y, s), 1 <U(u,v) < co, (m,y) =QF, s € TT}
= {(du(Ba(v);0,v),Q",s), 0 € T, c; <U(0,v) < ¢z, s € Tr}
A= o= | @ xAcxTr
c€ler,e2] c€ler,ca]
= {(u,v,x,y,s), ¢ <U(u,v) < e, (z,y) =Q, s € ’H‘T}
= {(¢u(9a(v);0,v),Q’,s) ,0e€T, ¢p <U0,v) <ey s € ']I'T}

(6.3.35)
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with 0 < ¢; < ¢y < ¢, schematically shown in Fig. 6.4.
These manifolds have also 4-dimensional stable and unstable continuous manifolds that
will consist on

WA =wrh) = (J w(@hH= J W)
c€ler,c2] c€ler,ca]

= {(du(0a(v); 0,v),0"(€),5), 0 € T, ¢ <U0,0) < ¢y, EER, s €Ty}  (6.3.36)

where o"P(§), given in (6.2.10)-(6.2.11), parametrizes the upper unperturbed heterocinic
connections of system (6.2.3).

As they coincide, this will define a 4-dimensional heteroclinic continuous manifold between
the manifolds A%, to which we will refer as

AW = TWS(AT) = WH(A7).

It will be convenient to write the manifolds A* in terms of a reference manifold N
(see [DAILS08]) as follows. Let

N ={(0,v,s) € T x [v1,v9] x Tr} (6.3.37)
where ¢; = U(0, v;), and consider two homeomorphisms

FF: N — A*

0,v,8) — (du(Ba(v);0,v),Q%, s). (6.3.38)

Note that Fj are in fact diffeomorphisms as long as 6 € (O a+(v)> U <a+(v) 1) as

" afv) av)
du(Oa(v);0,v) hits the switching manifold given by u = 0 for § = 0, § = O‘;F(S;) and
0=1.

Hence the continuous manifolds A* are given by A* = Ff(N). This will later allow us to
identify points on the perturbed manifolds AF in terms of the same coordinates (6, v, s)
if € > 0 is small enough.
Due to the singularity given at 6 = ao:r((vl;), these manifolds are only C° manifolds, and,
hence, their tangent space is not defined at u = 0.

The homeomorphisms Fj* induce flows on the manifold N which are topologically
conjugated to gg restricted to the manifolds A%. This induced flow is in fact the rotation
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6.3.6.2 Invariant manifolds for the unperturbed impact map

The fact that the manifolds A* are only continuous manifolds will prevent us to ap-
ply classical perturbation theory for hyperbolic manifolds ([Fen72, Fen74, Fen77, HPS77,
DdILS00]) to study their persistence for € > 0.

In the smooth case, the usual tool to proof such persistence after a non-autonomous peri-
odic perturbation is the stroboscopic Poincaré map, which integrates the system during a
certain time T, the period of the perturbation. However, in our case, such map becomes
unwieldy because, for a given time, the number of times that the switching manifold can
be crossed is unknown and can be even arbitrarily large. Instead, we will consider the
Poincaré impact map defined in §6.3.1, which is a smooth map as regular as the flows
¢** restricted to their respective domains.

We first describe the invariant objects introduced above for the impact map restricted to
$* when € = 0.

As we said in §6.3.1, we will identify the switching manifold ©* with the set R? x
([~v2, —v1] U [v1,19]) x T and omit the repetition of the coordinate u = 0 for points
in 3. We then consider the impact map

Py: Op,n{(v,z,y,s),|v >0} — R® x Ty.
Taking into account that
Py(v,Q%,5) = (v, Q%, s + a(v)), (6.3.39)

a(v) defined in (6.3.15), and letting U (0, v) = ¢, the invariant tori (6.3.32) become smooth
invariant curves, that is, A N'Y, become

éj:{U}XQ—FXTT

= {(U,J],y, S) € Rs X P]FT | U(O,’U) =C, (l’,y) = Q+} (6340)
Co={v} xQ xTr
={(v,2,4,8) ER* x Tr|U(0,v) =¢, (z,y) = Q" }, (6.3.41)

with 0 < e <e.
For those values of ¢ such that ma(v) = nT, for some natural numbers n and m, the
curves éci are filled by periodic points. The rest are formed by points whose trajectories
are dense in CZ.

For each of these curves there exist 2-dimensional smooth manifolds

W*(Cr) =w"(C,)
{(v,0"P(§),s), U(0,v) =c, £ €R, s € Ty}
which are invariant by Fj:

Po(v,0™(€),5) = (v,0"™ (€ + a(v)), s + a(v))) € WH(C,) = W*(C)).
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Moreover, due to the hyperbolicity of the points QF (see (6.3.34)), it comes that, for any
O = (v,0"(£),s) € W¥(C.) = W*(CF), there exist ©F = (v, Q*,s) € CF such that

[Py (@) — P@®)] = [(0,0™ (€ +na (v) — QF,0)| < KEAF)" n — +oo,  (6.3.42)
where K% = K*e™"¢ 0 < A\t = ¢ 22() < 1 and A%, K* are defined in (6.3.34).

_ Proceeding similarly as with the flow, we now consider the union by c of all the curves
C* which become the smooth cylinders

It = U Cr={(v,Q",s)|vi <v<uvy s€Tr}

c€le1,e2]

I U CNC’:{(U,Q’,s)\v1<v<vg,s€’ﬂ‘T},

c€le1,e2]

(6.3.43)

with 0 < ¢; < ¢ and ¢; = U(0,v;), i = 1,2, which are invariant by Fy. Let us note that
the manifolds I'* correspond to the intersection

RENSH = {0) x T,

As we did before for the flow, it will be convenient to write the manifolds I'F in terms of
a reference manifold. Let

L={(v,s) e Rx Tr, v; <v < s} (6.3.44)
and consider the two diffeormphisms

G(f: L — =
(v,8) — (v,Q%,s).

Then, the smooth manifolds T'# are given by GZ(L). Moreover, for any (v, s) € L
Po(Gy (v, 5)) = G (v, 5 + a(v)).

This induces a map
po: L — L

(v,5) +— (v,5+a(v)), (6.3.45)

which is a twist map on the manifolds I'* and describes the dynamics of P restricted to
both those:

Pyo Gy (v,s) = Py(v,Q%,s) = (v,Q%, s + a(v))
= Ga[(v, s+ a(v)) = Goi o po(v, s).
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We now argue that I'* are manifolds with boundaries which are normally hyperbolic
and locally invariant for the unperturbed impact map F.
Provided that T'F are smooth manifolds in R? x Ty, as smooth as the flows ¢+ restricted
to their respective domains, for every w € ['* we can consider the tangent spaces T-T*.
From expressions (6.3.43), these become

T.T% = {(1,0,0,0),(0,0,0,1)} .

Let X* be the fields associated with the Hamiltonians X+ and given in (6.2.3). Let
wt € R? and wE € R? be the eigenvectors of DX* at Q*, associated with the eigenvalues
—\* and \*, respectively.

Using expression (6.3.39) for the unperturbed impact map, the Jacobian matrix of Py(v, x, y, s)
evaluated at I'T becomes

1 0 0 0

o 0 pxt@*a@ Y
DPO(UaQ 75) = 0 € 0
a'(v) 0 0 1

Given @ € I'F, we can consider the splitting for the tangent space To(R? x Tr)
T, (R® x Tr) = Ef @ B2 @ To(I%),
where
B =< 0,wF,0 >
B =< 0,w>,0 >
are the eigenspaces generated by the vectors w and w;.

Taking into account that I'* are compact manifolds with boundaries given by v = v; and
v = vy, there exist constants ji > 1, 0 < A* < 1 such that, for all & € I'*

weE; <= [DR}(@w| < KEQE)"|w|, n>0
we kY <= |DFp@w| < KF(A) "], n<0 (6.3.46)
we It «— |DPM@)w| < K (pH)M|w|, neZ.

Assuming that «(v) is an increasing function of v, we can take
AE = eV (6.3.47)

and i any constant satisfying pn > 1.
Hence, I'F are C™ (as regular as the flows) normally hyperbolic manifolds for the unper-
turbed impact map F,, with stable and unstable invariant manifolds

wH ) =werh = |J wee)= J weeh
c€ler,ce2] c€ler,c2]

= {v, (0"P(£),s), v Sv <y, £ ER, s € Tr}.
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It will also be convinient to introduce the following parametrization of the invariant
manifolds W*/*(I'+/~). Using ¢9°" similar ones can be obtained for W*/¢(I'*/7). Let

E* ={(v,s,m) € L x[0,1]}
be a bundle on L. We then define

s/u, s/u s/u(T+~
Gyt Bl — o W) (6.3.48)
(U>5777) — (’U,O p(_/+ F)as) :
As o™ (§) — QF as € — Fo0, we include n = 0 in the domains and define
Gy (v,5,0) = Gy (v, ).

The diffeomorphisms G§" induce dynamics on W/ “(f‘f/_) in terms of the parameters
(v,s,m). To simplify the notation, we proceed with W*(I'"). Let @° = G§(v, s,n). Then,

Po(Go(v, 8,m)) = Po(w0®) = (v, Uup(—l/r\l—f +a(v)), s+ a(v))
= (v, aup(—ln(n)\+)), s+ a(v)) = Gy(v, s + a(v), 1755“),

At
where AT = ") is defined in (6.3.42).
Hence, the dynamics induced in E* is given by
I E? — E?
(v,8,m) — (v,s+a(v),nAT),
so that
Py o Gy = G o py,

and p; also inheres the hyperbolic nature of the map F,

()" (v:).0) = B)" (v, 5.m)|

— )(0,07 _w)\ < 3y,

6.3.6.3 Perturbed case

Let us now wonder about the persistence of the invariant manifolds introduced in the
previous section when € > 0 is small. We first focus on the normally hyperbolic manifolds,
['%, for the map F.

As mentioned in Remark 6.3.2, the impact map P. is as regular as the flows ¢** restricted
to S* x S* x T. Thus, the persistence of the normally hyperbolic manifolds I'* for € > 0
comes from the theory of normally hyperbolic manifolds ([HP70, Fen72, Fen74, HPS77,
DdILS08]). In particular, we apply the main result given in [HP70] and reformulated
in [DAILS08] which we repeat here for commodity in terms of our notation and needs.
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Theorem 6.3.1. Let P. : (’)p CR3x Ty — R3x Tp be a C™® family of diffeomorphisms.

Assume that T C R3 x Tr is a normally hyperbolic invariant manifold for Py with rates A
and fi as in (6.8.46). Then for any | < |11§§”\‘ there exists an g9 > 0 such that for |e| < &g
there exist C'=' families

G.: L —RxTr
pe: L — L
G B — R3 x Tp
pit s R — B

where E5* = L x [0,1] are bundles over L, satisfying

P.oG.=G.op. (6.3.49)
P.oGX" = GZ% o p2* (6.3.50)
and, for any (v,s) € L,
2"((v,5),0) = Ge(v, 5) (6.3.51)
2((v,8),0) = pe(v, s) (6.3.52)
D2G?"(( ), 0)ELy =BGy (6.3.53)

Moreover, there exists an open set U D Go(L) =T in such a way that the set T := G.(L)
is a normally hyperbolic invariant manifold, verifies

.= () PMU)NU
nel

and has stable and unstable manifolds given by
WS ’lL( ) GS U(ES ’lL)
Moreover, if & = G.(v,s) € T., then

Wsu UGsu’UST]

Condition (6.3.49) gives us the persistence for ¢ > 0 small enough of the normally
hyperbolic invariant manifolds I'*, which become I'*, which are normally hyperbolic
invariant manifolds for the impact map P. in (6.3.13).
In general, the Theorem of persistence of normally hyperbolic manifolds only gives locally
invariance for the perturbed manifold. Nevertheless, as shown in (6.3.45), the unperturbed

map is a twist map when restricted to I'f, some of the curves v = ¢t which foliated it
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(those such that «(v) is not congruent with the period T" of the perturbation) are preserved
by the classical twist theorem. These invariant curves provide invariant boundaries for
the perturbed manifolds I'*, and hence I'* are compact and invariant. In addition, this
compactness makes the manifolds r £ given by the diffeomorphisms GF be unique.

The diffeomorphisms G** provide formulas for the (local) stable and unstable manifolds
of f‘f, Wi (f‘f), in terms of the bundle eigenspaces E**. More precisely, the points of
the stable and unstable manifolds of T’} (similarly for I'2) are of the form

G2 ((v,s),m),

where ((v,s),n) is a point of the bundle
((v,s),m) € E“* C Lx[0,1] CRx Ty xR.

Note that these maps G** refer here to the invariant manifolds associated with I't. To
avoid too lengthy notation, we have omitted the superscript 4+ in these maps. Similar
ones would parametrize the stable and unstable manifolds of T'-.
In addition, the regularity of the maps with respect to the perturbation parameter e
ensures that the perturbed objects are e-close to the unperturbed ones.

Finally, conditions (6.3.51)-(6.3.53) relate points at the normally hyperbolic manifold
['F with points at its stable and unstable manifolds as follows.
Let @t = Gt (v, s) and &** = G5*(v, s,n), with (v,s) € L and n € [0, 1]; then,

|[PI(@") = PP@*)] = [P o G2*(v,5,1m) = PI' o Ge(v, 5)|

= |GZ" o (p2*(v,5,m))" — Ge (P2 (v, 5)) |
<K*(A+0(g)" =0, n— +/— oo,

where 0 < A* < 1 is the constant given in (6.3.46).

The parametrization of the normally hyperbolic manifolds fgﬁ given by Theorem 6.3.1 are
not unique. For our convenience, we choose from now the parametrizations G to be the
identity in the v and s coordinates,

1L, (GF) = Id, (6.3.54)

that is,
G?(U, S) = ('Uv gf(v, 5)7 S)'
Finally, note that, when ¢ = 0, these maps coincide with the ones defined in §6.3.6.
Therefore,
g (v, 8) = Q*.
We now wonder about the existence of equivalent manifolds to f‘f for the flow ¢. More

precisely, we are interested in obtaining the perturbed version of the normally hyperbolic
manifolds A* in terms of the reference manifold N given in (6.3.37).
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Proposition 6.3.1. Under the hypothesis of Theorem 6.53.1, there exist continuous maps
Ff¥: N — R*x Ty,
that are Lipschitz in e, such that the C° manifolds
AT = FZ(N)

are invariant under ¢ and e-close to AE. . .
Moreover, there exist C° manifolds W**(AY), e-close to W**(AF), such that, for any

F8/u = (g5, s5W) € Wslu(AX7) there ewists 31~ = (27, s77) € A satisfying s5/* =
st~ and
6(t; 3574 &) — p(t; 571 8)| < K e ¢ 5 4/ — o0, (6.3.55)

where K~ >0 and \Y~ > 0 are given in (6.3.34). Similarly for 2/° € W“/S(]X;H_).
Proof. We first obtain the maps
Ff: N —R'xTr

which provide the invariant manifolds AF. )
For each (0,v,s) € N, we consider GE(v, s) = @* € I'F which, recalling the assumption
stated in (6.3.54), are of the form

o* = (v, 9% (v, 5), 5).

Calling
a}it - (witﬂsit) - P€(J)i)
7 =(0,0%) e {0} x I T C 3,

we then consider the maps

FX(0,v,s) = b ((sli — s) g: 7+ 5) (6.3.56)
= ((31 —8)0;0,v, 95 (v, 5), s) , 0 €0,1], (6.3.57)

which are a smooth maps as long as the flow does not hit v = 0, which occurs at

0=0,0= - 0 =1.

The maps F= fulfill
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and
FE(1,v,5) = o(s7 — 5:7%2) = (0, (%))
= (0, P. 0 GX(v,5)) = (0,GE(pE(v,5))) € {0} x T'Z. (6.3.58)
Note that, when e = 0, 2* = (0,0%) = (0, GE(v, 5)) = (0,v,Q*,5) € T'F and (st —s) =
a(v). Therefore,
Fyf(0,0.5) = ¢ (a(v)8: 70) = (6u(0(0);0,0), Q% 5)

and, in the unperturbed case, these parametrizations coincide with FOi defined in (6.3.38).
This allows us to obtain the 3-dimensional continuous manifolds

Af = FE(N), (6.3.59)

which, as we argue below, are invariant by the flow b(t: Zo; €).
We first see the invariance of Agt, for e = 0. Let us consider 2% = FOi(H, v, s) and the flow
o(t; 2%;0). If 0 <t < (1 —6)a(v) then

- / -
O1750) = F (0 + o5.v.8) € Mg

and it is hence invariant, as it is given by the image by Fj© of a point in N. At ¢t = (1 —
0)a(v), the flow crosses the switching manifold v = 0 with positive v at the point which,
using property (6.3.58), is given by F5(1,v,s) = (0,GE(pg (v, 5))) = (0,v,QF, 5 + a(v)).
Hence, if (1 — 0)a(v) <t < (2 —0)a(v), we can write

O(t; 75;0) = ot — (1 — 0)a(v); Fi(1,v, 5); 0)

= ¢ (t—(1-6)a(v);0,0,Q% s+ a(v))
:Fﬁﬁ—(l—w,pgﬂ(v,s»

+ L — — v,S + alv
—EM&@) (1 =0),v,s+a(v)),

and hence is also invariant because it is given by the image of a point in N by Fi. In
general, using that the impacts with the switching manifold ¥t (v > 0) are given at
tn = (n — 0)a(v), we can write the flow for (n — @)a(v) <t < (n+1—0)a(v) as

o(t; 7550) = ot — (n = O)a(v); F5 (1, (p5)" (v, 5)): 0)
(j__
a(v)

Cl—— )vs+nMM)

a(v)



140 6.3. SOME NOTATION AND PROPERTIES

providing us the invariance for all ¢ > 0. Proceeding similarly for ¢ < 0, we get the
invariance of the manifolds AF = Fi*(N) for the flow ¢ for all t € R.

Let us consider ¢ > 0 and 2" = Ff(6,v,s) (analogously for Z= = F(0,v,s)). We
first find the first impact with the switching manifold >t with v > 0,

Z = (0,GF(pF (v, 9)).
Calling s; = Il (1), and t; = s; — s, this impact occurs for the flow gzz(t; Zte) at

Then, for 0 <t < (1 — )i,

o(t;2Te) = FF (0 + t—,v,s) S
1

and it is hence invariant because it is given by the image by F.* of a point in N.
As for the unperturbed case, after the first impact we write the flow using the last impact
as initial condition. In general, the flow ¢(¢; 21;¢) impacts X7 at points

Zn = (0,GZ((pg)" (v, 9))),
and occur at times given by

t=(sp—s)—0(s—s1),n>1,
t ¢
=in 1

where
sn = I((pI)" (v, ).
Hence, if t,, — 0t <t <t,,1 — 0t;, we can write

O(t; Z:6) = Ot — tn + 0t; (0, G ((p1)"(v,9))) 5 2)

t—t, + 0t .
_ pr (— vt <v,s>) |

Sn+1 = Sn
and /~\j is thus invariant for ¢ for ¢ > 0. Arguing similarly for ¢ < 0, we get that
b(t:5%:e) € /~\j, vt € R.
Analogous arguments hold for qg(t; Zoe)if 27 = F-(0,v,s).
As ¢(t; Z;¢) and f‘gﬁ are e-close to ¢(t; Z;0) and =, respectively, we have that

]Ff(@, v,8) — Foi(e, v,s)| = O(e),
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which gives us the Lipschitz property. In addition, note that
AFnst ={0} x T

Let us now wonder about the stable and unstable manifolds W”([\f) For every
7+ ¢ AF we want to find points 25* fulfilling (6.3.55) and hence defining W*(AJ) and
W#(AF) (similarly for W*(AZ) and W*(AZF)). We proceed here with the manifold W*(A});
analgous arguments hold for the other manifolds.

Let 3
Ft=Ff0,v,5) = o(r7;(0,@7);e),
with
ot = G:(’U,S) = (U795(U7 S)a 8) € fg_
= (1L, (P(&T)) — 5) 0,

be a point in At
From Theorem 6.3.1 we know that there exists

0° = (w*,s°) = G%(v,5,m) € W)
such that B
|PM (&%) — PM@h)| < KT(AT)", n — oo, (6.3.60)

where 0 < AT < 1 is given in (6.3.46).
Let us now consider the impact sequences associated with the points &' and &%,

~t i+ bt b GO
wz’ _(Us 71}5 7y5 788 )

~8 __ S .0,8 1,8 i,s)
W = (Us 1 Le 5 Ye s Se

Using that

if (0,07),(0,@°) € T x R? x Ty, as the map P defined in §6.3.1 is a smooth map, by
property (6.3.60) we also have that

@ — | < KY(AY), i — oo,
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for some K+ > 0.
Consequently, the sequences s{ = s and s = sb fulfill

|55 — 57| < KT (\T), i — oo,

for some K+ > 0.

In other words, there exist two sequences of times, t{ = s{ — s* and t; = s] — s, where
the impacts occur, such that
(t55(0,0%);€) — ot (0,07 ); )| < KN, i = o0 (6.3.61)

and o
5 =t <|st = s |+ KT(\1)", i — oo.
——

Let now 7’ be

and define

2 =¢(r" +7;(0,0%;¢).

Let us now show that this is the point we are looking for.
We first note that

I, (q@(t; 2+;5)) =s+7t+1t
I1, <<5(t; 55;5)) =s*+7 47+t
=s+71"+1,

and the s coordinates of both trajectories are the same, which is a necessary condition.
The fact that the perturbed manifold I'S is compact ensures us that the sequences ¢, —t?

and ¢, —t] are bounded (they are in fact a(v) + O(g) or a™(—v) + O(¢)). Hence, if ¢

is large enough, we can always find ¢ such that

-t <t<ti,—7"
/

+ ' +
=71 =T <t<ti -7 =T,
and write the flows

Ot 2%5e) = ot — tF +775(0,07 );¢) (6.3.62)
O(t;3%e) = ot —t5 + 77 +75(0,05); ). (6.3.63)

In particular, as
(=) = (-7 =7) —0,
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if ¢ is large enough, we can always assume that

ai i=max(t] — 7 t] — 7" —7') <t <min(tf, — 77,5, — 7" = 7) = b

For t € (aj, biy1), both flows (6.3.62) and (6.3.63) are located at the same domain S* x
ST x T and hence, the derivative of the function

u(t) = |o(t; 275e) — o(t; 2% ¢)|

is a Lipschitz function because so are the fields associated with the flows ¢=*. Note that
no impacts occur in the interval (a;, b;11). Let & > 0 be the largest Lipschitz constant of

these two fields; then, for ¢ € (a;, b;11) we have

u(t) < KT\ + /t Au(t)dt.

Applying Gronwall’s Lemma, we obtain
u(t) < KT (At)leflbma),

As the difference b;;1 — a; is bounded by max(a™(v),a”(—v)) + O(g), it comes that there
exist a positive constant KT such that

6t 2) — d(t; 2e)| < KTe ™M ¢ — oo,
which is what we wanted to proof. This constant may be different from the one defined

in (6.3.34) and used in (6.3.60). To simplify the notation, we take the maximum between

both and use the same name. .
In order to see that W**(A%) are e-close to W™*(AF) we recall that so do the manifolds

I'# and T*. This implies that 7/ given in (6.3.65) is of order . Now, using that, for £ = 0,

w° = (0,v,0"P(§), s)

ot =(0,v,Q%,5)

2 = (gy(77;0,0), 0 (E+77), s +77)
= (ou(r7:0,v),Q" s +77)

for &€ = —kj\%”, and that the flow @(t; 3;¢) is e-close to ¢(t; 2;0), it comes that, for & > 0,

2= (dy(7%;0,0), 0 (E+77), s +77) + O(e)
25 = (ou(7750,v),Q", s +77) + O(e).

Hence, the manifolds W**(AF) are e-close to the unperturbed manifolds W*$(A*). O
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Remark 6.3.8. From the above construction, we can also provide maps equivalent to G2
to obtain the manifolds W*"(AT),

FESM : Es s Ws,u(A;-)
((0,v,8),n) —s 250 (6.3.64)
Calling
W = G:(U; 377]> = (ws, ss)
ot = G;(U, 3) = (wJF, 3+> — (U,gj(v, 8), S+)
= (II,(P.(«®)) — 5°)0
i (6.3.65)

the map F? becomes .

F2(0,v,5,n) = o(T + 7 (0,0%); ).
Similarly for F*(0,v,s,m) and also for the manifolds W*"(AZ).
As shown in Proposition 6.3.1, if

= Fr(6,v,5) € AL
Zsu Fsu(e v, s 77) Ws’u([\j),

then
gz~5(t;2+;g) — qg(t;és’“ <++>5e)| < Kte M ¢ +/ -

Similarly for 2= € A and 25" € W*(AD).

Remark 6.3.9. The delay 7' given in (6.3.65) has to be considered because the section %
does not necessary have to be an isochrone. Note that, when considering the delay 7', we
are in fact constructing such isochrone because we are finding for each n the point whose
orbit goes through (0,&%) and takes the same time as (0,&7F) to return to S+

Remark 6.3.10. In the previous arguments we have used that the direct impact sequences
of the points ™ and &° are infinite.

The first fact comes from the fact that O+ € I”r and hence, as I”“ 1s tnvariant and e-close
to 'Y, it is contained in X+ x St x Ty, the ﬂow o(t; (0,&%); €) never crosses the switching
manifold associated with x = 0.

To see the second fact, if &° is chosen to be in X x St x Ty, then the flow ¢(t; (0,&°); €)
approaches A;r fort >0, and thus neither crosses the switching manifold x = 0. It may
happen however that W*(AL) crosses x = 0 more than once backwards in time. In this
case, ©° has to be chosen in the piece of W*(T'H) “closest to” T'F.

Finally, property (6.3.55) allows us to refer to W#*(A¥) as invariant stable and un-
stable manifolds of AZ and hence, to refer to AZ as normally hyperbolic-like invariant
manifolds.
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6.4 Scattering map

6.4.1 Transverse intersection of the stable and unstable mani-
folds

In order to introduce the scattering map, we first wonder about sufficient conditions for
the intersection of the stable and unstable manifolds of AT and AZ when ¢ > 0. The
following result, equivalent to Proposition 9.1 in [DdILS06], provides sufficient conditions
for both manifolds to intersect transversally in a three-dimensional heteroclinic manifold
which can be parametrized by the coordinates (0,v,s) € T x [vy, va] x Tr.

Proposition 6.4.1. Let~(6.3.36) be a parametrization of the unperturbed heteroclinic
manifold W*(Ay) = W*(AZ), and assume that there exists an open set J C N such that,
for all (6o, vo, s0) € J, the function

¢ — M(C, 6o, vo, So), (6.4.1)

with
oo

M(C,eo,ﬂo,S(]) = / {X, h} (¢z,{ (00@(?)0) +C+t, O,Uo) ,O'uP(t>,So—|—C+t) dt, (642)

— 00

has a simple zero at ¢ = (6, vo, 50). Then, there exists locally unique points Z*(0o, vo, So; €)
We(AD) N WU(AD) and 2% (0y, v, s0) € AL such that
lim ¢(t; 2% ) — o(t; 55 ¢) = 0.
t—=o0

Moreover, the heteroclinic trajectory szS(t; Z*;e) intersects the switching manifold given by
x =0 at a point Z5(0y, vy, S0,€) € R? x 3 x T fulfilling

11, (%) = yn
0
+ yi/ {X7, 1} (dulBoa(ve) + C +1:0,v), 0™(t), 50 + C + 1) dt + O(e”),  (6.4.3)
h J—co

where y, is the y coordinate of the unperturbed upper heteroclinic connection given

in (6.2.10)-(6.2.11), "(0) = (0, y).

Proof. We first study the intersection of the W*(A}) and W*(AJ) with the section given
by # = 0, R? x ¥ x Ty. To this end, we consider a point at the intersection between the
unperturbed heteroclinic connection and this section. In terms of the parametrization
provided in (6.3.64), such a point in this 3-dimensional manifold can be given in terms of
the parameters (0, v, s) as

Z0(0o, vo, s0) := Fy" (0o, v0, 50, 1) = (du(Bocx(v0); 0,v0),0™(0), s0)

= (Pu(Gox(v); 0,v0),0,yn, So) €E{z =0} NW* (A7) ={z=0}nN WS(/N\J“),
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where (0,y,) = o™ (0), ¥ is given in (6.3.1) and ¢y(foa(vo);0,v0) is the solution of
system (6.2.4) such that ¢, (0;0,v9) = (0,v). However, in order to easily identify points
in the perturbed heteroclinic manifold with points in the normally hyperbolic manifolds
Af, we introduce a fourth parameter, ( € R, in the parametrization of Z; as follows

Zo(0o + L,vo, s0 +¢) = (¢u (Boa(vo) + ¢;0,v0), 0, yn, S0 + C) (6.4.4)
a(vp)

e{z=0}NWYA") ={z =0} nW3(A").
Let us consider the line
N ={%+1(0,0,0,1,0), I e R} CR? x ¥ x Ty,
and define the points
75/ (¢, 0o, 0, S0, €)

= (O,ys/u, gbu((‘gg + %) Oé(U()) + C; 0, Uo), So + C) = Ws/u(]\;_/_) N N (645)

The existence of 2*/* comes from the following argument.

On one hand, the 4-dimensional perturbed manifolds W/ “(Aj/_) exist and are e-close
to Ws/“(A*~) (see Proposition 6.3.1). On the other hand, due to the form of the
Hamiltonians X* given in (6.2.5), the intersection of N with the unperturbed mani-
fold W*(A~) = W*(A") is transversal at Z,. This permits us to ensure that these points
exist and are unique for € > 0 small enough. Moreover, they are of the form

245 = 3,4 (0,0 () ,0,0,0).

In order to see that the manifolds W*(AZ) and W*(A}) intersect transversally at the
section given by z = 0, R? x ¥ x Ty, we study the distance between the points z%*
measured using the unperturbed Hamiltonian,

A(b + % vo, so + (,€) = Ho () — Ho (2°) = X (") — X(2°), (6.4.6)

where X (z,y) is the piecewise-defined Hamiltonian associated with system (6.2.3) and
X (Z2) is a shorthand for X (II, (2),IL, (2)). Note that, as the Hamiltonian X is continuous
at the switching surface z = 0 where the points Z** belong to, it is not relevant which of the
branches, X+, is applied to evaluate (6.4.6). In fact we have X (3%) — X (z°) = # - %
We proceed now solving the equation

A(QO—F %,UO,SO—FC,&) = 0, (647)
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which we choose to solve for (. That is, we want to find (*(o, vo, S0, €) such that

A(by + L,Uo, so+¢"e)=0.
a(vo)
In order to find (* we proceed as usual in Melnikov-like methods. That is, we first obtain
an explicit expression of the first order term of the expansion in powers of € of Eq. (6.4.7).
Then, assuming the existence of simple zeros for v of this first order term, we apply the
implicit function theorem to find (*.

To find an expression for A we proceed as in the proof of Proosition 6.3.1 but making
the reverse argument.
As Z° and 2" do not necessary belong to f], we evolve with the flow é with initial conditions
75 and 3% forwards and backwards in time, respectively, until the section X1 is reached,
so we obtain points in {0} x W*(I't) and {0} x W*(I'0), respectively. That is, we use

the maps k., k., P~ and P. deinfed in section 6.3.1 to obtain the points

(0.6 = {/@5(25) if 7 € S~ x S x Ty

and
0,54 = Re(3Y) if 3% € St x Ot x Ty
T (BT (R(BY) i FY e ST x BT x Ty
Adding and subtracting X (0°) = X*(©°) and X (0%) = X~ (") in Eq. (6.4.6), we write
A as

A(GO + Lu”@; S0 + C7€> =

a(vo)
A (0 + ﬁ vg, S0 + ¢, ) — AT (6 + %@0) Vo, S0 + C, €) (6.4.8)
where
A= (0 + % o, 80+ C,e) = X~ (&%) — X (%) + X(3Y) (6.4.9)
AT (6 + %, vo, S0+ (,e) = X H(@°) — XT(@°) + X (2°). (6.4.10)

As the points */* belong to Ws/u(f\j/_), the points d}s/“~belong to Ws/u(f;r/_). From
Theorem 6.3.1 it comes that there exist two points, ©@* € I'T such that

P M@ =P ™Mo )< K (A)™—0 (6.4.11)

P& — P(@T) < KT(AH)" — 0 (6.4.12)
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as n — oo. We now obtain expressions for A*. We write here the details for the
derivations of these expressions for A™; proceeding similarly, one derives also equivalent
formulas for A*.

Let us oberserve that, as z" & W“(f\;), its backward flow never reaches x = 0 and
therefore %.(z%) is well defined. Moreover, (0,&0%) € 3 x R? x T7. Analogously for z°.
Adding and subtracting X~ (0~) in (6.4.9) we write A~ as

A7<90 + %7 V0,50 + g? 6)
= X" (") (6.4.13)
- X" (07) (6.4.14)
- X (@Y 4+ X (2Y)
+ X (@07),

where we have split the equation to make what follows more clear.

We now remark that, for all n, the points P-"(@") and P."(w™) belong to the (inverse)
impact sequence of the points @" and @™, respectively. Hence, we can apply Lemma 6.3.1
to Egs. (6.4.13) and (6.4.14) to obtain

A7<90 + L7 V0,50 + C?E:)

a(vg)
_ 5/50 (X~ h} <gz~5(t; (0,&"); 6)) dt+ X~ (P7"(@"))

LT @)

—5/80 ){X‘,h} (é (& (O,Q‘);é))dt—X_ (P(@7))

&7 e (@-
- X" (@) + X (2%
+ X (@7),

where

are the s coordinate of the even terms of the (inverse) impact sequences of w" and @,
respectively.
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We now merge the two integrals and we write A~ as

A™ (0o + Vo, S0 + C, €)

¢
%%y
_ / e ({x.m} (65 (0.5%:2))

— (X0} (ot 0,07)e)) )at (6.4.15)

se T —Ils(@7) B .
+5/_M . (X h}( (t: (0,@ ),g)) dt (6.4.16)
X (Pm@) = X (P(@0)) (6.4.17)

"(w
—X‘()+X()
+ X (07),

where now the integral in (6.4.15) has to be split in 2n integrals delimited by consecutive
values of ¢ given by both impact sequences. The integral in (6.4.16) has to be added to
compensate the change of the lower integration limit of the integrand

{x7n} (6 (60,07)e)).

We now want to make n — oo.

On the one hand, property (6.4.11) tells us that expression (6.4.17) tends to zero when
n — oo.

On the other hand, when n — oo, Eq. (6.4.16) is of order O(g?). This comes from
the following argument. We first recall that the points @~ and @" are images of points
in N and E" by the maps G_ and GY given in Theorem 6.3.1, respectively. As these
maps are regular in e, and I (Gy (v,s) = I(G§(v,s,1m))), Vn € [0,1], we have that
II;(0") —Is(w™) = O(e). Hence, recalling that, by property (6.4.11), s-™~ — s-™" tends
to zero exponentially, it comes that

scT = (@) — (so™ — Hs(@"))

3 3

<K (A)"+0() — O(), n — 0.

As the integrand is continuous, expression (6.4.16) becomes of order O(g?) when n — oc.
We now focus on the integral given in (6.4.15). As noted in the proof of Proposition 6.3.1,
this integral does not converge when n — oo. This is because, for ¢ > 0, the switching
manifold ¥ is not an isochrone and hence ¢(; (0,0%); ) ¢ W*(o(t; (0,7 );€)). As argued
in the proof of Proposition 6.3.1, one has to consider the delay 7" = II;(@~) — (&™) to
obtain ¢(t+7'; (0, wh)se) € W“(q@ (t; (0,07 );¢€)). Hence, due to the hyperbolicity property

o(t; (0,07);e) — d(t+73(0,0");e) | < K~ " — 0, t = —oc
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the integral becomes convergent.
Then, the error due to introducing the delay 7/ becomes

o (e (Gw0.a0)

£

—{X",h} (& (t+7; (O,(I)“);E)) )dt

_ /_ 0 ({X—,h} (gs (t: (0,@“);5)) dt (6.4.18)
s OT (X1} (gB (t+ 5™ — TL(@"); (0,&"); g)) )dt (6.4.19)
= 0(?).

Recalling that 7 = O(¢) and that the flows restricted to the unstable manifold are bounded
backwards in time, the integrals in (6.4.18) and (6.4.19) are of order O(e), and hence the
total error produced byt introducing the dealy 7/ in ¢(t; (0,&% €)) is of order O(£?).

We then make n — 00, to obtain

A_(QO + L?”OMSO + C,&f)

a(vg)
= /m (1.0} (St +7(0,6":9))
—{X".h) (é (t (o,ar);g)) )dt +O(?) (6.4.20)
+ O(e?)
~ X (@) + X (3Y)
+ X (@)

We now expand this in powers of €. On one hand, as ()~ is critical point of the system
associated with the Hamiltonian X, using that

(IL, (@7) . 1L, (@7)) = Q™ + O(e),
it comes that

(X0} (0 (1:a7:2) ) = O(e),
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On the other hand, and for the same reason, we have that
X (@)=X(Q )+ 0(?).

Hence, we can write A~ as

A_<90 + a(i ),Uo,SQ +’Y,€)
= 5/0 ({X",h} (& (t; (0,@3);0)) dt + O(?) (6.4.21)
— X" (@) + X (Y (6.4.22)

where

and 2, is given in (6.4.4).

Let us now worry about the difference given in (6.4.22). As the flow ¢ is as smooth as
the flows ¢** between the points @* and z*, we can apply the fundamental theorem of
calculus to obtain

X~(3") — X~ (") = g/ {X, 1) (p(t: 2% 2)) dt

e—1Is (&%)

= 5/0 {X7,h} (6(t; 20;0)) dt + O(?).

Ost (‘:7(1;)

Taking into account that ¢(t + so — IL(&0F); 20;0) = ¢o(t;0f;0), we can merge this last
integral with the one given in (6.4.21) to finally obtain

A~ (6 + ﬁ,%, so+Ce)=X"(Q7) + 5/0 {X7, 1} (6(t:2;0)) + O(2). (6.4.23)

Proceeding similarly for A™, we also get

AT (6 + ﬁ,vo, so+¢e)=XHQ") - 5/000 {X*, h} (6(t; 20;0)) dt + O(€?).

Replacing these expressions in Eq. (6.4.8), we finally obtain an explicit expression for the
first term of the expansions in powers of € of the distance between the points z* and z*,

A(QO + ﬁ) Vo, So + C? 6) =

s/oo {X, h} (du (Boc(vo) + ¢ +£;0,v0) ,a™(t), 80 + ¢ + ) dt + O (%) (
= eM(C, 0, v, o) + O(e%).

6.4.24)
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On one hand, this integral has to be separated in two pieces from —oo to 0 and from 0
to o0 to distinguish between the integrands {X —, h} and {X T, h} respectively. On the
other hand, as detailed in Remark 6.3.6, each of these integrals is compound by a sum of
integrals given by the impact sequence associated with u = 0 of the point Z; and whose
integrands are smooth fucntions. Hence, the function

¢+ M(C, o, vo, s0) (6.4.25)

is a smooth function as regular as the flows ¢*== associated with system (6.2.14) restricted
to their respective domains.

Taking (0o, vo, so) € J given in Proposition 6.4.1, let {(6y, vo, s0) be a simple zero of (6.4.25).
Then, by applying the implicit function theorem to the equation

A(f + ﬁ;voa so +¢)
€

=M (C,eo,vo,SO) + O(g) =0

at the point (¢, 0y, vo, 50,€) = (, 0o, vo, 50,0), it comes that, if ¢ > 0 is small enough, there
exists then

¢* (6o, vo, s0,€) = ¢+ O(e) (6.4.26)

which solves Eq. (6.4.7).
Thus, for every (6, vo, So) € J, there exists a locally unique point at the section R2x Y xTr
belonging to the heteroclinic manifold between the manifolds A,

*

58(‘90 + —Oé(UO) , Vo, So —+ C*’ E) — 2u(<—*7 6071)07 S0, g)
= 28(§*790;U0730,5) (6.4.27)

e WA MW (AD) N x R? x Ty,
which is of the form

%5 (60, vo, s05€) = (0,95, du(box(vo) + ¢ 0,00), 50 + (7).

Let us now obtain the explicit expression, given in (6.4.3), of the first order term of
the expansion in powers of € of y;.
Recalling that X~ (0,y) = 2 we expand in powers of € the value yvr = +/2X(%5). We

9
first have, using Z§ (6o, vo, 0; 0) = 2o,

1 d
Y= /2X (%)) te———( X (2} .
Yn _,_/( 0) 2X (%) d5< (0)>g:o
Yh N—
Yh

Using the definition of A~ given in (6.4.9) and using that Z} = 2*, it comes that

d_ . d
EX(Z )|€:0 = £A‘€:O.
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Hence, from the expansion in powers of € of A~ given in (6.4.23) we get
0
y”;:yh+yi/ {X_,h} <¢(t;20;€)) dt+0(52):
h J—oco

0
it = [ LX) (ulBaaton) + €+ 0.0). 0" (0) 50+ 1) dt + O(E),
h J—-c0
We finally consider the point
2*(90,1]0,80;8) = (ﬁ,g*(ég,éf), (6428)

which belongs to W*(AZ) NW*(A}) but is not in 3. Moreover, using that ¢* = ¢ + O(e),
as given in (6.4.26), Z* is of the form

2*(00, Vo, S0, E) = (qbu(eo()é(’l)()); 0, ’U()), O'(—E)), S()) + O(E),

where (¢y(foa(v);0,v),0(),s) is the parametrization of the unperturbed heteroclinic
connection introduced in (6.3.36). As Z* depends on (6y, vo, so) € N, this permits us to
consider two points

25 (00, vo, 50;€) = FE(0F,vF, sT) = FE (09, v0, 50) + O(e) € AT, (6.4.29)
such that
lm ¢(t; 2% ) — ¢(t; 275¢) = 0,
t—+oo
where F are the parametrizations of AF defined in (6.3.59) and (6=, v3, sT) € N, with
N the reference manifold given in (6.3.37). O

Note that, as /~\€jE are invariant manifolds, the flows gzNﬁ(t; Z*: ¢) do not cross the switching

manifold given by z = 0 for any ¢t € (—00,00). As a consequence of that, the direct and
inverse impact sequences introduced in (6.3.17)-(6.3.18) associated with the points Z* are
defined for all their iterates. Hence, the flows qg(t; Z*:¢) can be written of the form given
in (6.3.28) for ¢t € (—o0, 00).
Regarding the flow qg(t; Z*:¢), as it is restricted to the heteroclinic manifold between A
and Aj, it crosses the switching manifold given by x = 0 only once. This crossing occurs
for t = ¢* at Z} given in (6.4.27), and all the iterates for the direct and inverse impact
sequence associated with Zj are defined. Hence, using that

Ot 26) = ot — 3 55:2), (6.4.30)
the flow ¢(t; ;) can also be written as in (6.3.28) for t € (—o0,00).

Remark 6.4.1. We remind that, from the beginning of this work, we have focused on
the heteroclinic manifold close to W*(Ay) = W*(A{), which is given by the “upper”
heteroclinic connection of system X. Obuiously, one can derive equivalent conditions to
Proposition 6.4.1 for the intersection between the manifolds W*(AZ) and W*(AZL).
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6.4.2 First order properties of the scattering map

Let ¢ be a simple zero of the function (6.4.1) for any (0,v,s) € J C N. Then, for any
(0,v,s) € J we can define the scattering map

SuP AZ — At

7 (0,v,88) — zH(0,0,s;¢) (6.4.31)

which identifies the points in (6.4.29) connected by the orbit of the heteroclinic point
Z¥(0,v,s;6) € W*(z27) N W*(Z"), which is of the form

250, v, s;€) = (du(Oa(v); 0,v), 0" (=), s) + O(e).

Following Remark 6.4.1, it is of course also possible to define another scattering map,
Sdown hy identifying points in the manifolds /~\€i connected by the orbit of a point at the
intersection of the manifolds W*(AZ) and W*(A).

Note that, by contrast to [DdAILS06], we deal here with heteroclinic manifolds and not
homoclinic. In the homoclinic case, the scattering map is understood as a map from a
normally hyperbolic manifold onto itself. We could also have such a situation here by
considering the composition of the two scattering maps mentioned above,

Sdowno Gup AZ — A7
S;poSgown . AP — AT

However, for this purpose one first needs to understand the dynamics inside the manifolds
and this is left for future work.

In this section, we focus on the scattering map SIP defined by identifying points in the
manifolds /~\; and A:, as written in (6.4.31). Obviously, everything that we derive in this
section can also be stated for the scattering map S9°"® from Aj to /~\; determined by
the orbits of heteroclinic points in the intersection of W#(AZ) and W*(A1).

As it comes from Proposition 6.3.1 and has been shown in Eq. (6.4.29), the points
7%(0,v, 5) can be written in terms of the reference manifold N defined in (6.3.37) as

gi<97 U, 83 8) = Fsi<6i7 ,Ui7 Si)
= FF(0,v,5) + O(e)
= (¢u(0a(v);0,v),Q%, 5) + O(e).
This induces a map
sub N — N
0~ ,v7,s7) — (6F,0T,sT)
fulfilling
S;lp (F57(977U77 57)) = FEJF (Sgp(eiv Uiv Si)) .



CHAPTER 6. SCATTERING MAP 155

For e = 0, 2= = F;(0,v,s) and 27 = F; (0, v,s), and the map Sy sends a point
(b (0a(v);0,0),Q7,5) € Ay to (pu(fa(v);0,v),Q", s) € Af. Hence, in this case,

SeP o Fy (0,v,5) = Fy (0,v,s), V(0,v,s) € N,

and s,” becomes the identity.
If e >0,s"0 ,v7,s") and (§~,v~,s”) become e-close.

Using the maps given in Remark 6.3.8 that parametrize the stable and unstable man-
ifolds W**(A ), the points 2*(6,v,s) € W*(A+) N W*(AD) can be also written as

7(0,v,8,¢) = (¢ (0a(v);0,v), 0" (—(), ) + O(¢)
= F5(0,v,8,m9) + O(e),

or also in terms of F* as

7(0,v,8,¢) = (¢ (0a(v);0,v), 0" (=C), ) + O(¢)
= F3(0,v,s,15) + O(e).

where, using (6.3.48), ni become )
ny == (6.4.32)

We now want to derive properties of the image of the Scattering map (6.4.31). More
precisely, we want to measure the difference of the energy levels of the points 2*. This is
equivalent to measure the difference between energy levels of points in /N and their image
by siP. To this end, as it is usual in Melnikov-like theory, we use the Hamiltonian U
which, recalling that U(0,v) = ”2—2, is equivalent to measure the distance in the coordinate
v. That is, we wonder about

AU =U(EY) = U(3), (6.4.33)

where U(Z2) is a shorthand for U(II,(2),I1,(Z)). Note that this difference is 0 for ¢ = 0,
and therefore AU = O(e).

The following Proposition provides an expression for the first order term in ¢ of AU.

Proposition 6.4.2. Let (0,v,s) € J C N given in Proposition 6.4.1, and let { = ((6,v, s)
be a simple zero of the function

C — M(Ca 07U7S>7
where M is defined in (6.4.2). Let also 3+ € A* be points such that

5= Sw(z).
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UE) - UGE) =2 [ ({08 ((6ubaw) + t0.0), 0 (t = )5+ 1)

—{U,h} (gbu(@oz(v) +0,v),Q7, s+ t) >dt
+ 8/0 h ({U, h} ((du (Ba(v) + £;0,0) , 0" (t — (), s + 1))

— {U, b} (du(6a(v) + :0,0), Qs + 1) )dt
+0(e'"r),

(6.4.34)

for some py > 0.

In order to prove this, we will use the following Lemma, whose proof is given after
proving Proposition 6.4.2.

Lemma 6.4.1. Let
,&%) = (0,G(v,5)) € A}
(0,a¢) = (0,G{ (v, 5)) € A

Then, there exists p > 0 and ¢ > 0 independent of € such that, if € > 0 is small enough,

o(t; (0,0%);¢) — o(t; (0,07 ); 0)| = O(e”)
foro<t< cln%.

Proof. Of Proposition 6.4.2
Let (0,v,s) € J and let ¢ be a simple zero of the function

¢ — M(C,0,v,s),

where M is defined in (6.4.2). Let also (*(6, v, s, €) be the solution of Eq. (6.4.7) given by
the implicit function theorem near ¢, and 2*(6, v, s; ) the point defined in (6.4.28).

We now want to derive an expression for the first order term of the expansion in powers
of ¢ of expression (6.4.33). Let us write AU as

AU =AU, + AU_, (6.4.35)
where

AU, = U(EY) - U(Z)
AU_ = U(") — U(z").
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We first proceed providing an expression for the difference AU, ; an analogous one can be
obtained for AU_. )
Let us now consider the points @™ € I'Y and @* € W#*(w™) given by
wh =Gl sT) = (W', s
O =G(vT, st nT) = (W, %),
and hence
(0,&%) = F1(0,0",s%) = (0,w", s7)
(0,0%) = F2(0,v",s7,n") = (0,w", s%).
We now add and subtract U(@w™) and U(@*) in the expression of AU, so that it becomes
AU, = U(@)
—U(@")
—U@h)+U((z")
+U(w") = U(z").
As (0,0") and (0,w*) belong to the switching manifold given by u = 0, we can apply
Lemma 6.3.1 (Remark 6.3.7) to obtain expressions for U(w™) and U(@*) and write AU,

as

AU =< [T U (5 (:0.6%:9)) e+ UPIEY)
0

ve [T wm (5 0.89) dt - U(ERE)

—U@") + Uz
+UW@Y) = UE),

where st and s%* are the s coordinates of the impact sequences associated with the
points @™ and @*, respectively.
We now proceed as in the proof of Proposition 6.4.1 to merge these two integrals and

obtain
2n,+ +

AU, = ¢ /0 c ({U, h) (& (t: <o,@*);g>) Uk} ((5 (£ (0,@"): g))) it (6.4.36)
. / _+_+ (U, h) (<Z> (t: (0, &"):; s)> dt (6.4.37)
+ U(;’:(Jﬁ)) —U(P@")) (6.4.38)
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where the integral in (6.4.37) compensates the change of the integrals limits regarding
the integrand {U, h} ¢ (t; (0,&0%);€)). Note that the integral in (6.4.36) has to be split
in several integrals delimited by consecutive values of ¢ given by both impact sequences
associated with @1 and &*.

We now want to make n — oo.
First of all, we note that the impact sequence associated with the point w* may be finite
because the flow may eventually cross the switching manifold given by x = 0. However,
using the expression in (6.4.28) we can always relate the impact sequences associated
with the points z* and Zj, and hence extend the impact sequence associated with w* after
crossing x = 0. As Zj belongs to the heteroclinic manifold and is located at x = 0, its
impact sequence is defined for all n, and thus we can assume that so it is for @*.
Arguing as for Proposition 6.4.1, when n — oo, the expression (6.4.37) tends to be of
order O(e?). This is due to the fact that

sot =T — (2 = 5) = O(e),

and that integrand is bounded.
Moreover, the term in (6.4.38) vanishes when n — oo.
As happened for Proposition 6.4.1, the integrand in (6.4.36) does not converge when
n — co. In order to have convergence, we first have to delay the flow ¢(t; (0,&%); ) by

7 =TL(0") — T (0*) = sT — s*.
As shown in Proposition 6.3.1, this gives us convergence for the flows
‘é(t 7 (0,0%); ) — Bt (0,07); s)) < Kte ™t = oo, (6.4.39)

We then write the integral in (6.4.36) as

-/ T (0 (36:0.6:9) - (0.0 (3 (5 0.5%:9) ) a

:5/088 s ({U,h} <g5(t+7’;(0,cb*);e)>—{U,h} <g5(t;(0,@+);s)>>dt (6.4.40)
+5/T/{U, h) (as (t;(O,cD*);s)) dt (6.4.41)

—¢ /OT/ {U, h} (gg (t+ s2m% — 575 (0,0%); 5)) dt, (6.4.42)

where, as in the proof of Proposition 6.4.1 (Egs. (6.4.18)-(6.4.19)) the integrals (6.4.41)

and (6.4.42) compensate the addition of the delay 7" in ¢(¢; (0,0*);e). Arguing similarly
the total error caused by introducing the delay 7’ is of order O(g?).
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We now show that the integral in (6.4.40) converges when n — oo. We proceed
similarly as in the proof of Proposition 6.3.1. As mentioned above, the integral in (6.4.40)
has to be split in the sum of several integrals given by the impacts with the switching
manifold ¥, which occur at the times

th =5t — 5T
tF=s"" — s — 7.

1 3

Calling

a; = min(t;, t7)

b; = max(t;,t}),

107

each of these integrals are of the form

bit1 B B
/ (w0} (6t +730,60)) = (U} (3 (5:0,57):2) ) ) dt. (6.4.43)
At the same time, each of these integrals has to be split in three integrals in the intervals
1 = [ai, bi]
Ty = [bi, i)

J3 = [ai+1, bi—i—l]‘

[}

2

If t € 3, UJs, the two Poisson brackets in (6.4.43) differ because the flows belong to
different domains,

o(t+75(0,0%);e) € 5 x S x Ty

¢ (t;(0,07);) € ST x S x Tr.
However, both flows are bounded and therefore so is the integrand when ¢ € J;UJ;. Using
that ‘tf -t ‘ < KT (A1), which comes from the hyperbolicity given by Theorem 6.3.1,
the length of the intervals J; and I35 tends exponentially to zero. Thus, the sum of integrals
in the intervals J; and J3 converges.
If t € Ty, the hyperbolicity condition (6.4.39) holds which finally gives us the convergence

of the integral (6.4.40) when n — oco. As a consequence of all this, the integral in (6.4.36)
is convergent when n — co. Hence, we can write AU, as

AU, = 6/000 <{U, h} ((;5 (t+7"; (0,@*);5))

(U} (gfs (t: (0, ") 5)) >dt +0(e?) (6.4.44)
+ O(g?) (6.4.45)
—U@h)+U((z")
+U@") = U(z"),
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where now the integral (6.4.44) is convergent due to the hyperbolicity condition (6.3.55).

We now want to expand (6.4.44) in powers of €. Unlike in the proof of Proposition 6.4.1,
when using the Hamiltonian U instead of X (compare expressions (6.4.20) and (6.4.44)),
the first order term in e of the Poisson bracket {U, h} restricted to the manifold At does
not vanish. For finite fixed times, the difference between the perturbed and unperturbed
flows restrcited to AT is of order O(e). However, as the integral is performed from 0 to
00, one has to proceed carefully.

Recalling that 7/ = O(e) and using Lemma 6.4.1, we can expand the integral in (6.4.44)
to obtain

/OOO ({U h} ( (t+7"; (0, w*);s)) —{U,h} <¢3 (t+7; (O,aﬁ)ﬁ))) dt
_ / ({U.h} (6 0.0%);2) ) = (U} (& (1: (0.5%):2) ) ) dt
Jr/:0(1) <{U h}< (t+775(0, w*);5)> — U @ (t; (0,@*);&))) “

- ({U}((( >>)—{U,h

H
* /Cm ({v:n} (& (1 (0,0%);€)) = {U, R} (6 (0.5 );2) ) ) . (6.4.46)

where!

5 (5:0.);0)) ) de + O )

o =

of =G (v, 8) = (wy,s)

wO - GO(U’Svno ) - (w875)7

and 7 is given in (6.4.32).
We now wonder about the integral (6.4.46). Using the hyperbolicity property of the flow,
given by Proposition 6.3.1, we have that

[ (e (5s00.6%%0)) - (0} (3 1:00.6):2)) )

cln =
£

o0 K+
< K+e—>\+t _ —Ateln

c¢lnl
1>

K et K*

A A A

1
€

Let us remind that, when ¢ = 0, (vF,s%) = (v, )
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with p = ¢A™ > 0. This allows us to write the integral (6.4.44) as

/0°° ({U h}( (t+ 75 (0,0%); )) —{U, h}( (t+7 (O,ifr);e)))dt
_ /Oclni ({U, h} (QE (t; (0,@5‘);0)) —{U,h} <q§ (t; (0,&7); 0))) di

+ O n 1) +O(eP).

By reverting the last argument, we can complete this integral from cln% to oo to finally

obtain
av. = [ ({win (3 6:0.59):0)
U} (& (t; 0,8 ))) dt + O(") (6.4.47)
— U@+ U((z") (6.4.48)
+ U@ —U(3Y) (6.4.49)

for some p; > 0.

As we did for Proposition 6.4.1, we now apply the fundamental theorem of calculus
between the points @' and 2T and ©* and Z* to obtain expressions for (6.4.48) and (6.4.49).
Denoting z2*(0) = 2%(6,v, s;0) and 2*(0) = 2*(0, v, s; 0) we have that

R R A Y IS I
< [ wm (5 0.5) + o)

vy vy =< [ W (G0 @
— / "oy (50.60:0)) e+ 0,

Then, using that

o(t; 27(6, v, 5,0);0)
o(t; (0,0, 5;0); 0),

o(t + 6a(v); (0,57); 0)
o(t + Ba(v): (0,655); 0)
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we can concatenate all integrals to obtain

AU, = 5/_Z(v) () (662 0.0.5:0:0))
—{U, h} ((5 (t; ZH(0,v, 5;0);0))) dt + O(e)
+s/0_9a(v) (v, h}( (t:24(0, v, s; 0))) +O(2)

—8/0 {Uh}( o (t;2%(0,v,s;0); 0))dt+0(€2)

—Oa(v)
_ 5/;% ({U, h} (& (t:3*(6, v, 5: 0); 0)) dt
7 =+ N)- 1 1
—{U, }i} (gb (t;2%(0,v, s;0); 0)) )dt + O(e” In g)
e [ (0B (G Bal) +1:0.0) 0™t = ) 1)
— {U,h} (u(ba(v) + £:0,0), Q% s + 1) >dt O ),

Finally, proceeding similarly for A~ expression (6.4.35) becomes
0

UE) - UGE) =2 [ ({08 ((Gulbaw) + 0.0) 0" (t = O, s+ 1)
—{U, h} (u(Ga(v) + £;0,v),Q, s +t) )dt
e/ " (0B (0u (00(0) + £:0.0) 0™t~ O).5 + 1)

—{U, 1} (¢u(0a(v) + 0,0), Q" s + 1) )dt

+ O(e'tr2),
for some py > 0. O
Proof. Of Lemma 6.4.1
Let

2t = (0,0™1) = (0,07, "+,y£ L)

2" =0,0") = (0,057, 25", w0 sg)
be the impact sequences associated with the points

=G (v,s) eT?

of =Gf(v,s) €T
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We first write
= |6(t: (0.07):2) = 6(t: (0.): 0)]
:‘ds(t st s B ) = ot — syt s{s 20T 0)]

Proceeding as in the proof of Proposition 6.4.2, we define

nt gt gt gt

nA ot ot o
— s, sy —50).

ap = = min (S

b, = max (s

Letting F. be the piecewise defined field associated with the perturbed system (6.2.14),
and applying the fundamental theorem of calculus and we get

A(t) < [2MF —ap™|

+/b"}"<¢(t_3"+ gnot )>—F0<gz~5(t—so +SO,ZO+O>‘dt

An+1
<
bn
b1
“f
An+1
For the first and third integral, as both flows do not belong to the same domain S* x
S* x Ty, the fields do not fulfill that F. — Fy as € — 0. However, their difference is
bounded by some K; > 0 and we can hence bound the integrands by this constant.

For the middle integral, both flows are located at the same domains and the fields F. and
JFo are e-close. Hence, there exists a constant K > 0 such that

Fo (60— s 250) ) = Fo (90— bt 555 257750) ) a

F. (& (t— s?’+;2"’+;5)> — Fo <¢~5 (t—sg " + s ~6”,0)) ‘ dt,

At) < |zmt — 207
+ Kl(b — CLn)

+/MK’¢ (t;2"T5e) — o (8207 O)’d
bn
+ Ki(ang1 — bpy).

Using that
PE@ ) - BT = 0(e),

I3
and therefore

S?Jr - 88+ - 0(8)7

we have that there exists Ky > 0 sucht that

Kl(bn - an) + Kl(an+1 — bn+1) = KQH&'.



164 6.4. SCATTERING MAP

Hence, if t € [a,, b,11], we have

n+1
A(t) < |2V — 207 | + Kane + / KA(r)dr.
bn

n,—i—‘

We now want to bound |5”’+ — %y |- Hence, we write

-5t = o - g

= |PE@ 1) — @)

_ Pi(@n_1’+) . P():t((:)n_l’+)

£

+ B (@) = B )

Y

where we apply P." or P~ and P;” or P, depending on the sign of IL,(@" ") and
I, (g~ "), respectively.

Using that P* and POjE are e-close and that POi are Lipschitz maps, it comes that there
exists positive constants ¢, Kp, and ¢y such that, for n =1,

PE@™) = BE@™) + PE@™) - BE@E)]
<ce+ Kp, ‘d)‘H - @g’ﬂ = ce + Kp,coe.
By induction we obtain

= = ~n— ~n—1
| = e+ Ky 0" — @ ,+}

< e K, (e + ki |67 — 2 7))
n—1

< ce Z (KPo)i + (Kpo)n CoE
i=0

1-— (KP )nil n
= C&‘l_—f(opo + (KPO) CoE

S M(Kp())n&,

for some M > 0. Note that we do not necessary have that |Kp,| < 1.
We now apply the Gronwall’s inequality to the expression

An+1
A(t) < M (Kp,)" e+ Kone —l—/ KA(r)dr.
bn

Noting that
Ap41 — b, = KS + TI,K4€,
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with K3 = max(a™(v),a”(—v)) and K, > 0, this finally gives us

A(t) < (M (Kp,)" & + Kone) eftstnkae
S M2 (Kpo)n €€K3+nK4€
— M2€€K3+n(K45+ln Kpy)

Ks+nln K5
< M2€€ >

for some postive K5 and Ms.
Taking n = ¢ lni and making ¢y small enough such that ¢y In K5 < 1, which is indepen-
dent from ¢, we finally have

c2(In K5
360, 2) = 91t 0,670 < Mae™e ()

< Myefse?,

for some p > 0, which is what we wanted to prove. O

6.5 Example: two linked rocking blocks

In this section we apply some of the results presented in this chapter to a mechanical
example consisting of the coupling of two rocking blocks by means of a spring (see Fig.6.5).
Following §5.5, we call a; the angle formed by the lateral side and the diagonal of each
block. We then take as state variables u and x such that aju and asx are the angles
formed by the vertical line and the lateral side of each block. As shown in §5.5, when
assuming that both blocks are slender («; << 1), the dynamics of each are modeled by
the piecewise Hamiltonian systems

(.2 2
%—%—i—u,ifuzo
U(u,v): 2 9
v_uvr_ ifu<O
2 T2 Y
and - ,
%—%+x,ifz>0
Xy =9 5 5
y__x__x ifz <0
L2 2 7

Recalling that both Hamiltonians U and X have the same phase portrait explained in §5.2,
we note that both Hamiltonians satisfy the conditions, C.1-C.4, stated in §6.2. That is,
each system has two critical points at (£1,0), and there exist two heteroclinic connections
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O} ef(t) O1 o O3

Figure 6.5: Two rocking blocks linked by a spring.

connecting them, which are given by the level of energy U(u,v) = % and X (z,y) = %

Moreover, these heteroclinic connections surround a region filled with a continuum of
period orbits, which are given by U(u,v) = ¢ and X (z,y) = ¢, with 0 < ¢ < 1.

We now assume that both blocks have the same dimensions (a; = ay and Ry = Ry).
This allows us to assume that the angle formed by the spring and the horizontal line is
small, and hence to linearize the coupling around g = 0. Taking into account the external
small T-periodic forcing given by ¢ f(t), the (linearized) equations that govern the system
in the extended phase space are

0 =u — sgn(u)
+k(u—x)—3f(t)

i =y (6.5.1)
y =z — sgn()
+ k(u — x)

§ =1,
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This provides in fact a “Hamiltonian” system through the piecewise-defined Hamiltonian

2 2
H(u,v,2,9,8) == — =+ |u| + = = = + |a| + 62f(t)
u2 ZL’2 e
+/€(7 +? —UZ'),

with v = 0 and x = 0 as switching manifolds.

In order to apply the methods presented in this chapter, we need to obtain the coupled
and perturbed systems as a perturbation of the uncoupled one. Hence, we assume that
the constant of the spring is small and introduce the reparametrization

§=0de, k=ke.
This allows us to rewrite the Hamiltonian (6.5.2) in the form given in (6.2.13) as
Ha(t,0,2,9,5) = Uu,v) + X (2,9) + h(u, 7, 5) (6.5.3)

where h is the Hamiltonian perturbation

u2 2

h(u,z,s) = duf(t) + /Nf(? + % — ux). (6.5.4)
We now focus on the periodic orbits of the block 1 (A. = {U(u,v) = ¢}) and the het-
eroclinic connection for the second block (7) when ¢ = 0. This exactly reproduces the
situation described in this chapter, and hence we can apply the results provided so far.

On one hand, for ¢ = 0, the cross product of the critical points Q* = (£1,0) and the
periodic orbits A. gives rise to two 3-dimensional invariant manifolds in the extended

phase space?,

Aat = {(QSU(T;()’U)?:':]-?O)S) S R4 X TT) \% 2Cl S v S \% QCQa 0 S T S a(v)}a

where Tr = R\T and ¢y(7;0,v) is the (piecewise-defined) solution of the system associ-
ated with the Hamiltonian U (u, v) fulfilling ¢,(0;0,v) = (0, v),

(’U—l _ v+l

e —

T4
5 Qe—i-,

-1 1
1}2 eT—I—U; 6_7—) if0<7<a’(v)

—1 1
(_ v 5 e’r—oﬁ(v) + /U;_ €—T+a+(v) . 1’

Gu(T;0,0) =

S U 1e—f+a+<v>) if ra*(v) < 7 < a(v),
\

2To simplify the notation, we will use in this section the parameter 7 € [0, a(v)] instead of the
parameter 6 € [0, 1], which was used in the previous sections to parametrize the manifolds AZ. Both are
related by 7 = fa(v).
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and at(v) and «(v) are given in Eq. (5.5.11),

1—V/1—v2 1
at(v) = 2/ du =
0 Vo2 +u? —2u

:21n(1+u)
1—u

a(v) = 2a™(v).

Both manifolds /NX(jf are connected by two heteroclinic invariant manifolds, an “upper” one,

W5(A$) = W*(Ay), and a “lower” one, W*(AJ) = W*(Ay). The “upper” heteroclinic
connection of the system associated with the Hamiltonian X (x,y) is given by,

7P =A{(z,y)a"(§), € € R},

(€)= { (1—e % e ifE€>0 }

with

(e —1,¢%) it £ < 0.

Hence, the “upper” heteroclinic manifold W*(A$) = W*(Ag) becomes

ﬁup = {(U,U,l‘,y, S) € ]R4 X P]I‘T | C1 S U(“’a U) S Ca,

(z,y) = 0™(£), £ € R}-

From Proposition 6.3.1 we know that the manifolds /~\§ persist for ¢ > 0 small enough, and
become some 3-dimensional manifolds, Agi, e-close to Aa—L. We now study the persistence
of heteroclinic connections between these manifolds. This is given in Proposition 6.4.1
by means of the existence of simple zeros of the Melnikov-like function defined in (6.4.2),
which depends on the Poisson bracket between the Hamiltonian X and the Hamiltonian
perturbation, h. As an example, we take the periodic forcing

F(t) = cos(uwt),
with w = 2% With this perturbation, the Melnikov function defined in (6.4.2) becomes
C H M(C? 7—’ /U7 S)’

with

M(C, 7,0, 8) == / h (—y(t)(scos(ws) + R (z(t) — u(t)))) dt, (6.5.5)
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Figure 6.6: Melnikov-like function given in (6.5.5) for v = 0.7. (a) 7 = s = 0 and (b)
T=1.1.

(x(t),y(t)) = o(t) and u(t) = Iy (du(T + £;0,v)).

In Fig. 6.6(a) we show the result of numerically computing this integral for v = 0.7,
7 = s = 0. Note that it possesses simple zeros and hence, from Proposition 6.4.1, we have
that, if € > 0 is small enough, there exist heteroclinic points of the form

Zy(1,v,8) = (¢u(7 +(+0(£);0,0),0,1+0(e), s+ + 0(5)) ,

where ( is a simple zero of (6.5.5).

As explained in §6.4.2, the points, 7+ € _/~\€i associated by the heteroclinic connections
going through Z; define the scattering map. Moreover, these two points may belong to tori
in the manifolds /~\§E with different associated level of energy. This is determined by the
difference AU given in (6.4.35), whose first order term in ¢ is given by the Melnikov-like
function defined in (6.4.34).

As an example, suppose that we are interested on finding trajectories with increasing
energy. Hence, we want to find proper values of (7,v,s) such that some zero of the
associated Melnikov-like function (6.5.5) leads to a heteroclinic connections with such
property. In order to find such values, we consider the function

T — AU (1,0, ),
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Figure 6.7: Function AU; for v = 0.7 and s = 0. ¢ has been set to the first positive zero
of the respective Melnikov function (6.5.5).

where AU is the first order term of AU and is given in (6.4.34), which we recall here

NL:/'(@mgmmu+aqmmwu—oﬁ+w)

—0o0

— {U.R} (Gulr +10,0), Q75 + 1) ) dt
+oo _
[ (1 (@l + 40,00 = 05 1)

— (U B} (¢ulr +£:0,0),Q", s +1) )dt.

Note that, in order to compute this function, we have to fix a zero of the Melnikov func-
tion which, at the same time, also depends on (7,v, s).
In Fig. 6.7 we show the function AU; for v = 0.7 and s = 0, varying 7 and numerically
finding the first positive zero of the Melnikov function. Note that it has a (positive)
maximum around 7 = 1.1. This means that the first simple zero of the Melnikov func-
tion (6.5.5) with 7 = 1.1, v = 0.7 and s = 0 leads to a heteroclinic trajectory with
increasing energy in the coordinates (u,v). For 7 = 1.1, v = 0.7 and s = 0, the Melnikov
function (6.5.5) possesses a simple zero around ¢ = 0.7 (see Fig. 6.6(b)).

Let us hence focus on the first positive zero, around ¢ = 0.7 for 7 = 1.1, v = 0.7 and
s = 0. We then apply a numerical method to find the heteroclinic point zj. It basically
consists of, for a fixed € > 0 small, applying a Bolzano’s method the find a zero of the
function

¢— 2(¢, v, 8) — 2°(C, 1,0, 8), (6.5.6)
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where

2 = (gyu(T + ¢ 0,v),0,9", 5+ ()
2% = (pu(t+ ¢;0,0),0,y°, s + ()

are the intersection of the unstable and stable manifolds W*(AZ) and W#(A}) with the
line
N = {% +1(0,1,0,0,0), l e R} c R? x & x Ty,

with
50 = (¢M(T + C;O,'U),O, 178 + C))

Hence, the main difficulty remains on finding the values y" and y® for each (. To
find y*, we numerically integrate the system for a set of initial conditions of the form
(ou(T + ¢;0,v),0,v;, 8 + (), where y; surround a e-neighbourhood of the unperturbed
heteroclinic intersection (1 + O(g)). As the heteroclinic manifold splits the space, we
distinguish between values of y; which lead to trajectories located “outside” and “inside”
the heteroclinic manifold. We then identify the closest values to the heteroclinic manifold
of these two types of points and repeat the process reducing the initial neighbourhood to
the one given by these two values. This is repeated until this distance reaches a certain
tolerance, and we identify y* with the most inner value. We proceed similarly integrating
backwards to obtain y".

To compensate the numerical error produced by expansion given by the unstable
manifold when integrating forwards (by the stable one when backwards), we have used
a multiple precision library (arprec) allowing us to obtain the points y** with high pre-
cision. This has allowed us to use tolerance for the points y** of 102!, Moreover, in
order to reduce the calculation time, the processes to integrate the system for each set of
initial conditions have been launched in parallel. This has been done in a heterogeneous
network, using a total of 108 parallel processes (54 for each y* and y*).

Choosing ¢ = 0.1, after performing the Bolzano’s method to find a zero of the func-
tion (6.5.6) using a tolerance of 1072° we obtain

(" = .7683636328526994941193923,
which leads to

Zy = (¢ (1.1 4 ¢%0,0.7),0,9° ~ y*, 04+ ")
= (—0.0849537161540264040157446, —0.5721098684521409990382415,
0,0.9780675560897323276693921, 0.768363632852699494 1 193923). (6.5.7)

The condition y* ~ y* comes from the fact that * is a zero of the function (6.5.6), which
precisely makes Z; a heteroclinic point.
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¥

0.5 |

Figure 6.8: Heteroclinic trajectory with initial condition Zj given in (6.5.7) for ¢ = 0.1,
integrating backwards and forwards in time. In (a) the z —y coordinates, in (b) the u—v
ones.

In Fig. 6.8 we show the projections to the  — y and u — v planes of the heteroclinic
trajectory obtained when integrating backwards and forwards in time the flow with the
initial condition given in (6.5.7). In Fig. 6.8(a) note that, when integrating for ¢ > 0
and ¢t < 0, the trajectory rolls about /~\;r and Aj, respectively, during a certain time until
they escape. In Fig. 6.9 we show the result of evaluating the Hamiltonian U along the
trajectory ¢(t; Z5;¢). Approximately, the trajectory no longer rolls about the manifolds
/NXf at the times given by the vertical dashed lines. As one can see, the energy evaluated
with the Hamiltonian U when the trajectory rolls about Aj is large than when it does
about AZ, as we wanted to show.

6.6 Conclusions

In this chapter we have considered the coupling of two of the systems obtained by a
generalization of the model of the rocking block, presented in Chapter 5, under a small
non-autonomous periodic forcing. This leads to a two and a half degrees of freedom
piecewise-defined Hamiltonian system with two switching manifolds.

We have focused on the mode of movement given by small amplitude rocking for one block
while the other one follows large oscillations of small frequency. This mode is captured
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Figure 6.9: U(¢(t; 5;€)) with € = 0.1. The vertical dashed lines approximately correspond
to the times where the trajectory no longer rolls about the manifolds A and escapes.
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by 3-dimensional invariant manifolds with stable and unstable manifolds. In the unper-
turbed case, these stable and unstable manifolds coincide, hence leading to the existence
of two 4-dimensional heteroclinic manifolds connecting the two invariant manifolds. This
heteroclinic manifold is foliated by heteroclinic connections between C° tori located at
same levels of energy in both invariant manifolds.

By means of an extension of the impact map presented in Chapter 5, we have proved the
persistence of these objects when considering the perturbation. In addition, we have pro-
vided sufficient conditions of the existence of transversal heteroclinic intersections through
the existence of simple zeros of Melnikov-like functions. This becomes thus an extension
of some of the results given in [DdILS06].

These heteroclinic manifolds allow us to define the so-called scattering map, which links
asymptotic dynamics in the invariant manifolds through heteroclinic connections. First
order properties of this map provide sufficient conditions to show that these asymptotic
dynamics are located in different energy levels in the perturbed invariant manifolds. This
is hence an essential tool in order to construct a heteroclinic skeleton which, when fol-
lowed, can lead to the existence of Arnold diffusion: trajectories that, in large time scale
destabilize the system by further accumulating energy.

Future work should be done to study the viability of a shadowing lemma in order to
show the existence of trajectories following the heteroclinic skeleton.
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