J Dyn Diff Equat (2017) 29:259-288 @ CroseMark
DOI 10.1007/510884-015-9466-6

Dynamics and Chaos in the Elliptic Isosceles Restricted
Three-Body Problem with Collision

Licia Brandao Dias! - Joaquin Delgado? -
Claudio Vidal®

Received: 7 November 2014 / Revised: 24 March 2015 / Published online: 25 July 2015
© Springer Science+Business Media New York 2015

Abstract The elliptic isosceles restricted three-body problem (EIR3BP) with collision is
defined as follows: two point masses m; = m> move along a degenerate elliptic collision
orbit under their gravitational attraction, then describe the motion of a third massless particle
moving on a plane perpendicular to their line of motion and passing through the center
of mass of the primaries. By symmetry, the component of the angular momentum of the
massless particle along the direction of the line of the primaries is conserved. We fixed it
to a non-zero value in order to avoid total collision, and perform the reduction to one and
a half degrees of freedom. We prove that the flow defined by the EIR3BP is complete and
if a solution escapes to infinity when time t — =00, then it is parabolic or hyperbolic. A
description of the parabolic orbits is given and they are asymptotic to a degenerate periodic
orbit at infinity. We verify that the unstable and stable manifolds P** of this periodic orbit
at infinity are differentiable (in fact, C°°) at the origin and analytic outside. For sufficiently
large angular momentum, we prove that P* and P* intersect a surface of section X in simple
closed curves y** having two points of intersection and we show that y* and y* have a
transversal intersection at these points. We prove that there exists a subset of ¥ where the
Poincaré map is topologically conjugate to a Bernoulli shift, in particular this shows the
existence of a very complicated dynamic (chaotic dynamic) in the EIR3BP.
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1 Introduction

The elliptic isosceles restricted three body problem (EIR3BP) with collision is defined as fol-
lows: Two equal point masses m1 = m, move under Newton’s law of gravitational attraction
in a collision elliptic orbit parametrized by p (¢) on the z-axis. A third massless particle moves
on a plane (x, y) passing through the center of mass of the primaries and perpendicular to
their line of motion. Thus the equations of motion for the massless particle are

¥=- (X2+ ,2:/)20))3/2
o T (1)

(x2+y2+@)3/2 )
where p(t) = 1 — cos E is the distance between the primaries and E is eccentric anomaly.
The problem consists in describing the dynamics of the massless particle. Of course the
primaries collide successively, but since it is a Keplerian motion its regularized motions are
completely understood. In order to avoid total collision we fix the z-component of its angular
momentum to a fixed constant ¢ # 0.

Some restricted problems related to our problem have been studied: If ¢ were taken as zero
and the initial conditions of the third particle be given towards the line of the primaries we get
the isosceles restricted three body problem with collision studied in [1,9]. In [12], periodic
solutions are obtained numerically. The present problem is also related to the Sitnikov problem
in the following aspect: in the latter the primaries move along elliptic orbits of eccentricity
e; in [11] parabolic orbits are studied when e is close to zero, when the problem becomes
integrable. Our case is far from this in the sense that we are considering e = 1. The fixed
non zero value of ¢ prevents total collision to happen and permits focusing on the existence
of bounded motions without collisions (of the massless particle), the dynamics is not less
complex though.

In a preliminary work [4] the dynamics of this problem in the finite part, was studied;
more precisely, it was shown the existence of symmetric periodic solutions. In this paper
we focus on solutions which perform large excursions far from the line of primaries. More
precisely we study the set of parabolic orbits in which the massless particle escapes to infinity
with asymptotic velocity zero. A complete description of the parabolic orbits is given and we
prove they are asymptotic to a degenerate periodic orbit at infinity. Using [2,3,10] we are able
to verify that the unstable and stable manifolds P*** of this periodic orbit at infinity are C*°
at the origin and analytic outside. Next, considering a sufficiently large angular momentum
we prove that P* and P® intersect a surface of section X in simple closed curves y**
having two points of intersection and we show numerically that y* and y* have transversal
intersection at these points. Our approach is maintained analytically most of the time, and
we just could not give an analytic proof of the transversality of the manifolds P* and P*, but
we present numerical work which sustains its transversality. The main technical difficulty
in order to prove analytically the transversal intersection of the invariant manifolds along
two homoclinic orbits is that there is not an adequate “small parameter” which would help
in using perturbation theory, for example, the Melnikov method. On the other hand, in our
approach we cannot prove the boundedness for all time of the coefficient of the series (see
Eq.23) which define P* and P°. Finally, we prove that there exists a subset of X where
the Poincaré map is topologically conjugate to a Bernoulli shift, in particular this show the
existence of a very complicated dynamics (chaotic dynamics) in the EIR3BP.

The structure of the paper is as follows. In Sect. 2 we state the non-autonomous equa-
tions of motion in Cartesian and polar coordinates. In Sect. 3 the problem is reduced by the
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z-component of the angular momentum and the monotonicity of the time variation of the
Hamiltonian is proved in successive intervals of time. We prove that the solutions are defined
for all time so the flow is complete. Then individual solutions escaping to infinity are com-
pletely classified. In order to study long time and global behavior of bounded solutions, in
Sect. 4 we study bounded solutions with large excursions to infinity. We study the parabolic
orbits, and its stable and unstable manifolds using McGehee’s and Fontich arguments. In
Sect. 5 we prove that for ¢ large enough, these manifold intersects along two homoclinic
orbits; we prove numerically the transversality along them.

In Sect. 6, the Poincaré map associated with the surface of section is shown to contain a
full shift as a subsystem as a consequence of a theorem of Moser. Section 7 presents some
numerical explorations which support the hypothesis of transversality assumed in Sect. 5 and
6 to build up the main construction for the symbolic dynamics. We also show some orbits
of the EIR3BP. Finally, in “Appendix” we exhibit several important results in order to make
the paper self contained.

There are several results in the literature related with the problem of transversality of the
invariant parabolic manifolds in the restricted three body problem. In [8] the authors study
the restricted circular three body problem. They use the mass ratio of the primaries as the
perturbed parameter. So, using classical perturbation theory they prove the transversality of
the invariant parabolic manifolds. More recently in [7] the transversality of the invariant
manifolds is proved for all values of the mass ratio. They have used the Jacobi constant
as a parameter since their system is conservative. In [6] the tetrahedral four-body problem
is considered. In this work the authors prove the existence of a symbolic dynamics. The
transversal intersection of the invariant manifolds is given numerically, since they do not
have a small parameter which would help in using perturbation theory.

2 Statement of the Problem

Parameterizing the distance between the primaries, and the time as a function of the eccentric
anomaly, we arrive that

p=a(l —cosE), (2)
nt = E —sinE, 3)

where n = 27/ T is the mean motion and 7 is the period. Both are related through Kepler’s
third law a°n? = 1. In what follows we will take ¢ = n = 1, which amount to take the
maximum distance among the primaries as 2, and the period equal to T = 2x. Let (x, y)
be the coordinates of the test particle in the plane perpendicular to the line of motion of
the primaries (see Fig.1). It is evident from the form of Eq.(1), that the z-component of
the angular momentum of the massless particle ¢ = yx — xy is a constant of the motion.
Throughout this work we will suppose that ¢ 7~ 0. Next, using this symmetry, we can reduce
the equations introducing polar coordinate as usual x = r cos 6, y = r sin 0, and then system
(1) becomes

dt (r2+ @ ) r )
o _ ¢

dr = 2

Note that since ¢ # 0 our problem is different from the Sitnikov (elliptic case) problem (see
details in [11]). In fact, here we have the parameter ¢ and we do not have the parameter
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Fig. 1 The elliptic isosceles N2
restricted three body problem
with collision
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associated with the eccentricity, which is very useful when we use perturbation theory. On
the other hand, we have a singularity associated to r = 0.
The second equation in (4) can be solved by means of quadrature, that is,

roec
9(t):/0 %dwr@o, (5)

and so (4) becomes the reduced system. It is a 2w -periodic Hamiltonian system with Hamil-
tonian function
2 2 1

C
H(,peot) =204 5 -

2 2r? \/m
F+T

where p, = 7 is the conjugate momentum to r. The corresponding equations of motion are

(©)

%=pr 5
pr _ " < 7
T (2 p()? 3/2+V3' @

The previous equations of motion can also be expressed in terms of the eccentric anomaly
as an independent variable as follows

dr

78 = (L—cos E)p,
dpr _ 1 _ _ r 2 (®)
dE = (1 —cos E)( (r2+“’°‘fE)2)3/2 + r3)'

Although the system (8) has critical points whenever cos E = 1, the inverse transformation
of the Kepler equation (3), namely t = 7(E) constitutes an uniformization parameter and
system (7) the regularized system. Also for numerical computations to be explained in Sect. 7,
Eq. (8) is better suitable for this purpose.

3 Completeness of the Flow

Let us derive some general properties of the flow associated to the system (7). A straightfor-
ward computation gives us.
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Lemma 1 The derivative of the Hamiltonian function H along the solutions of the system
(7) is given by

dH _0H p()p(r)

T T T T T 2

dt o 42+ %)3/2
In particular, by the previous result

dH [ <0 if (1) <0,
dr | >0 if p@)>o.

The following propositions show that the infinitesimal body never crosses the line of the
primaries if ¢ # 0. In particular, triple collision does not occur for finite time.

Proposition 1 Ifc # 0, and there exists lim;_,« r(t), then forno sequence {ty} converging
to t*, with t* a constant, results limy_, oo r (1) = 0.

Proof Firstly we observe that of the expression (6) and of limy_, » 7 (fx) = O it follows that

. prt)? . c? _
s (0 P7) - (325 <

So,
lim H(t;) = +o0.
k— 00

We can assume that the sequence {#; } is monotone and, for definiteness, increasing. Then,
since

dH pp
= 3/2°
dt 4 (r2 + %2)

we have the existence of a constant d and € > 0 depending of 7* such that ‘Z—’j(t) < d for
t € (t* — €, ") in contradiction with the divergence of H (1) established above. ]

The following result complements the previous proposition and shows that neither asymp-
totically non-triple collision occur.

Proposition 2 If ¢ # 0, r(t) is defined for all t and there exists lim;_, 100 1 (t), then
lim; 400 7(t) # 0.

Proof Suppose that ¢ # 0 and lim;_, +o 7(¢) = 0. From (4) and the obvious inequality

> 2
Ty TRETAYS
it follows
& = i(_r +c%)
dt — r3 .
AR % = +00 and there exists a time #; such that % > kforall t > 1y,

for some k € RT. Integrating both sides we get r(t) > %tz + bt + d, where b, d € R are
constant. Thus r(t) — oo as t — =00, which contradicts lim;_, 4+ () = 0. O
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Remark 1 The last two propositions say that if ¢ # 0 then any solution is free of total
collisions either in finite or infinite time. This result is well known in the general three-body
problem when the total angular momentum is different from zero (see [13]).

The next theorem shows that any solution of the system (7) is defined for all time, i.e., the
flow is complete.

Theorem 1 If ¢ # O then the maximal interval (w—, w4.) of existence of solutions of (7) is
(—00, +00).

Proof Let (w—, w4) be the maximal interval of existence of a solution (r(¢), p,(t)) of (7).
Suppose on the contrary, that the solutions are not defined for all time. Let & = /r2 + p2.
Then, for t* a constant, either (i) lim;— ;+ r(¢) = 0, or (ii) lim;_,;+ £(t) = 4+00. The case (i)
is ruled out by Proposition 1 and, in this way, there are § > 0, T > 0 such that

r(t) >4, forte (™ —r1,t%).

Thus, since the righthand side of (7) is Lipshitzian for r > §, the existence of the limit
lim;—(r (), 6(t)) and the solution of (7) can be continued past r* establishing w4 = +o00.
In the case (ii) we can suppose that lim;_, ;+ () = 400, because if lim;_, ;+ p, () = o0

then lim;_,;+ r(t) = oo. In fact, if lim,_,;+ p,(t) = +o0 and lim;_,;+ r(¢) = r*, for some

r* € R, we have from the second equation in (7) that lim;_,,« p,(¢) is constant so, p,(t)

remains bounded as ¢t — t*, which is a contradiction. Let us suppose then that lim,_, s+ r (¢) =
+o00. Again by the second equation in (7) it follows that lim,_,,« () = 0. Therefore 7(¢)
remains bounded as r — ¢* and then r (¢) remains bounded as t — t*. This is a contradiction.
The result for w_ is proved in an analogous way. O

4 The Flow Near Infinity

Let us now study solutions escaping to infinity, so we need the following definition.

Definition 1 A solution (r(t), 7/(t)) of the system (7) is called an escaping solution if it is
defined for all # > 0 and lim; . 7 () = 00. An escaping solution is called parabolic, if

lim 7(t) = 0.
[—00
and it is called hyperbolic if
lim 7(¢) = p*,
—00
where p* is a finite positive value.
Proposition 3 Any escaping solution of (7) with ¢ # 0 is parabolic or hyperbolic.

Proof Suppose that r(t) — oo as t — oo; from (4) we have that
r(t) c?
5 3/2 + r3(t)
[+ 5]
1 1 N c? 1
PO+ (p@/2r@ PR P

P(t) = —
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since p(¢) remains bounded. Then (1) — 0~ as ¢t — o0, and so 7(¢) is decreasing as ¢ goes
to infinity. It follows that lim,_, o 7 () = p* exists and there are two possibilities: Either
p* = —oo or is a finite number. In the first case, there exists 1; € R such that 7(r) < —1
for all + > 1. So, there exists #, with r(t2) = 0 in contradiction with the Proposition 1.
Therefore, lim;_, 40 7() = p*, a real number. If p* < 0 then there exists #; > 0 such that
F(t) < p*/2fort > 1. Integrating it yields r (t) < r(¢1) + p*/2t, in particular r () vanishes
for some ¢ > t1, again contradicting Proposition 1. O

From the previous proposition and Eq. (6) we arrive at the following result.

Corollary 1 Along any escaping solution of (7) with ¢ # 0, . liIJP 2H(t) = p*z.
— 400

Next, we are going to study escaping solutions, and in this approach let us use McGehee’s
coordinates [10], that is, we make the change of variables

2

r=—,
u?

F=u. )

So u — 0 corresponds to r — +o00, and Eq. (7) assumes the form

Ry 1 ) (10)
V=N T ey T2 )
[+

together with the differential equation
1
T 1 _CcosE’
which is consequence of (3). The origin (#, v) = (0, 0) is an equilibrium point of the system

(10) contained in the invariant plane u = 0. The set

Noo ={(u,v, E) Ju =0}

E

is called the infinity manifold, and clearly it is invariant by the flow of system (10). Moreover,
the flow extends analytically to it. We are interested in studying solutions that escape parabol-
ically to infinity, that is, solutions such that («, v) — (0, 0) as t — oo. It is known that the
set of initial conditions of such solutions form a variety which we denote by stable parabolic
manifold, see [10]. Using the McGehee or, more recently, Baldom4 et al. [2,3] notations, the
stable parabolic manifold (locally) is defined by the set P* = A* (P, B), where

AP, B) = {(u, v) € B/ P, v) € B,Vk >0, P*(u, v) — (0,0), ask — +oo},
B=Bp,8={wuv)eR*/0<u<8,|v|<pu}

where P denotes the Poincaré map or first return map associated to the periodic orbit (u, v) =
(0, 0), which will study in the next proposition. The variable u« is considered positive in order
to avoid ambiguity in the transformation (9). The existence of this set 3 is guaranteed in [10].

In the next proposition we determine an approximation of the Poincaré map associated to
system (10). Some preliminary results are described in Sect. 1.

Proposition 4 The Poincaré map P defined in a neighborhood U of the periodic orbit
(u, v) = (0, 0) is given by the diffeomorphism

Pu,v) = u—zu3[v+r(u v)] v—zu3 u—ﬁu3—£u5+r(u V) (11)
b - 2 ] 9 9 2 2 192 2 9 9
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where r1 and ry are real analytic functions in the variables u, v and of order two in these
variables.

Proof We are going to apply the analysis given in Sect. 1 in order to calculate the Poincaré
map P around the 27 -periodic orbit (u, v, 1) = (0, 0, #) of the differential system

du __ 3

1
a = ZM U4
= — [ - Gu = Fputor(0) + glipu'2ot0) + 0w | (12)
dt
E =

which is obtained using Taylor’s series in (10) around the point # = 0. We denote the flow
of (12) by ¢(t, u, v) = (@1(t, u, v), p2(t, u, v), p3(t, u, v)), where @3(t, u, v) = t, and so
o (a) = 2m. Clearly the time of return is o (o) = 2. Thus, following the notation of Sect. 1
we have that 3”7: = w

and then the Poincaré map is given by

Pu,v) = ap + (060, o (o) + 32 (o, o (ctp))v
2 2
+ 4[24 @0, o () ; S o (@0)?]

3
+ 3 ﬁ(ao, o (@o)u® + 3555 (Olo, o (ag))uv
+ 3505 (@0, 0 (@)uv? + 5% (@0, o (@)’ |
a4
+$[W(ao,0(¢xo))u +43u33v(0¢0,0(a0))u 30+ 65525 (g, 0 () u??

450 (@0, 0 (@)uv? + T% (@0, o (@o)v | + O - 00)?).

dudv3
(13)
We take the initial condition eg = (0, 0) which is a point of the periodic solution (0, 0, #)

Bl B
and thus it is a fixed point of P. As a—(p(t, o) |r=0= I, we have that %(r, o) = 1 and
o u

2

a a
%(I, ) = 1. On the other hand, we know that a—(g(t, ) is a solution of
v o

Y = Df(p(t, a0)Y + B(1). (14)

In this case B(t) = D2 f(¢(t, ao))g—f(t, a0)?, because D? f(¢(t, ap)) = 0. Note that since
82 2

Df(o(t, ap)) = 0, it follows that a—gs(t, o) = ﬁ(t’ ) |r=0= 0. In particular, we have
o o

% ¢
that W(U (o), ap) = W@n, o) = (;
Continuing the process we obtain that a—f(t, «p) is a solution of (14) where now B(t) =
o

sz(ga(t ®p)) 8‘” (t, o)+ D2f(<p(t, ao))(g—g(t, o), a:—f(r, o)) = 0, because the matrices
D3 f(p(t, @), D% f(@(t, ap)) are identically null. Since Df (¢(f, og)) = 0, we have that
33 3 _ e _

W(LQO) = W(I,Olo) li=o= 0. S(j; @(275,(10) =0.

B
In the fourth step, we know that 8—¢(t ap) is a solution of Eq.(14) where B(t) =

D* f(p(t, ap)) a‘p (t, ap)*, because all the other terms are zero. We know that Df (¢(¢, ag))
4

a
is identically null, so in order to find a—(i (t, ap) it is sufficient to integrate the equation
o

d d*e

d
o) = D flp(t @) 5 1),
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267
where in the matrix D* f(p(t, @)) we have
*ho_ *hHo_ 3 o *ho_ F*ho_
gu“ =0, 8u38v -2 61428112 0, 3u§v3 =0, 61}3 =0,
3f1_0 ¥*fi -0 3*h =0 9%, _ 3f2 =0,
31}121}_ ’ 8)1)2;}u - BL}%EJU 3’ {;;81) - zggav - 040
7' : _ _ ( 2.2 4 2
e =0 555, =0, o =720 e =0+ Tgctut + guto +0wW®).
84<p
So, v 4(a(ozo) o) reduces to
84 34g02 4 84(;01
o(ag), o o (), o ut+4 o (o), @), 0 ) udv
90 4( (a0), 20) = ( 8u4( (a0) 0)) (au3av( (a0), 0) )

= (—127ulv, —127u®).

85
In the fifth step, we observe that a—‘?(r,ao) is solution of Eq.(14) with B(t) =

. 3 2
D3 f(p(t, a0) 32 (1, 0)® + 10D* f (g, a0)) ((3%0, ao>) 24, (Xo)) + other terms.
Observe that the matrix D f (¢(t, p)) is given by

Pho_g Pho_g  DBho_o Pho_o Pho_g

> dutov

g)u5 p ’ 3u358u2 - 314531)4 3v5

PhHo_g S ho_ 9° fi =0, f _ P fr =0,
81)45814 > 9p30u? ’ 8v8u4 dg{“av > duddv?

rf Ph_ Ph 720 .2, 6303 2 7 _
qudvt =0, EES =0, avtou — =0, ud }0(0_ 5 ¢ u+-3 T w p ()" +0W )] |a0_

. 3

Since DS f(¢(t, ao)) is a null matrix and D* f (¢ (z, ao)) ((g%(t, ao)) = ao)) is not
5

null, it follows that a—('z (t, ap) is given by the integral solution of the equation
o

d ¢ 3%¢
T =2 (¢, a0) = 10D* f(p(t, x0)) (—(r )’ (r,ao)).

86
In the sixth step, we have that a—('z (t, ) is given by the integral of the equation
o

499 (1, ag) = DO f (¢ (1, ) (Z—ﬁ(r,ao))6
+10D* £ (1, ) ((2—5@, 010))3 Yo, ao))
+6D* f (1, @) (3—:’;0, a0) 2 ((3—:‘;@, 010))2 Poq, ao>))
+4D* flp(t,a0)) (50, 010))3 24 a0)
+D* (g (t, a0) (@(Mxo)) (g%ga,ao)ﬁ

.6 , L . %fH 720,
Observe that in D° f(¢(t, @)) the unique non identically null term is 56 — 8 —?
u
86
]Sgouzp(t)z + O®w®). So D6f(go(t «p)) only has the nonzero component 3 J;z (t,ap) =
u
720
=22
8

@ Springer



268 J Dyn Diff Equat (2017) 29:259-288

87
At the seventh step, we have that, a—f(r, ap) is solution of the equation (14) where in
o

this case B(¢) have nonzero terms that coming from D4f(g0(t, o)) and Déf(w(t, 0)).

The matrix D’ f(¢(t, o)) has only the nonzero term sz = @u,{)([)2 + O@w®). So

D7 f(g(t, ag)) =0.
0
In the eighth step, a—(g(t, «p) is solution of Eq.(14) where B(t¢) has nonzero terms coming
a

from D* f (¢(t, 010)) DO f(p(t, @) and D8 f (¢(t, ap)). The matrix D3 f (¢(z, @)), only has

the non-null term l 3780 o) +Ow®). Thus, Dgf((p (t, ap)) has only the component
88
8—];20, og) = 3780,00)2 In this way, we have
u
38e 3%p 3780 (27
78(0(0(0)’ ap) = 78(277’ ap) =0, — ,O(r)zd‘r ud
do ol 4

5 o0
Replacing p2(r) = [1 —cos E(1)]? by its Fourier series, which is given by 3 + Z aq cosat,

a=1

88<p 27 5 0
@(a(oto),ao)= 0, 374&/0 5+Zaacosat dt Jus

a=1
= (0, 47257)u®.

we have that

Thus, using (13) we arrive to

Pu,v) = u—zu3[v+r(u v)]v—gu3 u—flf—ﬁu + rp(u, v)

T 2 ) 2 192 z

where r| and r, are real analytic functions in the variables u, v and of order two in these
variables. This concludes the proof of the proposition. O

It is clear that the equilibrium point (0, 0) is degenerate for the system (10) since the
differential of the Poincaré map at (0, 0) is the identity matrix. As p(#) = 1 — cos E(¢) is
2m periodic in ¢, this critical point can be seen as a 27 -periodic orbit in the extended phase
space {(u, v, 1) € R? | u > 0}. The next theorem guarantees that P* is a one dimensional
manifold which is a real analytic arc.

Theorem 2 There exist a convex open set V. = (0, r) such that P* = AT (P, B(B,r)) is
the graph of an analytic function ¢ : (0,r) — R, thatis, PPN UNV) = {(u,v) /v =
o), u € (0, r)}. Moreover, the function ¢ is C* at 0.

Proof We will use the notation considered in Theorems 7 and 8 (see “Differentiability of the
Invariant Manifolds P*** at the Origin” in Appendix and Refs.[2,3]). Firstly, since we are
interested in the solution close to # = 0 we write system (10) around the point u = 0 so we
obtain the system

u=- %u3v

i):—fu + u 5+ o®wd. (15)

In order to prove the first part of the theorem we will prove that the Poincaré map P defined
in (11) satisfies conditions (H1)—(H4) of Theorem 7. In order to apply this theorem, the map
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‘P is not yet in a suitable form, so we make the change of variables

_x+y v_x—y
2 2

thus the system (15) is equivalent to

. 2
i=—h@+ )3+ S50+ )0+ 0((x + 1))

. (16)
V= 04+ 03y = &4+ 00+ O(x + b).
Then the map P becomes
Fx,y)= @+ pl,y)+rix,y),y+qx,y)+rx,y) a7
where
px,y) = —flx + y)3
q(x7y) 16(x+y) y’ (18)

rix, y) = o(ll(x, M),
ra(x, y) = o(ll(x, ).

Thus N, = N, = 4. Since 1 + D,p(x,0) = 1 — Zx> < 1, then (H1) follows. As
Dyg(x,y) = 31%()6 + y)?y and Dyq(x,0) = %x3 > 0, so we have verified (H2). Now, we
observe that x + p(x,0) = x — %x“, then dist(x + p(x, 0), [r, +00)) > l6x therefore
(H3) holds. Now, we observe that |1 + Dy p(x,0)| + |1 — %Dxp(x, 0)| = 31’6’x < 2,
and then H4 is true. So we have proved the first part of the theorem, that is, there exists a
one-dimensional stable invariant manifold of the origin, which, for » > 0 small enough, can
be expressed as the graph of an analytic function y = ¢(x).

In order to prove the second part of the theorem, we will apply Theorem 8 given in
“Differentiability of the Invariant Manifolds P** at the Origin” in Appendix. It is clear
that in our case m = 1, the map F is analytic, in particular is C*°, so k = o0. Also,
F(0,0) = (0,0) and DF(0,0) = Id. We verify that N = M = 4, ”; 0,00 = -3 <0,

and - 3 F (O 0) = 3—” > (. Then all the assumptions of Theorem 8§ are satisfied, hence there

are a C°o map K : [0, r) — R? and a polynomial R : R — R such that
FoK=KoR. (19)

Let K = (K1, K»). As BK “-4(0) = 1 # 0 by the inverse function theorem we have that in a
small neighborhood of x = O there is K|~ ! Thus from (19) we have

Fi(K1(x), K2(x)) = K1(R(x)), (20)
F(K1(x), K2(x)) = K2(R(x)), 2D

then by (20)
Ky (Fi(Ki(x), K2(0))) = R(x),
and by substituting it in (21), we arrive to
KroK['oF| = F. (22)
On the other hand, points in the Graph(¢), are characterized by

¢oF| = F,.

@ Springer



270 J Dyn Diff Equat (2017) 29:259-288

In [2] is proved that the function ¢ is locally unique, therefore ¢ = K7 o K| ! and so we
conclude that ¢ is C*° at x = 0.
It remains to transform the invariant manifold to the original variables. The variable u is

a function of x, since u = % = %z(x) = h(x). We observe that & is an analytic function

in (0,r) and is C* at x = 0. Furthermore, Lip(h) < HL%“‘;) < 1, therefore, there is
an analytic function @ such that x = @(u) (see details in [2]), and then the stable invariant
manifold of the point (0, 0) can be represented as the graph of

1. L
v =9 =3[0 - g@w)]

where u € (0, ugp). In conclusion, we have proved that ¢ is analytic in (0, ug) and ¢ is C*
atu = 0. ]

The existence of an unstable parabolic manifold, denoted by P“, can be obtained
immediately by considering the inverse of the Poincaré map. More precisely, this mani-
fold corresponds to the orbits that were captured parabolically, that is, solutions such that
(u,v) = (0,0) as t — —oo. According [10], we must have

P = A~ (P,B) = {(u,v) € B/ P ¥, v) e B,Vk >0, P *(u,v) = (0,0), ask — ~+oo}.

Thus, in order to prove the existence of an unstable manifold of the periodic point
(0,0) for the system (10), we only need to perform the change given by t — —t
and (u,v, E) — (u, —v, —E), because the system (10) is invariant under the symmetry
(u,v,t) = (u, —v, —t). In these new variables the dominant terms of this system do not
change and therefore we can use the same arguments as for the stable manifold and conclude
that there exists a one-dimensional unstable manifold associated to the periodic point (0, 0)
with the same properties about the differentiability.

Remark 2 In order to clarify some geometrical aspects of the behavior of the invariant man-
ifold, we are going to denote the critical point (0, 0) in the slice time I1; by p., according
to Fig.2. We know that it can be seen as a 2w -periodic orbit, namely, I"(¢), in the extended
phase space {(u, v, t) € R3 | u > 0}. 1t follows that the invariant manifold associated to I' (),
Plf(t), is constituted by curves parametrized by ¢ in this phase space. In fact, by Theorem
2, the stable manifold associated to critical point p, P;T, is the graph of the function ¢,
that is, P;)‘r is given by (u, v) where v = ¢(u), u € (0, r) with r sufficiently small. So, in

/\J

Fig.2 The Fig.a represents the behaviour of the manifolds near to infinite on a time slice [Ty = {(u, v, t)|t =
t}, for ¢ very small and figure b for ¢ sufficiently large. The figures on the right describe the geometry of the
stable and unstable manifolds associated to the periodic orbit I'(¢), both in the extended phase space and on
the slice time
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the extended phase space, it follows that P, F(t) is given locally by v = an (t)u", where

n>0
an(r)u" = @(u) with 7 in the interval [0, 27) .
n>0
If we assume that the local stable manifold P} () 1s given by v = —G(u, —1), then since

the system (10) is invariant under the symmetry (u, v, t) — (u, —v, —t), the equation of the
local unstable manifold Pli’(t) is v = G(u, t), where

v=0G®u,t) = Zb,,(t)u”, (23)
n>0

and the terms b,,(¢) can be computed by comparing coefficients.

Proposition 5 The points (u, v, t) of the local unstable manifold PF”(I) are given by the graph
of v=G(u, E), where

G, E) = —u + b3(E)u® + bs(E)u’ + by(E)u’ + bg(E)u® + by(E)u’
+ b (E)u't + bia(E)u + bi3s(E)u® + bia(E)yu" + 0@w'), (24

and the non-zero coefficients up to order 14 are

C6 C2
by(E) =%, bs(E) = kg ( 4+5) k) = %

—5c8-30c*+164

by(E) = _ (I5sin(E)— 9551n(2E)+sm(3E)) bo(E) = —
b1 (E _ (1404 cos(E)— 6]2cos(2E)+132c0s(3E) 9cos(4E) 9]5)
11(E) = 16,384
b _ —519sin(E)+825 cos(E) sin(E)— 432@052(E) sin(E)+150 cos® (E)sin(E)724cos4(E) sin(E) (25)
12(E) = - 65,536
_3355¢2—5148¢2 cos(E)+2244c? cos(2E)—484c? cos(3E)+33c? cos(4E)
bi3(E) = — 393,216
(7761643422 =21¢19—150¢0) E-+(—126,000—342¢% +21¢!94150¢0) sin(E)+33,120 sin(2E)
b14(E) = — 262,144
_ =7080sin(3E)+900sin(4E) | 27sin(5E)
262,144 163,840

andt = E — sin E. Here we call the attention for the dependence of the coefficients
bj on the parameter c. By symmetry the points of the local stable manifold Plf(t) satisfy
v=—-Gu,—FE).

Proof In “Computation of the Coefficients b; in (23)” of the Appendix, we give details about
the process of obtention of the coefficients b, (E) recursively. O

The following proposition describes the unstable manifold P[,, as a graph of a function
= F(v, E) and is obtained by straightforward inversion of the series (24). The stable
mamfold P} ® is obtained as the graph of u = F(—v, —E).

Proposition 6 The points (u, v, t) of the local unstable manifold P{! (r) are given by the graph
ofu = F(v, E), where

F,E)=—v —}—a3(E)v3 + a5(E)v5 —i—a7(E)v7 —}—ag(E)v8 + a9(E)v9 +a10(E)v10
+ar (E)' + an(E)'? + ai(EW" + au(E)p' + 0") (26)
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and the non-zero coefficients up to order 14 are

2 745 (—3306—45('2)
a3(E) = —%, as(E) = 55—, 617(E)=T4
ag(E) = 715sm(E)+9ssir£(2E)fsm(3E)’ ag(E) = —715¢ 35,17463§)C —86

2(15 i . .
ao(E) = 11e“(15sin(E)—=9sin(2E)+sin(3E))

7006
—10480107275052—63302—9984 sin® (E/2)+2304 cos(E) sin® (E /2)

aj(E) = 65,536
£y = (328+2730c4+(64=780c*) cos(E) =63 cos(2E)+6 cos(3E)) cos(E/2) sin’ (E/2) 7
aip(E) = 16,384
(E) = (—63(—65+1817c*+4000c84+1233¢!2)+117,760c2 (—13+3 cos(E)) sin® (E /2))
a3(E) = 6,291,456
(E) = (=3,104,640—13,680c2+6000c®+840¢ 1) E—60 sin () (—84,000+2997¢2+8175c0+14¢10)
aralb) = 10,485,760
900 sin(2E) (—14724105¢2+323¢0)+(283,200+8250¢2 —32,300c°) sin 3E)
+ 10,485,760
i (=36,000—5625¢2) sin(4E)+(1728+450c) sin(SE)
10,485,760

wheret = E — sin E.

For simplicity, in the following sections, we do not distinguish the stable and unstable
manifolds associated to the periodic orbit I"(¢) with those associated to the critical point p;.
In both cases we will use the same symbol. The reader can distinguish the two cases by the
context.

5 Transversality of the Stable and Unstable Manifolds

In this section we will characterize the intersection of the global stable and unstable manifolds,
P"*, obtained from the local ones by saturating the flow. For brevity we still denote them
by the same symbol. Consider the annular section

X={(r,r,t)|r>0,7=0,r € Rmod(2m)}. (28)

We will show that P* (and P*¥) meets X forwards (backwards) for the first time, in a simple
closed curve y, (ys). But before that note that

Proposition 7 ¥ is transversal to the flow associated the system (7), excepting for a differ-
entiable closed curve around the origin.

Proof Since X is defined by the equation 7 = 0, the transversality can fail whenever i = 0.
Let us write this equation as a polynomial with time-dependent coefficients

0=rf—c* (124 p2/4) = k* — 4 - §c4k2p2 - ic“kp“ - ic“pﬁ = p(k,1), (29)
4 16 64

where k = 2. For any fixed value of 7, p(k, 1) is a polynomial in k which by the Descartes
signs rule, has exactly one positive root, which we will denote by k(). Since the coefficients
of the polynomial are 27 -periodic, 0 = p(k(t 4+ 27),t + 2w) = p(k(t + 2m), t), and as
p(k(t),t) = 0, then by the uniqueness k(¢ + 2m) = k(t). Thus, except for the closed curve
r(t) = k(Y2 t € R mod(27), the flow is transversal to X. Furthermore, the curve k(r)
such that p(k, t) = 0 is differentiable. In fact, a direct computation yields the resultant of the

polynomial p(k, t) and its derivative z—Z(k, t) to be 27¢* + 64p2, which does not vanish for
any real p, therefore all the roots are simple, that is, g—i (k,t) # 0 for k such that p(k,t) = 0.
By the implicit function theorem the curve k() is differentiable. O
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Observe that p(k, t) < 0, ifand only if, ¥ > O and p(k, ) > 0, if and only if, ¥ < 0. Thus
¥ is divided in two components X and X_ by the curve r(t) = k@Y%, t € R(mod2rn)
where

Yp={(r,Fr,t)|r>0,7r=0, p(rz, t) <0,t € R(mod2mw)} (30)

and X _ is defined similarly but with the inequality p(r2, t) > 0, instead. Then whenever a
solution (r(t), 7(t)) crosses L+ (resp. £7), we have #(t) > 0 (resp. #(t) < 0). From (29)
it follows that p(0, ) < O therefore the component ¥ contains the origin r = 7 = 0,
t € R(mod2m) in its closure.

Lemma 2 The system (4) does not admit solutions (r(t), i-(t)) such that r(t) is constant.
Proof The proof follows by inspecting Eq. (4). O

Proposition 8 Let the angular momentum be taken large enough, namely

c ~ 0.7598356. ..

= 3174
Then if r(t) is a parabolic solution of (4), that is, r(t) — oo and 7-(t) — 0 as t — 00, then
there exists a largest finite value t_y, such that i (t_1) = 0. Moreover ¥'(t_1) > 0.

Proof From (4) it follows that for large r, ¥ < 0. Since r(t) — oo ast — 0o we have
7(t) < 0 and 7(¢r) > O for large . We follow such a solution backwards in time. It cannot
happen that () < O for all ¢, since in that case r(#) would be concave downwards and it
would imply that 7 (#) vanishes for some ¢, contrary to Proposition 1. Therefore there exists
a first t_p (backwards in time) such that #(r_») = 0, with 7#(t_3) > 0, so at least in a small
interval (r_; — €, t_») (for € > O sufficiently small), 7(¢#) > 0. Suppose that r(¢) is increasing
with 7(¢) > O forall t € (—o00, t_3). So, since r(t) > 0, that is, r(¢) is bounded from below
and, by Proposition 2, lim;—, 10 7(¢) # 0, it follows that lim;_, _oc 7(¢) = r* exists and is a
positive quantity. The last condition says that in the x—y Cartesian plane, the solution winds
towards a circle of radius r* backwards in time. Let us prove that this assertion leads to a
contradiction. Consider the suspension of (4)

d*r r c?
N R NS
ﬂ = 1(mod 2x)

dt

and take a small transversal section X = (r* — §, r* + §) to the circle of radius r*; that is,
an annulus in the extended phase space ¥ x R(mod 2m). Then along the above mentioned
solution, the backwards first return map associated to this section defines a sequence (7, ;)
such that r, — r*. Passing to a subsequence if necessary we can suppose that t, — t* €
R(mod27). By continuity of the return map, the solution through (r*, *) is a periodic orbit
which projects into the circle of radius r*. By the previous lemma, the system (4) does not
admit such a solution, and we get a contradiction.

Thus 7 cannot be positive forall # < 7_, and therefore there exists amaximalz_j,7_; < f_
such that 7(z_;) = 0. Let us show that #(r_;) > 0; if #(¢_;) < 0 then ¢_; would be a local
maximum, but since r () — oo as t — 0o by Rolle’s Theorem there would be a tll > 1]
such that 7 (¢ 1) = O contrary to the definition of 7_;. Let us show that *(z_1) = 0 also leads
to a contradiction: Multiply (4) by 7 to get and then integrate from ¢_; to a large positive #y,
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d (1:2y _ _c2d (1 ri
a(@’)——ia(ﬁ)_ﬁ
(%)
L2y _ 2 — (L _ 1 N_ o __ri
Li20) = 2-0) = =5 (7 - i) .

“ )
Taking the limit as #yp — oo, we get
0=02(1)—/wrf dr or Cz:/oorf dr, (31
2\ ) Ju (r2+p4¢)3/2 22 e (r2+%2)3/2 ’

where we have used the shorthand r_; = r(z_;). The last integral can be estimated as follows:
since 7/(t) > O fort € (t_1,00) and p = 1 — cos(E) <2

/oo L 4 /oo i dz</oo rr dt</oofdt /oold
—_—ar = —_— = —_— = —_— = —dar.
o1 (r2+1)3/2 -1 (r2+ 1)3/2 (= (r2+%2)3/2 iy 1 ry 72

Computing the integrals at the extremes of the above inequalities and using (31) we have

1 2 1
-

—— < ,
,/r%l +1 Iy T

from which it follows that
2 4
c 4 <ty
r_1 > o and r>; — T (”71 + l) <0.
The left-hand side of the last inequality is a quadratic polynomial in k = ’"31 with real roots

2 ct

:7:l:7 ] .
k 8 2 +16

Choosing the positive root, it yields the estimate

(32)
Now the polynomial (29) can be expressed as the equality
Bk —c*) = c*p? 3 + ikp2 + ip“ (33)
4 16 64" )

The left hand side vanishes for k = 0, ¢* and is negative in (0, c*); the right hand side is
nonnegative within this interval, therefore the positive root lies in the interval [c4, 00). But

for

c ~ (.7598356. ..

=

Thus we conclude that for r_; within the bound (32), k = r2 | cannot be a solution of (33)
or a root of (29) so #(t_1) # 0. Therefore #(t_;) > 0. O
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Fig. 3 The parametrization of
the curve y'*
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Theorem 3 Let the angular momentum be taken large enough, namely

~ (.7598356. ..

1
c > 37a
Then the global stable (unstable) manifolds P* (P") intersect the section % backwards
(forwards) for the first time, in a simple closed curve y* (y") contained in the component ¥ 4.
Both curves enclose the origin and intersect at least in two points located att = 0 andt = 7.

Proof By Proposition 6 follows that the local stable manifold associated to the periodic orbit
I'(¢) is a cylinder, given by the equation u = F(—v, —E(¢)). Observe that for v sufficiently
small we have that u = F(—v, —E(t)) =~ v.

Consider the plane v =vg > 0 with vy sufficiently small (that is {(u, vo, E)|u > 0, E €
[0, 27)}), it follows that the intersection of the local stable manifold, u = F(—v, —E(t)) =~ v,
with v = vy, given by u = F(—vg, —E(t)) =~ vy, is a circle y” since E € st
t € S'. Note that y’S can be explicitly parametrized as follows: r — (u(r), vg, t), where
u(t) = F(—vg, —E@)) =~ vpand r € S!, see Fig.3 (left). On the other hand, by defin-
ition, ¥"* consists of solutions such that () — oo, 7(tf) — 0 as t — oo (that is y’
consists of points of the solutions that go to infinity with zero radial velocity). So, for each
(u(t), vo, t) =~ (vo, vo, 1) in ', that is, for each (vg, vo, 1) with 7y € [0, 27r) we following
the corresponding solution backwards in time along the flow yields a cylinder which, by
Proposition 8, intersects the section X for the first time 7_1, in a simple closed curve y*,
since the variable 1o € R(mod 2m) gives an explicit parametrization, see Fig.3 (right). We
use the following parametrization in order to exhibit that it encircles the origin of the sec-
tion X : Let z_; denote, as in the proof of the previous proposition, the first time such that
F(t—1)=0, and let r_; =r(¢_1), then the curve y* can be parameterized as & +in= r_pelt=1;
since r(r—1) > 0, it encircles the origin. Observe that t_1 =7_1(fp). By a similar argument,
the unstable manifold P intersects for the first forward time the section X in a closed curve
y* which encircles the origin. Using coordinates £ +in=r cost +ir sint, for the section X,
the symmetry (r, p,,t) — (r, —p,, —t) becomes t — —t, that is, a reflection with respect
to the &-axis. Since both y*¥ encircle the origin, they intersect at least in two points along
the &-axis. Furthermore, since the coefficients in (26) depend on # in that way, it follows that
y*" intersect at least in the points located at # =0 and r =m. See Figs. 9 and 10 (left) for the
numerical description of the curve y* and y* on the section X for different values of c. O

We will make explicit the additional transversality hypothesis, obtained numerically.
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Theorem 4 The parabolic stable and unstable manifolds P*, P" intersect transversally
along the homoclinic orbit t_; = 0, for ¢ large enough. For t_1 = m there is also a
transversal intersection with a small intersection angle (see Figs.9 and 10 (right) for the
numerical description of the transversal intersection of P* and P* along the homoclinic
orbit on the section X for different values of c¢).

Remark 3 This result is consistent with numerical explorations performed for a wide range of
values of the parameter c, details of this fact are given in Appendix, “Transversal Intersection
of the Invariant Manifolds P"»%” section.

In the next section, we are going to explore dynamical consequence of the transversal
intersection of the stable and unstable manifolds. Also, we describe the solutions near the
critical escape velocity and show that there is a set of orbits to which one can associate any
sequence of integers (i.e., the symbolic dynamics).

6 Symbolic Dynamics

Given a point (rg, 7o, o) € X4, Where ro = r(tp) and 7o = 7 (fp), then 7o = 0 and 7 (f9) > 0.
In according to the ideas given in [11], we define a mapping ¢ on part of the plane X by
following a solution (r (), 7(¢)) of (7) with initial condition r(fy) = ro, 7 (o) = O until its
first intersection with section X, say #; > fo, if it exists, and set r{ = r(#1). In this way, the
mapping ¢ is given by
¢p:QLC Xy - X4
(ro, 10) — (r1,11).

If there is not #; with this property we set 1{ = co. We described the initial values (g, 7o) in
polar coordinates on a plane X, being fy representing the angle and rg the radius.

We now discuss where this map is defined and we characterize its complement. Let Dy
denote the set of points in X for which a finite #; > # exists and we add to Dy the point
(0, t9). Thus, Dg represents the initial values of the orbits which return to 7 = 0.

(34)

Lemma 3 For (rg, to) outside Dg the corresponding solutions escape.
Proof Let r(t) be the solution of (7) satisfying
r(to) =ro, F(to) =0, ¥F(to) >0

and 71 = 00, so 7(t) > 0 for t > fy. Observe that it is not possible that 7(¢#) < O for r > 1.
In fact, if this occurs we will have or lim,_,,+ r(t) = O for ¢* finite or lim; . r(t) = O,
contracting Propositions 1 and 2. Thus, r is monotonically increasing for t > #o and so

r(t) > oo as t — oo.

In fact, since 7(t) > O for t > fo, it follows that »(¢) is an increasing function for all ¢ > 1o,
in particular there exists

lim ()
—00
and it can be finite or infinite. We will assume that Ilim r(t) =y >rog > 0,withy € R.Then
— 00

by Eq.(7) we have that #(¢) is bounded as t — oco. Then by Lemma! 7(7) - O ast — oo.
In conclusion, it follows that (r(¢), 7(¢)) is an equilibrium point, which is a contradiction.
Therefore,

! Lemma: If g(1) > g* € Rast — oo and |g(¢)| is bounded as r — oo, then ¢(1) — 0 as t — oo.
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lim r(t) = oo.
11— 00

Moreover, again by (7), follows that i < 0 for t > tildet for some f > t;. So, the function
7 is monotonically decreasing for ¢ > tildet, so 1 (c0) = lim,_, » 7 > 0 exists. Recall, see
Proposition 3, that one refers to a hyperbolic orbit if 7(co) > 0 and to a parabolic orbit
if 7(00) = 0. Thus, for (rg, fy) outside Dy the corresponding solutions escape which are
parabolic or hyperbolic. O

Let D be the complement of Dy. By the previous lemma, we have seen that Dy, cor-
responds to parabolic and hyperbolic orbits. The hyperbolic orbits form an open set in Dy
and since D6 is closed (since Dy is an open set) it follows that d Dy is contained in D6 and
consists of parabolic orbits; thus d Dy = y*. In a similar way we define D as the set of initial
conditions (rg, o, fo) with 79 = F(t9) = 0 and #(f9) > 0 such that there exists 1_| < fg
such that 7#(r_1) = 0 and 7#(r_1) > 0. Its complement D/ consists of escaping hyperbolic or
parabolic orbits for 1 — —oo and 4D = y*.

The proof of the following theorem follows the same lines as in the Sitnikov problem,
see [11, Theorem 3.6, p. 92], and depends solely on the structure of the parabolic orbits
given by Theorem 4 (that is, there exists a transversal intersection of the stable and unstable
manifolds), so we will not repeat these arguments.

Theorem 5 There exists a set S C Do which is invariant under the Poincaré map ¢ given in
(34) such that its restriction to S is conjugate to the full shift in an infinite number of symbols.

We give a brief description of the symbolic dynamics involved, i.e., we described the
dynamical consequence derived of the Theorem 5: Given (rg, 7o, #9) € Do consider the
sequences of consecutive times #, such that 7(¢,) = 0, ordered according to #, < #,41.
Define the sequence of integers

a, = |:tn - tn—l]
2

where [ ] denote integer part; thus a, € N U {oo} measures the number of binary collisions
of the primaries between consecutive closest approaches of the infinitesimal to the line of
primaries: 7(t,) = 0 and #(z,) > O.

For each initial condition on the invariant set S we associate the sequence of integers (a;,)
where we agree that in the case @, = oo the sequence finishes and we add the symbol co. In
this way the kind of sequences is of the following type:

1. (...,a—1,ap,ai,...), witha, € N for all n € Z. This succession corresponds to the
orbits of the infinitesimal which perform an infinite number of closest approaches to the
line of primaries in the past and in the future and the sequence (a;) codifies the number
of collisions of the primaries between closest approaches.

2. (00, ak, ag+1 - -.), Withk <0, and a, € Nfor all n € Z such that n > k — 1. This case
corresponds to the orbits of the infinitesimal ejected from infinity and remains oscillating
performing closest approaches to the line of primaries. This can be labeled as capture
orbits.

3. (v..,a;—2,a4;_1,00), with[ > 1 and a,, € N for all n € Z such that n < [. This case
corresponds to escaping orbits of the infinitesimal in the future which perform closest
approaches to the line of primaries in the past.

4. (00, ak_1,...,a;—1,00), withk < 0,1 > 1 and a, € N for all n € Z such that
k < n < [. This case corresponds to the orbits of the infinitesimal coming from infinity
oscillates a finite number of times and escape to infinity.
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Fig.4 Poincaré map, described in the p,—r plane, associated with the section E = 7 (mod 27) corresponding
to a maximal distance among the primaries. The angular momentum is ¢ = 0.1. A zoom of the last plot is
given below
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Fig.5 Zooms of Fig.4

The following theorem is a consequence of Theorem 5 and its proof follows the same argu-
ments as in [11, p. 97].

Theorem 6 There exists an integer b > 0 such that any sequence a = (a,) with a, > b

corresponds to a solution of (7).

Proof According to [11, p. 97], given an initial condition in Dy (8)? the return time to 7 =
0 has a lower bound, b, depending on 4. In this way, given an arbitrary sequence s =
(-+-5_1, 80, 51, - - - ) of one of the four kinds described above, follows that it corresponds to

ty —ty—
an orbit for which the integral part [”27"1] of the return time is prescribed as an sequence
b1
an = sp + [c]. In this case, b = [c]. For more details see [11]. O

Observe that the above theorem allows also to find infinitely many periodic orbits
by choosing periodic sequences. Note that these sequences are as the first kind above
(...,a—1,ap,a1,...), witha, € N for all n € Z an periodic sequence.

7 Numerical Exploration

In this section we present some numerical explorations of the ERI3BP. In Fig.4 or in Fig. 5
we present a typical phase portrait of the Poincaré map, which is of short period since the

2 For§ > 0, sufficiently small, Dg(d) is the set of points in Dy whose distance from boundary of Dy, ys, is
less than §.
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=0.1

the original x—y plane (center). A zoom of the last plot (right). The angular momentum is ¢

Fig. 6 The paths in the p,—r plane (left) and in
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5

Fig. 7 The paths in the p,—r plane (left) and in the original x—y plane (center). A zoom of the last plot (right). The angular momentum is ¢ = 0.5
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time is defined by consecutive passages of the primaries through the aphelio, that is, when
the time satisfies cos(E) = —1 which corresponds to the maximal distance between the
primaries. In Fig. 6 the path for the same initial condition used for the Poincaré map in Fig. 4
is shown in the p,—r and in the x—y planes. These orbits appear in the kind of sequences 1
described in Sect. 6. Fig. 7 is shown for ¢ = 0.5. In Fig. 8 the homoclinic orbit corresponding
to the crossing with E = 7 is shown in the x—y plane.
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Appendix
Transversal Intersection of the Invariant Manifolds P*>*

We take the initial conditions on the unstable manifold of the parabolic orbits, given by the
series u = F (v, E), described in (26). We have computed numerically the first intersection
of P with the section X, solving in backward time system (7). We denote by y** this
first intersection. In Figs. 9 and 10 they are represented in the plane £ + in = r_1e!f-! and
are obtained through the Mathematica program (we use the subroutines Runge—Kutta pairs
of orders 2(1) through 9(8) with quadruple precision and starting step size equal to 0.0125)
as follows: using the approximation in order 14 to the unstable manifold P* given by (26)
we choose 100 equally spaced values for the eccentric anomaly E on the interval [0, 27).
We take v = —0.1, so the corresponding values of u = F (v, E) are calculated. In this way,

otor 7

—onob
ojor

003t

05 6 of 00 ors ok

—ogob

Fig. 9 Curves y** for ¢ = 1 (left) in & n-plane. Details of the transversal crossing (right)
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Fig. 10 Curves y*¥ for ¢ = 0.5 (left). details of the transversal crossing (right)

we have the initial conditions (u;, v;) = (F(-0.1, E;), —0.1), i = 0, ..., 100. Through
the change of coordinates (9) each initial condition is transformed to initial conditions for
the system (7) ((r;, pr;) = (2/ul2, —0.1),i =0, ..., 100) and then the solution is followed
numerically up to its first intersection with £+ (p, = 0 with p, > 0); with the values of r_;
and E_; at an intersection, the point £ + in = r_je'£-! is computed and plotted. Figures 9
and 10 describe these points in the £ — n plane for ¢ = 1 and ¢ = 0.5. The dashed circles in
pink in the Figs.9 and 10 are the circles whose radii are determined by the lower and upper
bounds in inequality (32).

Differentiability of the Invariant Manifolds P*>* at the Origin

In order to make the paper self-contained, we include here the main results in [2,3] for
convenience of the reader.
We consider the map F : U C R"" — R"™ of the form

Fx,y)=&+pkx,y)+rix,y),y+qkx,y) +rk,y), (35)

where p(x, y), g (x, y) are homogeneous polynomials of degree N, and N, respectively, with
Np. Ny = 2,r1(x, y) of order o(|| (x, )IIN?), Dri(x, y) of order o(l|(x, Y)IIN?~1), ra(x, y)
of order o(]| (x, y)||N‘1), Dry(x, y) of order o(]|(x, y)||N<I_1). We introduce the projections
x'(x, y) = x, and 72(x, y) = y. Given a subset V C R”" we define

Ws ={(x,y) eU /n' F(x,y) € V,k =0, FK(x,y) = (0,0), ask — +0oc}
and its local version
Wy, ={(x.y) eU /7' FX(x,y)eV N B(©,r), k>0, F*(x,y) — (0,0), ask — +oo}.

We will assume that there exists aset V C U and r, p > 0 such that
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(H1) The polynomial p satisfies sup,cy1(,)l{d + Dxp(x, 0)|| < 1.

(H2) The polynomial ¢ satisfies Dyg(x,0) = 0 for x € V1(p) and supxevl(p)llld —
Dyq(x,0)] < 1.

(H3) There exists A > 0 such that for all x € V(r), dist(x + p(x,0), V(r)) = A|x||"r.

(H4) Forall x € V1(p), ||Id + D,p(x,0)| + | Id — N%}Dxp(x, 0)|| < 2, where V(r) =
{x e Vx|l < r}and V(o) = {px/llx||x € V(r)}.

Theorem 4.1 in [2] states the following.

Theorem 7 Let F be an analytic map of the form (35). Assume that there exists a convex
opensetV C R",0 € 0V andr, p > 0 such that hypotheses HI-H4 hold. Then W‘S,’r is the
graph of a real analytic function

p: V(@) — R

In the two-dimensional case, if n = 1 and m = 1, V can be taken as the intervals (0, r) or
(=r,0).When V = (0, r) the corresponding invariant set W‘S,’ , corresponds to P* = A(F,U)
given according to the notation in [10] with &/ = B(g, r) and the set V1(p) above is given
by V1(p) =10,r].

It is important to observe that as was discussed in [2, p. 59], ¢ is differentiable at O and
D¢ (0) = 0. On the other hand, as ¢ is analytic we can prove that Dg(x) — 0as x — 07,
s0 ¢ is of class C! at the origin. In [3] the authors give information about the degree of
differentiability of ¢ at x = 0. Below we state the theorem that guarantees such information.

Theorem 8 Let F = (F', F?): U C R""™ — R be a C”" map, r = 2 or r = 00, such
that F(0,0) =0, DF(0,0) = Id,

D/F'(0,0) =0, for 2<j <N —1, (36)
D/F*0,0) =0, for 2<j<M—1, (37)
and
aNFl aMFZ
0,0) <0, ——(0,0)=0, 38
o (0,0) <0, ——-(0,0) (38)

forsome?2 < N, M <r. In the case when M < N we also assume that
MF2

axM-1gy

Let L = min(N,M)andn =1+ N — L. We assume that r > 2N — 1. Then there exist a

C? map K : [0,19) C R — R with p = [(r — N + 1)/n] — 1, of class C" in (0, ty) and
a polynomial R : R — R such that

Spec (0,0) C {z € C/ Rez > 0}. (39)

FoK=KoR. (40)
Moreover, K (1) = (1,0)+ O(:%) and R(t) = t +dyt™ + 0 (>N~ with dy = 250, 0).
Computation of the Coefficients b; in (23)

We use the eccentric anomaly as the independent variable and observe that 1 = E — sin E,
S0 dthE = p. Differentiating v = G(u, E) = > 7~ b, (E)u", we get

dv  9G du 3G

dE  dudE OE’
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Substituting (15) in the previous equation and using that j—é =1—cosE = p, we get

—-3/2 2n, 4n 2
—§u4 ano ( n/ ) p16un +%M6 = —% (anl nbnun+2) (ano bnun)+znz() b;u”

_3/2 2, 4(n+1) 2
P p"u pct 6 P n /N
74 n>0 ( n 167 + U =7 an3 cpu” + ano bnu ’

where ' means derivative with respect to E and the coefficients ¢, are obtained from the
formula for the Cauchy product:

e = > k=biab
k+l=nk>3,1>0
n—3
=D (1 —1=Dbyr2by
=0

= (n —2)b,—2by + (n — 3)by_3b1 + -+ -+ b1b,,_3.
In this way the equation can be written as
n—4
P —3/2\ p z u" ,Ocz P
a1 > ( é ) = +Tu6=—12cnu”+2b;u"_ (41)

n >4, 16 n>3 n>0
n = 0(mod 4)

The first equations read b, = 0, b} = 0, b, = 0. Then it follows that by = b\”, b; =
b§0)7 by = béo) are constant. The following equations up to the seventh order are:

2
o ;P P, P ;P pct P
by —=c3=0, by—=c4s=—=, b:—=c5=0, b.—-cg=—, b,—=c7=0.
3745 ST RN T Ty TS 6T 40T g 1T Y
and forn > 8,
32\ .
P _1_1 T
[ s = (§ — 1)”2 » 7 =0(mod4) (42)
Gen otherwise.
or equivalently, b/, is given by the following relations:
) n=2,2 11 [(73/2) 2y _
g (n—2)(bn,2b0-‘r-"+b%b%,2)+Tb%2 “ar\n_ p2~ ", n=0(mod4),
)
Sl =2 (by2bo+ -+ bubn_y) + %b%_z} , n # (mod 4) and n is even,
2 =
gmfn@4m+m+m%m?ﬂ, n % (mod 4) and n is odd.

(43)

The computation of the coefficients b, (E) is done recursively. In fact, suppose that for
n > 0 the coefficients bo(E), b1 (E), ..., b,—3(E) are known. We take the corresponding
nth equation in (43) and impose the condition on the coefficient b, (E) to be periodic. Taking
the average on both sides of (43) we get the equation for the constant term of ¢, (and thus
for the constant term of b,,_ which will be denoted by bfﬁz),

2 2
l/ p(E)en(E)dE = ~—) (f%)/ i1 (E) dE. (44)
T Jo - 0

T 163!

1
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The integral on the right hand side can be computed in terms of the Gamma function:
1 [ g 4+ 1
_ / " (E)dE = #
7 Jo Jrl(n+ 1)

Using the functional relationship for the I' function

r@r (z + %) =21"% /7T (22),
we get
270 (n+3) 27T (n+ 3)
Jalm+1) — /almTn+1)
2n+121—2nl—~(2n)
C(n)T(n+1)
22-1(2p — 1)1
(n—1!n!

q L (=32 27503
_ dE = —— |\ , (n_ Ao\ (n _ 1)1 »
e == ) iy .

whenever n > 8 and n = 0(mod 4), zero otherwise.
Since the right-hand side of Eq. (43) is known, and the left-hand side contains the constant

In summary

term b,(,o_)2 and known quantities that are derived from the integration of known coefficients,
namely,

1 2

- (I —cos E) ((n — 2)bp—2bo + (n — 3)bp—3b1 + - - - b1b,—3) dE,
T Jo

b

then it can be solved for b, ”,. The full form of b,_>(E) can be obtained by integrating the

(n — 2)th equation
0
o — ch—z =rhs

where rhs, for n — 2 = 0 (mod 4), is known and depends only on the integration of the
trigonometric polynomial coming from some power of p and in turn can be expressed in
terms of Hypergeometric functions. Note that rhs is zero otherwise. O

Preliminary of Proposition 4

First we will introduce some preliminary results. Let
X=f( x) (46)

be a system of ordinary differential equations, where f (¢, x) is of class C” and x € U with
U C R” open. Let ¢(r, x) = ¢;(x) be a solution of (46) with initial condition ¢(0, x) =
@o(x) = x, and, ¢;(x) = f(t, ¢;(x)). Since f is of class C", ¢;(x) is of class C" and
we can obtain the variational equations by differentiating the relation ¢;(x) = f (¢, ¢;(x))
with respect to the variable x and interchanging the order of differentiation. Thus, the first
variational equation is given by

d g, (x) 01 (x)

I o = Df(¢:(x)) I

)
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with initial condition

= I, where Df is the Jacobian matrix of f and / isn x n

9 (x)
X t=0

identity matrix.
The variational equations of higher order are obtained similarly. We present them here
second and third orders.

d 9%¢;(x) ) @1 (x) (Pt(x)
7 a2 =D"f(e ())( )+Df(§0t()) ,
2
with * ;p)’ch) _ =0and
3
55 = Do (M52) D2 (2 242
+ Df (g () 940
with 22D g
ox3 =0~

In order to know the derivatives of the flow ¢, (x) with respect to the initial conditions «
of a periodic orbit we use the variational equations. In fact, we are going to study the flow
around a periodic orbit through the Poincaré map defined in a cross section of this orbit.

Let E be a cross section of the periodic orbit defined by initial condition ¢g € E and let
o = o () be the time that the orbit spends to the first return to E. We can assume without loss
of generality that o («) is defined for all « € E, because we can take E so small as needed,
and by the theorem of continuous dependence on the initial conditions follows the assertion.
If we start with the initial condition «; € E, we define the Poincaré map P : E — E as

Play) = ar = p(o(ay), ap),

with ap € E. So, we write the Poincaré map in the following way

Pla) = ¢(0 (), a).

Calculating the first derivative with respect to initial conditions of the Poincaré map we
obtain

aP 8<p ao n Rl
da 90 da | da’

where g—z is obtained by the first variational equation. For the second derivative, we have the
expression

PP 9% 3¢ do | 0¢ i’

a2 92?2 ' doda da | 9o da?’

2 2 . . . . .
where 8?7 g’a and 37‘5 are given by the first and second variational equations respectively.
Continuing on this way we obtain the Taylor development of P around a fixed point &g € E

P 1 [a%p
Pl)=ao+ | — (a—ao)+ —
a=aq Ja

o

a=0w

)m—wf+aw—%ﬁ.
See more details see [5].
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