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Abstract. It is shown that a periodically forced impact oscillator may exhibit
chaotic dynamics on two symbols, as well as an infinity of periodic solutions. Two
cases are considered, depending if the impact velocity is finite or infinite. In the
second case, the Poincaré map is well defined by continuation of the energy. The
proof combines the study of phase plane curves together with the “stretching along
paths” notion.
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1 Introduction

The presence of impacts in a physical process is a classical source of nonlinearity
and complex behavior. Partially elastic impacts are important in Mechanical En-
gineering, for instance in the modelling of pneumatic hammers, drilling machines
and other industrial devices, whereas elastic impacts plays a key role in Billiard
Dynamics and other related models appearing in different branches of Theoretical
Physics like the Fermi-Ulam oscillator and its many variants. The importance of
this topic is reflected on thousands of analytical, numerical and experimental papers
that can be consulted in the bibliographies of the monographs [5, 21, 45].

For our purposes, systems with elastic impacts can be classified into two big
families:
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e Systems exhibiting impacts at finite velocity: most of the examples considered
in the cited monographs belong to this type, for instance the offset impact
oscillator or the bouncing ball in a massive oscillating table. In general, we
consider the motion of a particle following the newtonian equation

u” + f(t,u) =0,

where f is smooth and T-periodic with respect to ¢. Besides, it is assumed
that the particle experiences impacts against a T-periodically oscillating wall
or barrier ¢(t). If the impacts are elastic, the restitution rule is

u(to) = q(to) = v/'(tg) = —u/(ty) + ¢ (to).

Summing up, if the relative distance z(t) = u(t) — q(t) between the particle
and the wall is taken as the relevant coordinate, the impact system reads

" +g(t,x) =0, for z(t) >0,
{ ﬂf(to)gz 0 = 2/(tJ) = —2'(ty)- (1.1)

where g(t,z) = f(t,z — q(t)) — ¢"(t).

e Systems exhibiting impacts at infinite velocity: this type of impacts are char-
acterized by the presence of a singularity on the potential that rules the motion
of the particle. It is said that a potential has a singularity if it becomes in-
finite at a given point. If a particle is moving under a singular potential, an
eventual collision with the singularity will have infinite velocity. Since the
gravitational potential is singular at the origin, the n-body problem and re-
lated models from Celestial Mechanics are the most prominent examples of
this family. To continue a collision orbit after the impact, the usual restitution
rule by reflection of the impact velocity is not effective and an energy-based
continuation is required, as we will see later in more detail.

To abbreviate, the families described above will be called regular systems and
singular systems respectively. In the available bibliography, both families have
been studied in a separated way. Our objective is to show an unified method
of study that can be implemented in both contexts. Such method provides a way
to construct concrete examples of periodic forces such that the associated Poincaré
section induces chaotic dynamics on two symbols. In an informal way, we say that a
map induces chaotic dynamics on two symbols if there exists an invariant set A being
semi-conjugate to the Bernoulli shift, topologically transitive, and having infinitely
many periodic points (see Definition 5.1 and Theorem 5.1 in the Appendix). This
definition of chaos has been used before by several authors in [1, 8, 9, 29, 44].

In the related literature, a variety of methods have been developed to detect
analytically the presence of chaos in a concrete dynamical system such as the
Mel'nikov or the Sil’'nikov methods, the Conley-Wazewki theory, estimates of Lya-
punov exponents, ergodicity or mixing associated to some invariant measures, etc
(see [6, 8, 9, 19, 23, 34, 39, 44, 48]). In this paper we study the notion of chaos



under the perspective of topological horseshoes, see [23] and [51]. This topological
point of view enables us to give explicit conditions in our models without using
small/large parameters or hyperbolicity conditions. It is important to observe that
a topological approach has been used in a broad variety of problems with physical
and biological meaning (see [17, 18, 29, 35, 40]). However, up to our knowledge, this
is the first time that such an approach has been applied in the context of problems
with impacts.

The arguments contained in this paper will describe a general strategy that can
be applied to a variety of models. Rather than formulate an abstract setting, we
have preferred to focus on some concrete and basic examples to better illustrate the
underlying ideas. A paradigmatic regular system is

{ 2" +a%x =p(t), forx(t) >0, (1.2)

z(to) =0 = 2'(tg) = —2'(ty ),

where a € R. Section 2 is devoted to the construction of periodic forcing terms
p(t) leading to chaotic dynamics in the sense exposed above. Note that this model
comprises two important models in the field of Impact Dynamics, namely the impact
harmonic oscillator (if @ # 0) and the bouncing ball over an oscillating table (if
a = 0). Both models are touchstones and have been studied in many papers, see
for instance [4, 15, 16, 41, 22, 26, 31, 32, 50] and the references therein (this is just
a personal selection of the authors among the huge number of papers concerning
this topic).

On the other hand, as an example of singular system we will analyze the model
equation

1
2" = = + (), (13)

being p(¢) a continuous and T-periodic function. Equation (1.3) is a forced second
order equation with an attractive singularity on the origin and can be regarded as
a forced 1D Kepler problem. It was first considered by Lazer and Solimini in the
pioneering work [25], where it is proved that (1.3) has a positive T-periodic solution
if and only if the mean value of the forcing term p is positive. Later, it was proved
in [7, 28] that such a T-periodic solution is unique and a global dynamics of saddle
type is organized around it. Hence, the dynamical behavior of classical solutions is
extremely simple and reduced to a dichotomy: solution lying in the stable manifold
tends to the periodic one and the rest of solutions tend to infinite or collide with
the singularity.

In an eventual collision, the velocity of the solution becomes infinite, but the
total energy remains finite. In this way, collisions can be regularized by continu-
ation of the energy, as presented by Sperling in [42]. In a recent paper [33], R.
Ortega has combined this argument of regularization with the Poincaré-Birkhoff
Theorem in order to prove the existence and multiplicity of periodic solutions with
a prescribed number of impacts. Let us mention that in the related bibliography,
many regularization techniques have been developed (see [12, 13]), as well as other
notions of generalized solutions (see for instance [2, Definitions 3.1 and 3.23] also
used in [10], [7, Definition 4.1] or [20, Section 3]).
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In this paper, we will continue the study of the impact dynamics of equation
(1.3) initiated in [33]. Specifically, our objective is to construct concrete examples of
periodic forces p(t) in such a way that the associated Poincaré section (considering
the regularization of collisions) induces chaotic dynamics on two symbols.

The rest of the paper is organized as follows. In Section 2, the regular case is
studied by means of an analysis of phase plane curves combined with the linked twist
map technique and the “stretching along the paths” definition. In Section 3, first
the regularization process is formalized and the Poincaré map is rigourously defined
for the singular equation (1.3). After that, the main results for this model are
stated and proved. Finally, in Section 4 some extensions and further comments are
presented. For the reader’s convenience, the explicit definition of chaotic dynamics
and some necessary background is included in a separate Appendix.

2 Regular systems

2.1 Bouncing solutions and the Poincaré map

Given a general system

(ot -0 txaw>n (2:4)

if 2(tg) =0 = 2/(t7) = —2'(ty),

where ¢ is T-periodic in the first variable and of class C!, we say that u : R —
[0, +o00[=: Ry is a bouncing solution of (2.4) if the following conditions hold:

o 7 ={teR:u(t) =0} is discrete,

e for any interval I C R\Z, the function u is of class C*(I) and satisfies the
differential equation =" + g(t,z) = 0,

e for each ty € Z, there is a constant v > 0 so that

lim u/(t) = —v,
t—ty

lim «/(¢) = v.
t—td ®)

Along this section we assume, without further mention, that the force p(¢) in our
regular model
{ 2" +a*x =p(t), for z(t) >0, (2.5)

z(to) =0 = 2/(tf) = —2'(ty)-

is continuous, T-periodic, and strictly negative. Under these conditions we can
check that for each initial condition (xg,v9) € X :=]0,00[xR, there is a unique
bouncing solution (defined on R) associated to (2.5), namely x(t; xo, vo), satisfying
that

z(0; 20, vo) = Zo,



2" (0; 20, v9) = vo.

Note that as p(t) < 0, the set Z is always nonempty.
Given z(t; 2o, vo) a bouncing solution of (2.5), there is a time ¢ := t1(zg, vg) > 0
and a constant vy := vy (xg,vp) > 0, such that

x(t; x0,v9) >0 forall ¢ €[0,1],

x(t1;20,v0) = 0,

lim ' (t;20,v9) = —v1.

t—t,
In this framework, an elementary argument of continuous dependence enables us to
conclude that the map

X — R?

(x0,v0) + (t1(z0,v0),v1(20,v0)) (2.6)

is continuous (the same conclusion holds working with the previous collision). Fol-
lowing [37], it will be useful to introduce a successor map for equation (2.5). Specif-
ically, given 7 € R and v € R™, let us denote u(t; 7,v) the unique bouncing solution
of (2.5) satisfying the initial conditions

u(r; (1,v)) =0,
' (715 (1,0)) = v > 0.

If we assume that 7 > 0 is the time of the next collision and v; is the corresponding
velocity, then it can be proved as in [37] that the successor map

S:RxRtT —RxRt

S(1,v) = (S1(7,v), Sa(1,0v)) = (71,v1) (2.7)

is continuous, injective, and S; (7, v) is strictly increasing with respect to the velocity.
On the other hand, the map
(t,7,v) € H— (ult;7,0),u (7, 0))

is continuous where H = {(¢,7,v) : 7 < t < 71 }. Consequently, using the continuity
of (2.6) and (2.7) we deduce that the function

(t;z0,v0) € G — (2(t; 0, v0), &' (t; 20, v0))

is continuous with G = {(¢,20,v0) € R x X : 2(t; 20, v0) # 0}.
Consider the topological space (A, <) where

A=XU{(0,v):veRT}

The definition of the topology in A is as follows. A sequence (z,,yn) € A converges
to (zo,v0) € A with z¢ > 0 if each coordinate converges in the classical sense. In
the case g =0, (zn, yn) converges to (0,vq) if

T, — 0,
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|yn‘ — o-

Clearly, X C A is an open set in (A,<). This topological space is natural under
the notion of bouncing solution. Indeed, take a solution, namely x(t; 2o, vg), with
a first impact at time T, (assume that ¢1(xzo,v0) = T). In a neighborhood of
(z0,vp), (under the Euclidean distance), some bouncing solutions have velocity
close to v1(zg,vo) whereas other ones have velocity close to —v1(zo,v) at T', (it
depends if the impact is before/after T'). The key property in our topological space
is that we “identify” these two behaviors and so this situation does not produce any
discontinuity.
Putting all the information together, we can prove that the map

P: X —A
given by
(0, 'Ull(xo, ’00)) iftl({EOa ’00) =T
P(xo,v0) = { (0,83 (t1(z0,v0),v1(x0,v0))) if S (t1(xo,v0),v1(z0,v0)) =T
(x(T; xo,v0), 2" (T; 20, v0)) otherwise

(2.8)
is continuous and injective. In the previous expression, 87 = (87,8]) denotes the
j-th iterate of the successor map. Notice that = P~1(X) is an open set and given
an initial condition (zg, v) in Q, x(T'; xg, vo) # 0. Throughout this section, we refer
to this map as the Poincaré map of (2.5). Note that this is not the classical notion
of Poincaré map commonly used in the literature of Dynamical Systems because
the classical flux is extended by considering bouncing solutions.

2.2 Chaotic dynamics of equation (2.5)

In this subsection we focus our attention on the construction of T-periodic forces
producing chaotic dynamics in (2.5). By chaotic dynamics in (2.5) we understand
that the map

P:Q— X

(x0,v0) — (x(T;z0,v0), ' (T g, vp)) (2.9)

has chaotic dynamics on two symbols, see Definition 5.1. In view of our definition of
chaos, our results provide us criteria ensuring the existence of infinitely many sub-
harmonics. Our method of proof consists of applying the results in the Appendix
to a geometrical configuration similar to the Linked Twists Maps, (see [43, 27, 36,
6, 14, 48] for abstract results concerning LTM and [30, 46, 35] for different contexts
of application).

The plan of this subsection is as follows. Firstly, the class of forces is constructed
and then we state and prove the main theorem. For convenience, we assume that
a? = 1. The rest of the cases, including the bouncing ball a = 0, can be studied in
a similar way.



We begin with a brief analysis of the geometry of orbits. Fix two constants
p2 < p1 < 0 and consider the equations

"+ =p, (2.10)

2" +x = ps. (2.11)

Fix two nontrivial intervals [Hy, h1] and [Ha, hso] satisfying that for all h] € [Hy, hq]
and h; S [H27h2],

(C1) 0 < h} < h3,

(C2) p2+ v/p3 +2h5 < p1+ /Pt + 2h].

Such properties imply some geometrical properties of the energy curves
"= {(Sﬂ,y) e X: 51(x,y) = h’{}’

T2 = {(x,y) € X: 52(£E,y) = h;}v

where &;(x,y) = % + L; — p;z. Specifically, (C1) implies that for § > 0 small
enough, |yz| > |y1| provided (z,y1) € 71, (z,¥2) € 72 and 0 < = < 4. On the other
hand, condition (C2) implies that x; > x2 where (z1,0) = v1 N {(2,0) : z € R}
and (22,0) =2 N {(z,0) : z € R}. See Figure 1.

71

Figure 1: The configuration of orbits 1, y2.

Now we fix four constants

f:‘jl <}VL1<.§2<E2
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with Ifll,ﬁl €]Hy, hi| and E’Q,E2 €]Hj, ha|. Define the topological rectangles
D: :={(z,y) € X : H; < Ei(x,y) < ’NllaH2 < &(w,y) < ha,y > 0},

Dy = {(z,y) € X : H; < & (x,y) < hy, Hy < E(z,y) < o,y > 0}.

See Figure 2.

Figure 2: Left: The “linked rings”. The dashed lines denote the energy levels
Hi,hi,Hs, hy and the continuous lines the energy levels Hi, hi, Ha, ho. Right:
D1, Dy and the distinguished boundaries. Note that this figure is a “zoom” of
the upper intersection of the “rings”.

Take d; > 0 such that the d;-neighbourhood of D} U D7 (see Figure 2,right),
with
D! = {(v,y) € D1 : Hy = &(z,y)},
DY :={(x,y) € Dy : hy = &(x,y)},

does not intersect the set Do and the d;-neighbourhood of D; does not intersect the
sets

{(z,y) € X : hy = &r(2,y)},
{(z,y) € X : H = &1 (z,y)}.
Analogously, we pick da > 0 such that the da-neighbourhood of DY UDY, (see Figure
2, right), with
Dy = {(z,y) € Dy : hy = Ei(z,y)},
DY :={(z,y) € Dy : Hy = &(2,y)},



does not intersect the set D1 and the ds-neighbourhood of Dy does not intersect the
sets
{((1771/) € X: h2 = 52(x7y)}7

{(my) €eX :Hy= 52({)371/)}

In the definition of the forcing p(t), the following elementary estimate will be
useful.

Lemma 2.1. Fiz two positive numbers d, M and a compact set K C X. Then
there exists a constant T, depending on d, M and K, such that for every continuous
function satisfying |p(t)| < M and for all (xo,y0) € K,

|2(t; (s0, 0, Y0)) — wo|® + |2 (; (s0, %0, y0)) — yol® < d (2.12)

for allt € [so — 7,80 + 7], ((x(t;(S0,Z0,%0)) is the bouncing solution of (2.5) with
(z(s0; (50,70, Y0)), 2" (505 (S0, T0, Y0))) = (0, Y0) )-

Now, we have all the ingredients for the definition of p(t). At a first stage,
the previous lemma is applied twice. Specifically, by taking d = dy, M = |ps|,
K = D;, we obtain a parameter 71 > 0 satisfying condition (2.12); then, pick
d = dy, M = |p2] and K = D, and obtain a parameter 7o > 0 satisfying condition
(2.12).

Next, given two constants 77 and Ty we define a (T + T» + 71 + 72)-periodic
function given by

P1 1f0§t<T1
ﬁl(t) T <t<Ti+mn

t) = 2.13
p() D2 HN4+n<t<hh+n+T ( )

ﬁg(t) U Th+n+h<t<Ti+m+T5+7

so that [p;(t)| < |pz] and the function p(t) is continuous. Our purpose is to prove
that, for suitable choices of the parameters 77 and 7%, equation (2.5) with the
previous force induces chaotic dynamics. Before studying this result, we introduce
some notation. Consider ¢; the Poincaré map associated to (2.10) at time T} (see
(2.8)). For Q1 = ¢ (X) we have that

¢1ZQl—>X

(z0,v0) — ((Ty; o, v0), &' (Ty; o, Vo)) (2.14)

where, for convenience, (z(T%;xg,vo),x (Th;x0,v9)) is the bouncing solution of
(2.10) with initial data at (zg,vo). Define ¢2 and Qs in a similar way with equation
(2.11) and T5. On the other hand, in U, a neighbourhood of D; UD5, by lemma 2.1
and the definition of 7 and 7o, we can define two maps,

hi:U — X

2.15
hi (20, v0) = (2(T} + 702 (Th, w0, v0)), & (T1 + 713 (Th, 20, v0))) (2.15)
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ho U — X
hz(xo,vo) = (Qi(Tl + 71 4+ Ty + 79; (T1 + 71+ /1—’27.’1?0,’1}0)7 (216)
o' (Ty + 11+ To + 705 (T1 + 11 + T2, %0, v0)))

where (z(t; (to, o, v0)), ' (t; (to, Zo, vo))) refers to the bouncing solution of (2.5) with

(t;
force (2.13). Note that, by the expression of (2.13), if (z,v) € O, ¢1(x,v) € U,
hi(¢1(x,v)) € Qo and ¢2(hyi(¢1(x,v))) € U then

P(x,v) = ha 0 ¢3 0 hy 0 d1(x,v) (2.17)
where P is the Poincaré map of (2.5) with force (2.13).

Theorem 2.1. There exist T}, T5 > 0 with the following property: for every func-
tion p(t) given in (2.13) with parameters Ty > T and Ty > T%, equation (2.5) has
chaotic dynamics.

Proof. The proof of this theorem is divided into five steps.

Step 1: Stretching property for [0, Th].

In this step we study system (2.5) when p(t) = p1, (as we point out before, we
always assume that a? = 1). First we observe that given a point

(wo,v0) € {(7,y) € X : E(z,y) = M},

the bouncing solution associated to this initial condition is periodic with period
S1(0,v/2h1) (S = (81, 82) is the successor map associated to equation (2.10), see
(2.7)). We recall that S;(z,v) is strictly increasing with respect to the velocity.

Therefore,
P = 51(07 \/ Qﬁl) < Py = 81(0, \/ 277:1). (2.18)

Now we define

5P P,
P, — Py’

17 =

and take a constant Ty such that 77 > T7. Property (2.18) implies the dynamical
behavior for ¢; illustrated in Figure 3.
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Figure 3: Left: A path 7 : [0,1] — D; joining the sides {(z,y) € D1 : &1(z,y) =
hi} and {(z,y) € D; : &1(x,y) = Hi}. Right: Hlustration of ¢1(€y Nv(t)). Note
that this effect is caused by the “twist” property (2.18).

Our aim is to find two disjoint compact sets K1, o C Dy such that (see Defini-
tion 5.3)

(’Cia¢l) DN(1)+)51 fOI‘i:O,].
where ¢1 : Q1 — X and DY = (Dy, (D?)~) with
(DY)~ ={(z,y) € D1 : Hy = &E(w,y)} U{(z,y) € D1+ hy = Ex(w,y)},

and Dy = (Dy, (D)) where (Dy)~ = (D, UD?).
Indeed, first consider m, the smallest integer satisfying that

T

— <My 2.19

B <m (219)
and m* the largest integer satisfying

Ty

— *. 2.20

P >m ( )

From the choice of T7 we deduce that m* — m, > 5. Observe that property (2.19)
implies that given any initial condition (xg,v0) € {(z,y) € X : &i(z,y) = 711},
solution (z(t;zo, yo), 2’ (t; 2o, yo)) finds the point (xg,yo) at most m, times for the
interval [0, 77]. Similarly, property (2.20) says that for all initial condition (xg,yo) €
{(z,y) € X : &(x,y) = Hy}, solution (z(t;z0,y0), 2’ (t; 20, y0)) finds the point
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(z0,yo0) at least m* times for the interval [0,7}]. After that, we define the compact
sets

=\ : Th My, M
K1 =A{( 7y)691-81(07\/m)6[ o+ 2]},
Ko ={(z,y) € D1 : l e [m* —2,m*]}.

81 (Oa 251 (JT, y))
Now we focus our attention on the stretching property, (see Definition 5.3). Take
~v:[0,1] — Dy

a path with B
7(0) € {(z,y) € D1 : &u(w,y) = Hi},

v(1) € {(z,y) € D1 : Ei(x,y) = I}

Using that S1(0, 4/2&1(y(t))) is continuous, we deduce that there exist two disjoint
subintervals [Ag, Aj] and [A;, A]] such that

Ty

€ [mu, ms + 2] for s € [Ao, A

S$1(0, /281 (1(5))) ’

: T _ T _
RACTONaTery BT e TR

Ty

€ [m* —2,m"] for s € [A;, A]]

S$1(0,v/281(1(5))) '

ith T — * T

ith S oveEa ey -~ ™ M S zaea
on the interval [Ag, Af]. Clearly, the solutions with initial conditions at y(Ag) and
~v(Ap) have exactly m, and (m, + 2) collisions respectively on the interval [0, T}].

This property implies that there exists a subinterval [Sp, S5] C [Ag, Aj] such that

w =m* — 2 . Now we concentrate

(x(Tl,'y(go)),x’(Tl,7(§0))) € {(z,y) : v < min{zo : (z0,y) € D1}},

(211,756, 2/ (T1,7(53)) ) € () y = 0},

(@(Th,7(s), #(T1,7(s))) € {(z,y) : y = 0}

for all s € [Sp, S4]. Finally, we easily obtain the desired subinterval [So, S5]. Observe
that previous we have used above that

Hy < & (2(Ti(t), 2/ (Ti;7(1) < ha

for all ¢t € [0, 1].
Step 2: Behavior in the interval [Ty, Ty + 11].
By the definition of p(t), the following property holds as a direct consequence of
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Lemma 2.1: For all continuous path v(t) : [0,1] — D; with v(0) € D!, ~(1) € Dy,
there exists a sub-interval [Ry, R{)] C [0, 1] so that the curve

Bt) = ((T1 + m; (Ta, (1)), 2'(T1 + 715 (T, (1))

satisfies that
B([Ro, Ry]) C Do,

6(R0) € {(.’E,y) € DQ : 82(50,y) = ﬁZ}a

B(RY) € {(x,y) € Dy : Ex(,y) = ha}.
This property is illustrated in Figure 4.

=T T T T T T T T
5 %

Figure 4: Left: A path v : [0,1] — D; joining the sides {(z,y) € Dy : Hy =
Es(z,y)} and {(x,y) € Dy : ha = E(x,y)} . Right: Ilustration of 3(¢). Note that
by lemma 2.1, 8(0), 8(1) does not touch Dy and 3(t) does not touch {(z,y) € X :
Hy =& (z,y)} and {(z,y) € X : hy = &i(,y)}

To prove this property, we use that
B(t) € {(z,y) € X : H <& (x,y) < hy,y >0}
and ((0) and 5(1) belong to different connected components of
X\{(w,y) : Hy < E(x,y) < ha}.

Step 3: Stretching property in the interval [Ty + 71,11 + 171 + T3].
In this step we study equation (2.5) when p(t) = ps. Consider the corresponding
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successor map S associated to this equation. As in the first step, we define

5P, P
Ty = —12
P, - P

where ﬁl = §1(0, \/21:-:’2) < ]52 = gl (0, \/2};2). After that, fix a constant Tp > T3
and consider @9 : 22 — X where ¢ is the Poincaré map associated to (2.5) (for
p(t) = po) at time Ty and Qy = ¢5 ' (X). Reasoning as in Step 1, we can prove that
for every continuous path

~v:[0,1] — Do
with
¥(0) € {(z,y) € D2 : E2(x,y) = Ha}
and

7(1) € {(z,y) € D2 : E(,y) = ha}
there exists a sub-interval [My, M| satisfying that
$2(7([Mo, My])) € D>
with ¢2(v(Mp)) € Dy and ¢2(y(Mp)) € DY
Step 4: Behaviour in the interval [Ty + To + 71, T + To + 71 + 7).
Reasoning as in Step 2, we obtain that for all continuous path «(t) : [0,1] — Do

with (0) € DY, (1) € DY, there exists a sub-interval [Cy, C}] C [0, 1] so that the
curve

B(t) = (x(Ty+mi+To47o; (Ti+11+To, (1)), ' (T1+71+72+To; (T1+711+ T2, (1))

satisfies that
B([Co, Cy)) C Dy,

B(Co) € {(z,y) € D1 : Ex(a,y) = Hi},

B(Ch) € {(x,y) € Dy : &(x,y) = In}.

Step 5: Conclusion
Putting all the information together we deduce that P with P the Poincaré map
associated to (2.5) with function p(t) given by (2.13) has the properties

(K:,P) : D)=-Df

for i = 0,1. For it, we use the previous steps and (2.17). Finally we apply Theorem
5.2. O



15

3 Singular Systems

3.1 Bouncing solutions and the Poincaré map
Consider the equation

1
2" = = + (), (3.21)

with p(t) a periodic function of class C. Let us denote by (z.(t; 2, vo), 2.(¢; 20, v0))
the maximal solution of (3.21) satisfying the initial condition

(2c(0; o, vo), 2L(0; 20, v0)) = (x0,v0) € X :=]0, +00[xR.

As it was observed in the Introduction, many solutions are not defined on R. How-
ever, in such a case we have a nice property, (see Section 2 in [33]). Specifically,
if the maximal interval of definition of (z.(¢; o, v0), @L(¢; 2o, v0)) is I =]tg, t1] with
tg > —oo (resp. t1 < 00) then

(P1) limt_‘tg Ze(t; 20, v9) = 0 (resp. 1imt_>t; xe(t; o, v0) = 0),
(P2) limt_,tg al(t; g, v9) = +00 (resp. limt_>t; xl(t; g, vg) = —00),
(P3) by defining

@, (t; o, vo)? 1

h(t; = a
(t; 0, v0) 2 ze(t; o, v0)’

there exists a constant hg such that limtﬂtar h(t; xo,v0) = ho (resp. there
exists a constant hy such that lim, h(t; xo,v0) = hy).

From a physical point of view, the previous identities can be interpreted in the
following way. If the solution associated with the particle motion is not defined for
all time then the particle has a collision at finite time and the energy function at that
instant is finite and well defined. On the other hand, from a mathematical point of
view, the previous properties allow us to define a natural notion of generalized or
bouncing solution in equation (3.21).

Definition 3.1. A bouncing solution of (3.21) is a continuous function u : R —
[0, oo[ satisfying

o 7 ={t eR:u(t) =0} is discrete,

e for any interval I C R\Z, the function u is of class C*(I) and satisfies (3.21)
on I,

e for each ty € Z, the limit

. a2
thj% 5 U (t) @) (3.22)

exists.
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There are some remarks to be made concerning the previous definition. Of course,
a classical solution defined in R is a bouncing solution with Z = ). Limit (3.22)
is taken from both sides of ty. Therefore, the energy function must be preserved
at the collision. As it was mentioned in the Introduction, this notion of collision
regularization by continuation of the energy is due to Sperling [42]. For other
techniques of extensions after collision in Celestial Dynamics, one can consult [10]
and the references in this paper.

As proved in Proposition 3.1 in [33], an advantage of the notion of bouncing
solution is that for all initial condition (zg,vp) € X, there exists a unique bouncing
solution denoted by (x(¢; zo, vo), 2’ (t; g, vp)) so that

(x(0; 20, v0), 2’ (0; 20, v0)) = (x0, Vo).

Observe that x(t; xo, vg) is defined for all t € R, a’(¢; 2, vo) is defined for all t € R\ Z,
and given ty € Z

lim 2’ (t; o, v9) = —00,

t—ty

lim z’(¢; g, vo) = +00.
t—td
These last properties are a direct consequence of (P2) and the second condition in
Definition 3.1.
For illustrative purposes, we study this notion of solution in equation (3.21)
when p(t) is a negative constant. Indeed, if p < 0, a simple phase portrait analysis
shows that each classical solution has a bounded maximal interval I and stays in

the curve
1

with A € R. In this scenario, if I =]tg,t1[ is the maximal interval of the classical
solution (z.(t; zo,v0), L. (t; o, v0)) then (z(t; x0,v0), 2 (t; 20, v0)) 1= (zc(t — n(ty —
to); X, ’Uo)7 1‘/C(t — n(t1 — to); X, Uo)) where t G}to + n(t1 — to), t1 + n(t1 — to)[.

After this discussion, we define the Poincaré map associated with (3.21) by using
the notion of bouncing solution. For it, we need the following result.

Lemma 3.1. Consider the set
B := {(z0,v0) €]0,00[xR : (z(t; 0, v0), To(t; 0, vo)) has
a maximal interval [tg, t1] with ¢; < co}.
Then B is open and the map

B — R?

(zo,v0) — (t1,h1) (3.23)

18 continuous where t1 is the time of the first collision and hy is the energy at that
instant of the solution (x.(t; xo,vo), z.(t; o, v0)), (see (P1) and (P3)).

Proof. We split the proof into two steps:



17

o Step 1: Continuity in the first component.
Take (xg,v9) € Band € > 0. By (P1) and (P2), there exists 7 < t1(zg, vo) =:
t1 satisfying

22(7320,00)[pllos < 1, (3.24)
xC(T;anUO) > 07 (325)
2y (7520, v0) < 0, (3.26)

(T30, v0)

0<
x!, (T3 20, o)

<e. (3.27)

Observe that these properties imply
2 (t;,v9) < 0 for all t €], 1]

Therefore,
2L (t; o, v0) < zL(T;m0,v0) for all t €)1, ¢4

and so,
0 < zc(t; o, v0) < Te(T3 0, v0) + (T35 T, V0 ) (E — 7). (3.28)

Clearly, by (3.28) we deduce that 7 < t1(zg,v9) < T + €. To conclude that B
is an open set and the continuity in the first component we use an argument
of continuous dependence to guarantee (3.24)-(3.27).

o Step 2: Continuity in the second component.
Take {(zf,v)} — (x0,v0). We know, by continuous dependence, that

e(t; 25, v5) — e(t; To, Vo)

point-wise provided 0 < ¢t < t1(zp,vp). On the other hand, by the previous
step, we also deduce that

X[0,t1 (x,05)] 7 X[0,t1(w0,v0)]

pointwise, where X[o.¢, (27 05 (t) = 1 if t € [0, 21 (2§, vf)] and 0 otherwise.
Apart from these arguments, an easy computation shows that

B (txg,v5) = pt)zl(t; zf,vy) forallt € [0, (xg, vy)].
Collecting all the information we obtain that

h(tl(x&vg);xgavg) - hl(();xg,vg) = 7p(0)x617

tl(wgvvg)
/ P ()zo(s; 28, o) ds.
0

The proof is now complete after using Lebesgue’s dominated convergence theorem.
O
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Remark 3.1. If we replace, in the previous lemma, B by
C := {(z0,v0) €]0,00[xR : (z(t;, z0,v0), Z.(t; T0,v0)) has

a maximal interval |¢, t1[ with tg > —oo}

and consider the map
C —R?

(zo,v0) = (to, ho)

with hg the energy at time tg, then the same conclusions as Lemma 3.1 hold.

(3.29)

Lemma 3.1 allows us to pass, in a continuous way, from (position, velocity) at the
initial time to (time, energy) of the first collision. Analogously, by Remark 3.1, we
can repeat the same procedure in the past. On the other hand, given (¢, ho) € R?,
by Proposition 3.1 in [33] we know that there exists a unique bouncing solution,
namely u(t; (tg, ho)), satisfying

(i) limg—s, u(t, (to, ho)) = 0,
(ii) lim, .+ u'(¢, (o, ho)) = —o0,

u’ (t,(to,ho))? 1 _
; - - u(t,(to,h0)) ho.

(iii) limy_s,

As in the regular case, if t; > tg is the next instant of collision and hy is the
corresponding energy, then it was proved in [33, Section 5] that the successor map

S:DCR? — R?

S(to, ho) = (S1(to, ho), Sa(to, ho)) = (t1,h1) (3.30)

is continuous and injective with D := {(to, ho) € R? : t; < 0o} and the map
(t, to, ho) eH— (u(t; to, ho), u’(t; to, ho)) € R?

is continuous where H := {(t;tg,ho) € R® : tg < t < t;}, (observe that ¢; can be
o0). Consequently we deduce the continuity of the function

(t;x0,v0) € G — (x(t; w0, v0), 2’ (t; 20,v0)) (3.31)

where G = {(t; xo,v0) : x(t;zo,v0) # 0}. Putting all the information together and
reasoning inductively as in the second step of Lemma 3.1 we obtain that the energy

function
h - Rx]0, 00[xR — R (3:32)
1y, 2 .
h(t,xo,’UO) =z (t’x;ﬂm) - ;p(t;wlo,vo)

is continuous (see (P3) when x(t; zg,v0) = 0).

Once these remarks have been done, we need to introduce a topological space
(A, ) where

Y2

Az{(m,y,z)eXxR:z:?—

SE

YUA{(0,00,2) : 2 € R}.
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Using the convention y < oo for all y € R, the definition of the topology in A
is as follows: a sequence (T, Yn,2n) converges to (xog,yo,20) € A with g > 0 if
each coordinate converges in the classical sense. In the case zg = 0, a sequence
(Zn, Yn, 2n) C A converges to (0,00, 2q) if

LTn > 0,

[Yn| — o0,
Zn — 20-

In this topological space, it is useful to introduce the maps

i X — A
(2,0) = (2,0, % — ) (353
and .
T:i(X)CA— X (3.34)

(z,v,h) — (x,v).

Clearly these two maps are continuous and injective.
Next we properly define the Poincaré map associated with (3.21). Specifically,

P:X—A
given by

(0,oo,h(T; .%'07’00)) iftl(.%‘(),’l)o) =T
P(xo, Uo) = (0, oo, h(T, Zo, ’Uo)) if S{ (tl (.130, ’Uo), hl (.230, ’Uo)) =T (335)
(x(T; x0,v0), ' (T; 20,v0), h(T;x0,v0))  otherwise

where S7 = (S{, S%) denotes the j-th iterate of the successor map.
Proposition 3.1. The Poincaré map (3.35) is injective and continuous.

Proof. By uniqueness of bouncing solution, we know that P is injective. On the
other hand, from the comments above on the definition of (A, <) (see (3.30-3.32)),
P is continuous at the points (zg,vp) such that P(xzq,vo) # (0,00, z). After that,
we concentrate on points (xg,vo) with P(zg,v9) = (0,00, 2). Indeed, pick a point
(20, v0) such that Sy (t1(xo,v0), h1(z0,v0)) =T, (the proof is completely analogous
if t1(zo,v0) = T), and a sequence {(zf,v)} — (xo,v). We split the proof into
three cases:

Case 1:  The sequence S (ty(z,v2), hi(z,v2)) =T for all n € N.
The assertion of the proposition is clear by the continuity of the energy func-
tion. (see (3.32))

Case 2:  The sequence S (ty(zf,v), hy(z,v2)) < T for alln € N.
Fix €, k > 0. After that, notice that h(T;x{,yl) — h(T;x0,v0). By proper-
ties (P1),(P2), we can take s < T such that
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o 2%(s320,v0)[plloo <1,
e 0 < {E(S;(E(],’U()) < €,
o —1/(s;x0,v9) > k.
By continuous dependence, it is deduced that for n large enough, (z(s;x§,v{),

2/ (s;xf,vf)) enjoys also these properties. At this moment, we reason as in
Step 1 of Lemma 3.1 in order to obtain that

0 < a(T;zq,vy) <e,
—2(T;xf,08) > k.

Case 3:  The sequence Si(t1(zl,v}), hi(zl,v})) > T for all n € N.
Again, fix €, k > 0. First observe that h(T;zf, yy) — h(T;zo, vo). Now take
s > T such that

o 2%(s;10,v0)|Iplloo < 1,
o 0 < z(s;mp,v0) <€,

o ' (s;x0,v0) > k.
Reasoning as in the previous case, we obtain, for n large enough,
0 < z(Tyzi,v) <,
2 (T;xy,vf) > k.

O
As a direct consequence of this lemma we deduce that Q := P~1(i(X)) C X is
an open set and

p=moP:Q— X

(x0,v0) — (x(T;z0,v0), 2’ (T; g, vp)) (3.36)

is continuous. Notice that given (zg,vo) € €, we know that the solution with this
initial condition does not a have collision at T'. It is also important to observe that
the key point for the continuity of P is the continuity of the energy function at the
collisions.

3.2 Chaotic dynamics of equation (3.21)

In this section we concentrate on the construction of T-periodic forces with alter-
nating sign inducing chaotic dynamics in (3.21). By chaotic dynamics in (3.21) we
understand that the map

ToP:Q— X

(70, v0) — (z(T;w0,v0), 2" (T; 0, v0)) (3.37)
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induces chaotic dynamics on two symbols (see Definition 5.1). In our results it
is essential the notion of bouncing solution. To appreciate this fact, we recall
that, in the classical sense, either there are no T-periodic solutions (this happens
if fOT p(t)dt < 0, see [25]) or equation (3.21) has a dynamics of “saddle-type” (see
[25, 28]). In both cases, no chaos is present. As in the regular case, first we construct
the class of functions and then we give the main results.

Fix two constants p; < 0 < py and consider the equations

-1

2 = - + p1, (3.38)
-1

l'” = ﬁ +p2 (339)

Next, take e1, es < 0 with es < —2,/p2 so that

2
e — 4 e —
A veaT o T (3.40)
P1

e3 — 4ps
2 D2 )

2

Define by Fi(z,y) = g — = —p;x for i = 1,2 the (conserved) energy for both
autonomous equations (3.38)-(3.39). Let be

b1 ={(z,y) : Fi(z,y) = e1}

8=

~—

and
B2 ={(z,y) : Fo(x,y) = e2,x > 7},
where 0 = /1/ps is the unique equilibrium of (3.39). By (3.40), the intersection
points between ; and the z-axis, namely (z1,0) and (22, 0) respectively, satisfy that
zZ1 > 29. (341)

Using this property, a simple analysis implies that the intersection (5, N B2 is made
by two points, specifically {(z1,y1), (z2,y2)} with y3 < 0 < y2. See Figure 5.

o
=
N
of
.
(52
o

Figure 5: The configuration of orbits 1, (.
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Clearly, as ea < —2,/p2, we can take T5 > 0 such that

(22(T55 (21, 91)), 25(T5; (21, 91)) = (22,92)

where (z2(t; (x1,91)), 5(¢; (x1,91))) is the solution of (3.39) with initial condition
at (z1,y1). After that, pick a constant e, such that

i) eg < gg < —2,/p2,
.oy —€1—y/e?—4dpy —€2—y/e2—4p2
ii) T > T .

By an elementary phase portrait analysis, we know that

r < 5?'1,

Y1 < Y2,
and
To < /i"g,

Y2 < Yo,

where (Z1,71) and (Z2,y2) are the intersection points between 3; and BQ with

Ba = {(z,y) : Fola,y) = &2,2 > 0}

Figure 6: The configuration of orbits 31, (2, 52.

Equation (3.39) preserves the usual ordering in R? (see Theorem 2.1 and its
proof in [7]) and so we have that

22(T3, (1, 91)) < 22(T3, (71, 51))

2y (T3, (w1, 91)) < 25(T3, (T1, 1))
By these inequalities, we can take a constant €1 close to e; satisfying:
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1. e; <ej.
2. Let H1 and Hy be the connected components of
{(5573/) L €2 S FQ(xvy) S é12761 é Fl(‘rvy) S glﬂx 2 U}

with H; C {(z,y) : y < 0}. Then we can fix a time T» < T3 such that for all
(x0,v0) € {(x,y) € Hy : Fa(x,y) = ea} we have that
al) {(z,y) € Hi: Falw,y) = €2} C{(2,y) : w0 <90 <y},

a2) {(z,y) : x2(T2; (xo, %)) < z,25(T2; (w0, 90)) < y} N {(z,y) € Ha :
f2(£7y) :€2} :@7

a3) {(}x,y) € Ha : Fa(z,y) = e} C {(,y) : 22(To; (z0,%0)) <z, 25(T2; (0, 90)) <
y}.

See Figure 7.

Ho

Hy

Figure 7: Illustration of H; and Hs.

Observe that these properties have deep consequences. Take (zg,y0) € {(z,y) €
Hi: Fax,y) = ea} and (Zo,Yo) € {(z,y) € H1 : Fa(z,y) = é2}. Clearly,

o < E07

Yo < Yo-

Then, using that equation (3.39) preserves the usual ordering in R?,
z2(T2; (20, y0)) < 22(T2; (Zo, Yo)),

25 (To; (20, y0)) < 25(To; (To,Y0))-
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Using 2 we deduce that

(z2(T2; (20, 90)), w5(To; (20, %0))) & Hz, (see a3)

(z2(T2; (To, Y0)), 5(T2; (Zo, %0))) & Ha, (see a2).

In fact, these points belong to different connected components of
X\{(’I},y) ce1 S fl(zvy) S gl}
Finally, we fix four additional constants F; < El and Fy < E‘g so that

o [E1, 1] Cler, &1, [e2, &) C]Ey, Bof,

e for all e} € [e1,¢1] and for all ¢ € [Es, Ey]

et = VP I —e5 - e~ s

2p 2p2

holds. (See Figure 8)

Figure 8: Illustration of the configuration of the orbits. The dashed lines correspond
to the orbits associated to the energy levels denoted by Fi, Fq, Fo, Es.
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Figure 9: Detail of the intersections between the linked orbits. Left: Lower inter-

section. Right: Upper intersection.

Denote by
Q1 ={(z,y): By < Fi(z,y) < Ey, By < Falz,y) < Eyy >0,z > o},
Q2 ={(z,y) : e1 < Fi(z,y) < €1,e0 < Fo(z,y) < €2,y <0,z >0}
Clearly we can choose ro > 0 such that the ro-neighbourhood of
{(z,y) rer = Fi(w,y),e2 < Fa(w,y) < €2,y > 0,2 > 0}

and
{(z,y) 1 e1 = Fi(z,y),e2 < Fa(z,y) < €2,y > 0,2 > o}

does not touch @) and the ry-neighbourhood of
J ={(z,y) : e < Fao(x,y) < eg,e1 < Fi(z,y) <e1,y >0, >0}
does not touch the sets
{(,y) : Fa(w,y) = B,z > 0},
{(z.y) : Fa(w,y) = Bg,x > o}
Analogously, we can choose 71 > 0 such that the r1-neighbourhood of
{(z,y) : By = Fola,y), By < Fi(z,y) < Ey,y < 0,z > o}

and
{(z,y) : B2 = Fa(z,y), Br < Fi(x,y) < B,y < 0,2 >0}

does not touch Q)2 and the ri-neighbourhood of

R2 :{(xay):El gfl(xay) §E13E2 SFZ(*’E,Z/) Sﬁz,y<07$20}
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does not touch the sets
{(z,y) : Fi(z,y) = er},

{(z,9) : Falz,y) = &}

See Figure 9 for an illustration of these sets.

The next step is to point out that Lemma 2.1 holds exactly the same for equation
(3.21). Now, we are in the conditions to construct the forcing term p(¢). First, apply
Lemma 2.1 with d = r1, M = max{|p1|, |p2|} and K = Ry to obtain a parameter
71 > 0 satisfying condition (2.12). After that, apply Lemma 2.1 with d = ro,
M = max{|p1|, |p2|} and K = J to obtain a parameter 72 > 0 satisfying condition
(2.12). Now, for a parameter 77 > 0 we define

;o iH0<t<Ty
ﬁl(t T <t<Ti+mn

oy = {0 (3.42)
D2 th+n<t<Th+n+1

ﬁz(t) ifT1+T1+T2§t<T1+T1+T2+T2

so that |p;(t)] < max{|p1|,|p2|} and function p(t) is of class C!. Recall that the
parameter T is fixed above (see al-a3). As in the regular case, we need to introduce

some notation. Consider ®; the Poincaré map associated to (3.38) at time 77 (see
(3.35)). For Q; = & '(i(X)) we have that

Tod;: )y — X

(QTO,UO) — <m(T1;x07UO),UU/(Tl;xva)) (343)

where, for convenience, (x(T71;xo,v0),2 (T1;x0,v0)) is the bouncing solution of
(3.38) with initial data at (zg,vg). Define ®5 and Qs in a similar way with system
(3.39) and T5. On the other hand, in U a neighbourhood of @1 U @2, by lemma 2.1
and the definition of 7, and 75, we can define two maps,

hi(zo,vo) := (x(Ty + 715 (T1, 20, v0), ' (T1 + 115 (T, 20, v0))) '
ho U — X
ha(xo,vo) == (x(T1 + 71 + To + 725 (T1 + 71 + T2, 0, Vo), (3.45)

o' (Ty + 71+ Tz + 725 (Th + 71 + T2, 20, v0)))
where (x(¢; (to, Zo,v0)), ' (t; (to, To, vo))) refers to the bouncing solution of (3.21)
with force (3.42). Note that, by the expression of (3.42), if (z,v) € Q1, To®y(z,v) €
U, hy(m o ®(z,v)) € Qg and 7o Py(hy(m o P1(z,v))) € U then

moP(z,v) =hyomo®yohyomod(z,v) (3.46)
where P is the Poincaré map of (3.21) with force (3.42).

Theorem 3.1. There exists T} with the following property: for every function p(t)
given in (8.42) with parameter Ty > T, equation (3.21) has chaotic dynamics.
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Proof. The proof of this theorem is divided into five steps.

Step 1: Stretching property for [0,T1].

We follow a similar reasoning as Step 1 in Theorem 2.1. Consider the successor map
S = (51, 52) associated to equation (3.38). Observe that given a point (zg,vg) €
{(z,y) : Fi(z,y) = h1} the bouncing solution of (3.38) with this initial condition is
periodic with period S1(0, h1). We recall that by Proposition 5.1 in [33], S1(x, h) is
a strictly increasing function in the second component. Now we define

5P P
P, =P
where Pl = Sl(O,El) and PQ = Sl(O,El).

Fix Ty > Ty. We have to find two compact sets Ko, 1 C @7 such that (see
Definition 5.3)

T =

(’Ciuﬂ— o (bl) : @1%}‘&27

where @, is the Poincaré map of (3.38) at the instant T3, Q1 = (Q1,(Q1)”) with
Q7 ={(z,y) € Q1 : Fi(z,y) = E1} U{(z,y) € Q1 : Fi(z,y) = Er},

and Ry = (Ry, Ry) with

Ry = {(z,y) € Ro: Fo(z,y) = B2} U{(x,y) € Ro : Fa(z,y) = Ea}.

In Figure 10, we illustrate this dynamical property.

L L L L L L L L
1 2 3 4 3 & o 1 2 3 4 3 &

Figure 10: Left: A path 7 :[0,1] — @1 joining the sides {(z,y) € Q1 : Fi(z,y) =
Ei} and {(z,y) € Q1 : Fi(x,y) = Er}. Right: Ilustration of 7o ®1(Qy N ~(¢)).
Note that this effect is caused by the “twist” property.
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Indeed, first consider m, the smallest integer satisfying that

L m, (3.47)
and m™* the largest integer satisfying

— >m". (3.48)

By the definition of T7 we know that m* — m, > 5. Observe that property (3.47)
says that for all initial condition (zo,y0) € {(z,y) : Fi(z,y) = Ep}, solution
(z(t; 20, Y0), 2" (t; 20, Yo)) finds the point (xg,yo) at most m, times for the inter-
val [0,T}]. Similarly, property (3.48) says that for all initial condition (zg,yo) €
{(z,y) : Fi(x,y) = E1}, solution (x(t;xo,y0), 2’ (t; xo,yo)) finds the point (zg,yo)
at least m* times for the interval [0, T}]. Next, we consider the compact sets

Ty

Ko=) €@ o7

€ [muw, ma + 2]}

Ty
S1(0, Fi(z,y))

Now we prove the stretching property, (see Definition 5.3).
Take

Ko ={(z,y) € Q1 : € [m* —2,m*]}.

7:[0,1] — @1
a path with
7(0) € {(‘T»y) € Ql :fl(xay) = El}v

~(1) € {(x,y) € Q1 : Filz,y) = E1}.

Using that S1(0, F1(y(t))) is continuous, we deduce that there exist two disjoint
subintervals [Ag, Aj] and [A1, A}] such that

_h
510, F1(7(s)))

: T _ T _
Wlthm—m* andm—m*+2and

€ [my, my + 2] for s € [Ao, Ap]

T

50, 50) € [m* —2,m*| for s € [Ay, A)]

. T R T
Wlthm_m andm

interval [Ag, A]. Clearly, the solutions with initial conditions at y(A4g) and v(Ap)
have exactly m, and (m. + 2) collisions respectively for the interval [0,77]. This

= m* — 2. Now we concentrate on the

property implies that there exists a subinterval [50, g{)] C [Ap, Ap] such that

(@(T3;7(S0)), ' (T1;9(5))) € {(x,y) : @ < min{ay : (x0,y) € Ro}},
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((T1;7(S0))s 2 (T137(Sp))) € {(,9) : y = 0},
(@(T1:y(s)), 2(T157(9))) € {(z,y) : y < 0}

for all s € [Sp, Sj]. Finally, we easily obtain the desired subinterval [Sy, Sj]. Observe
that previously we have used that

By < Fi(x(Ti; (1), ' (Ty; 7(t))) < By

for all ¢ € [0, 1].

Step 2: Behavior in the interval [Ty, Ty + 71].

By the definition of p(¢) and as a direct consequence of the variant of Lemma 2.1
for equation (3.21) we have the following property: For all continuous path,

7:[0,1] — Ry
with
1(0) € {(2,y) € Rz : Fo(x,y) = Ea},
¥(1) € {(z,y) € Ry : Fa(w,y) = Es},
there is a subinterval [Ry, Rj] C [0, 1] so that the curve

Bt) = (x(Ty + 71, (Ty, 7 (1)), 2/ (Ty + 71, (T1,7(1)))

satisfies that
B([Ro, Ry]) C Q2

with 8(Ro) € {(z,y) € Q2 : Fa(z,y) = e2} and B(Ry) € {(z,y) € Qa2 : Fa(z,y) =
€2}

Step 3: Stretching property in the interval [Th + 71,71 + 11 + Th).
In this step we prove the following stretching property: Given a path

7:[07”—>Q2

with
7(0) € {(z,y) € Q2 : Fa(x,y) = ea}

’Y(l) € {(x,y) € QQ : f2($,y) = 52},
there is a subinterval [My, M{] C [0, 1] such that

mo®s(7(1) C I

with o ®y(7(Mo)) € {(z,y) € J : Fa(z,y) = e1} and 7o Py(y(Mp)) € {(z,y) €
J : Fi(z,y) = €1}. We denote by ®, the Poincaré map associated to (3.39).
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1 2 3 -; 5 (; lI 2 3 4; 5 1;
Figure 11: Left: A path 7 :[0,1] — Q2 joining the sides {(z,y) € Q2 : Fa(z,y) =
eo} and {(z,y) € Q2 : Fo(x,y) = Es}. Right: Ilustration of m o ®o(y(t))

To see this claim, we recall that, by definition of T (see al-a3), m o ®2(y(0))
and 7o ®4(y(1)) belong to different components of

X\{(z,y) : e1 < Fi(z,y) <e1}.

In addition, clearly o ®2(y(t)) € {(x,y) : €2 < Fa(x,y) < e,z > o,y > 0} for all
t € [0,1]. From these facts, the proof is clear.

Step 4: Behaviour in the interval [Th +To + 71,11 + To + 11 + 72].

Reasoning as in Step 2, we obtain that for all continuous path ~(¢) : [0,1] — J
with 7(0) € {(z,9) € T : Fi(5,9) = e}, 1(1) € {(3,) € T : Fa(w,y) = &1}, there
exists a sub-interval [Co, C{] C [0, 1] so that the curve

B(t) = (x(Ty+mi+To470; (Ti+To471,7(t))), &' (Ti+ 71+ To+72; (T1+To+71,7(1))))

satisfies that
ﬂ([OOaC(,JD - Qh

with 8(Co) and 5(CY) lying on different connected components of Q7 .

Step 5: Conclusion

Putting all the information together and using (3.46) we deduce that 7 o P with P
the Poincaré map associated to (3.21) has the properties

(KiymoP): @:%@:

for ¢ = 0, 1. Finally we apply Theorem 5.2.
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4 Further examples and Remarks

In connection with our results on chaotic dynamics we point out the general method
of linked twist maps has following advantages:

e All the parameters involved can be estimated.

e A quantitative estimation of regions of initial data where the chaotic behaviour
occurs can be performed.

e The method is robust under small perturbations. Since the method is of
topological nature, any type of conservation of energy or hamiltonian structure
is not essential. This means that our main results holds if a small friction
coefficient is added in the equation, or more important, if the impact rule
includes a restitution coefficent A > 0 such that

z(ty) =0 = 2/(t§) = —\2'(ty).

This introduces a dissipation in the model, but if A is close to 1 our results
are preserved.

Concerning the singular equation, the original equation considered by Lazer and
Solimini in [25] is
-1
1
= +p(t) (4.49)
with p(t) continuous and T-periodic. For equation (4.49) with v > 1 and p(t) of
class C! and T-periodic, the same regularization technique can be applied and our
results are valid in order to obtain the analogous conclusion. Notice that we need
to adapt (in a direct way) the results taken from [33]. On the order hand, the
weak singularity case 0 < v < 1 is more simple and has been considered in [38].
In this case, the collision velocity is finite and the solution can be continued by a
simple elastic rule, hence the regularization in not necessary and analogous results
are verified. It is important to observe that a similar construction like in Section 2
can be detected in (4.49).

5 Appendix: Background on chaotic dynamics

In this section we introduce the definition of chaos and the topological tools which
are used throughout this paper. For the reader’s convenience, we present all the
notions in the framework of the applications.

Definition 5.1. Consider (J,d) a metric space and take D an open set. We say
that a continuous map v : D — J induces chaotic dynamics on two symbols
if there exist two disjoint compact sets Ko,K1 C D such that, for each two-sided
sequence (s;)icz, € {0,1}%, there exists a corresponding sequence (w;)iez € (Ko U
K1)% such that

wi €Ks;,  and wip1 =P(w;) forallieZ, (5.50)
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and, whenever (8;)icz s a k-periodic sequence (that is, si1r = S;, Vi € Z) for some
k > 1, there exists a k-periodic sequence (w;)icz € (Ko UK1)? satisfying (5.50).

Definition 5.1 guarantees natural properties of complex dynamics such as sen-
sitive dependence on the initial conditions or the presence of an invariant set A
being transitive and semi conjugate with the Bernoulli shift. In addition we must
note that our definition of chaos ensures as well the existence of periodic points
of any period n € N. In relation to other definitions of chaos we notice that if a
concrete map is chaotic according to our definition is also chaotic in the sense of
Block Coppel and in the sense of coin tossing , see [1], [24]. Next we collect some
important properties of Definition 5.50.

Theorem 5.1. ([29, Theorem 2.2]) Assume that 1, Ko and K1 are as in Definition
5.1 and set
K=K UK.

Defining the nonempty compact set
Too = [ ¥ (K), (5.51)
n=0

then there exists a nonempty compact set
ITCIsxCKk,

on which the following are fulfilled:
i) Z is invariant for ¢, (i.e. Y(ZT)=1I).

ii) ¥|z is semi-conjugate to the Bernoulli shift on two symbols, that is there exists
a continuous map g of I onto E;r := {0, 1}, endowed with the distance

/

d( rooN d(Si,Sgl) f I (Y. "oy, »t
s, 8" = Z —givn v fors = (si)ien, 8" = (s])ien € X3
ieN

(where d(-,-) is the discrete distance on {0,1} : d(s},s) = 0 for s, = s/ and

d(s}, sy =1 for si # s), such that the diagram

1) %

P

A A

+ . +
22 o Z2

commutes, where o : 3 — B3I is the Bernoulli shift defined by o((s;);) :=
(Si41): for alli € N.
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iii) The set P of the periodic points of v |z, is dense in T and the pre-image
g 1 (s) C T of every k-periodic sequence s = (8;)ien € Z; contains at least
one k-periodic point.

Furthermore, from property ii) it follows that:
iV) hiop(¥) > hiop(¥ |7) = hiop(0) > log(2), where hyoyp is the topological entropy.

v) There exists a compact invariant set A C I such that 1 |a is semi-conjugate to
the Bernoulli shift on two symbols, topologically transitive and has sensitive
dependence on initial conditions.

Our next aim is to derive a method to prove the presence of chaotic dynamics
in concrete examples. With this respect, we give the following definitions.

Definition 5.2. Consider a set R homeomorphic to [0,1] x [0,1]. We say that the
pair R = (R,R™) is an oriented topological rectangle if R~ = R, UR, where
R, R, are two disjoint compact arcs contained in the boundary of R.
Definition 5.3. Take (X,d) with X =]0,00[xR and d the Euclidean distance.
Given two oriented rectangles R == (R,R™), B := (B,B~) with R,B C X and a
compact set I C R we say that a continuous map

Yv:DCX —X
(K, 1) stretches R to B along the paths and write

(K. ) : R=-B,
if the following condition holds:

For every path ~ : [0,1] — R such that v(0) € R; and v(1) € R, there
exists a subinterval [t',t"] C [0, 1] so that

V() €K, v(y(t) eB

for all t € [t',t"] and moreover, Y(y(t')) and ¥(y(t")) belong to different
components of B~.

As a next step we link the definition of stretching along paths with the notion of
chaotic dynamics on two symbols.

Theorem 5.2. ( [29, Theorem 2.3]) Consider ) : D — X a continuous map and
R = (R,R™) an oriented topological rectangle as above. Assume that there are two
disjoint compact sets Ky, K1 with Ko U K1 C R and such that

(Ki, ) - ﬁ%ﬁ, foralli=0,1

then v induces chaotic dynamics on two symbols relatively to Ko N (v~ (Ko UK1))
and K1 N (v =1(KoUKy)). It follows that the map v has the properties of Theorem
5.1.
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Remark 5.1. To be precise, it is needed to say that the previous theorem is not
ezxactly Theorem 2.3 in [29] because R ¢ D. However, as ¥(KoN (¢~ H(KoUK1))) C
R, v(K1N (=1 (Ko UK1))) C R the proof is exactly the same as in that theorem.
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