Analytical and numerical results on families of
n-Ejection-collision orbits in the RTBP

M. Oll¢, O. Rodriguez, J. Soler

Abstract.

In the planar RTBP with mass ratio u we regularise the singularity at one of the primaries by
means of Levi-Civita’s transformation in a rotating frame. We solve the variational equations in
a neighbourhood of the ejection/collision orbits, giving analytic expressions for the first terms in p
of the convergent expansion for orbits with eccentricity e ~ 1. For high enough values of the Jacobi
constant C' we give analytic expressions for the coefficients of the above expansion in powers of the
small parameter 1/ v/C and we prove the existence of four families of the so called n-ejection-collision
(EC) orbits, that are orbits which eject from the primary and reach n relative maxima in the distance
with the primary before finally colliding with it. Moreover, massive numerical explorations extending
the analytical result for any value of the mass ratio and bigger ranges of C' are also shown and
discussed.

1 Introduction

We recall that the planar restricted three-body problem (PRTBP) is the problem of the motion of
a massless particle in the gravitational field created by two bodies, the primaries, of mass p (the
mass ratio) and 1 — p, which move around circular orbits around their centre of mass. Although this
problem has been studied by many different authors, the so called ejection-collision orbits remain to
be well understood.

In this paper we state and prove a theorem on the existence of only four families of n-ejection-
collision orbits, for any n > 1, u small enough and sufficiently large values of the Jacobi constant
C. The argument that guarantees the existence of exactly four families relies on the application of a
perturbative approach and the implicit function theorem as well. These families will be labelled by
Qs Bn, On and 7,. The case n = 1 was already proved in [5] using McGehee’s regularisation, which
essentially consists of blowing up the singularity to an invariant manifold with two submanifolds of
unstable equilibrium points which have stable and unstable manifolds. Ejection-collision orbits are
then seen as heteroclinic connections between equilibrium points representing respectively the ejection
and the collision. For g = 0, every ejection orbit is a collision orbit after reaching its apocentre. For
i # 0 but small it was seen in [5] that only four of them survive. This approach, however, seems
difficult to generalise to a class of orbits which eject from the primary, have n > 1 apocentres with n—1
close approaches to the primary with no collision and finally collide with it (the n-EC orbits). The
difficulty is due to the fact that it is not easy to follow, even numerically, an orbit which gets several
times very close to a hyperbolic equilibrium point as the interval of time becomes unbounded. The
way out has been to use Levi-Civita’s regularisation, which transforms the singularity at the primary
into a regular point of a differential system, halfway between reaching the singularity unbounded
velocity and completely stopping the motion there. The price to be paid is a double covering of the
phase space, actually not a great nuisance, and a far greater complexity of the equations of motion,
especially in a rotating frame. As far as we know, no analytical results are available regarding this
kind of solutions. For details of the Levi-Civita regularization in the RTBP, see for example [4], [24]
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and very recently [20] (the author uses singular collision orbits associated with the second primary to
find trajectories reaching the vicinity of the secondary, to low energies).

So a main contribution of this paper is the generalization of the existence of four families of n-EC
orbits for any n > 1. The proof is based on considering Levi-Civita regularization and a perturbation
approach. We remark that the computation of closed expressions for the solution of the variational
equations for p # 0 in a neighbourhood of the ejection-collision orbits is quite demanding and leads
of course to integrals not expressible in closed form with elementary functions. However, the integrals
depend on the Jacobi constant C' and can be expanded in powers of the small parameter 1/ vV,
now with coeflicients given by closed form expressions. Sections 5 and 6 are devoted to the actual
computation of the expressions for the coefficients.

If general values of y and C are to be considered, the problem can on only be tackled numerically.
This is done in section 7. Through numerical simulations, we have extended the previous analytical
results, valid only for sufficiently small y and C big enough, to the case all u € (0,1) and large ranges
of the Jacobi constant C' (larger Hill’s regions). Given n > 1, we show the existence of the four families
Oy Bn, 0n and v, of n-EC orbits, for any value of the mass parameter p € (0,1) and big ranges of
values of C' (we remove the restriction of C being necessarily large enough). We remark that besides
illustrating the existence of four families of n-EC orbits to the big primary (that is u € (0,0.5]), we
also show the existence of four families of n-EC orbits to the small one (that is u € [0.5,1)). Moreover,
according to the theorem, given n and p > 0 there is a value of C for which there exist exactly four
families of n-EC orbits when C' > C'. We have computed this C value that provides a frontier between
the region where there are exactly four families of EC orbits and the region where bifurcations of EC
orbits take place and other families of EC orbits appear.

Previous analytical results related to n-EC orbits in the planar circular RTBP are available only for
the n = 1 case. We mention the paper by Llibre [13] where he proved the existence of at least two EC
orbits for 1 > 0 small enough and the Jacobi constant C' big enough. The extension to the existence of
four EC orbits for any u € (0,0.5] and C big enough was done by Chenciner and Llibre [5]. Lacomba
and Llibre [12] proved that both Hill problem and the RTBP have no C'-extensible regular integrals
(taking into account EC orbits). Finally also some partial results related to the existence of 1-EC
orbits of the spatial RTBP are given in [14] and of the planar elliptic RTBP (for u and the eccentricity
of the elliptical orbits of the primaries both positive and small enough) in [15] and [21]. We emphasize
that the procedures used in the mentioned papers are mainly based on blow-up techniques (we refer
to [7] and [16] for basic ideas) and the regularization of the equations of motion (see [23] and [24] for
general theory in celestial mechanics).

On the numerical side, we first mention Hénon’s paper [9], where the computation of EC orbits is done
along the continuation of some families of symmetric periodic, non collision, orbits in the Copenhagen
problem (that is g = 0.5), in Hill’s problem (see [10]) and similarly in [2| the computation of 16
particular collision periodic orbits of the RTBP is done for various values of u € (0,0.5].

As far as we know, the most complete papers about the numerical computation of n-EC orbits, for
n =1,....,25, the continuation of families and appearance of bifurcation orbits in the RTBP are [18]
and [19]. We also mention the analysis of n-EC orbits in other contexts, for example see [17] in the
atomic physics or in [1] in the collinear four-body problem.

The paper is organized as follows: In Section 2, a short summary of the main properties of the RTBP
are recalled, and in particular the equations of motion in the usual synodical (rotating) coordinates
(with two singularities associated with collision with each primary) and in the rotating Levi-Civita
ones (where the collision with the big primary has been regularized) are provided. In Section 3,
the comparison between McGehee regularization and Levi-Civita one is shortly discussed (see more
details in [19]) and the main geometrical ideas involved in the proof of the existence of n-EC orbits are
presented. Section 4 contains the statement of the theorem and the core of the proof. Some detailed
computations of the proof are done in Section 5 for the non perturbed 2-body problem (¢ = 0) and in
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Section 6 for the perturbed one (u > 0 and small enough). We remark that our purpose has been to
provide all the proofs (some of them maybe easy) of the Lemmas used to ease the readability of the
paper and to make it self contained. Finally Section 7 is devoted to numerical simulations to extend
the analytical results of the main theorem. We remark that the numerical integrations of the systems
of ODE done along the paper use an own implemented Runge-Kutta (7)8 method with an adaptive
step size control described in [8] (and a Taylor method implemented on a robust, fast and accurate
software package by Jorba and Zou [11].)

2 The planar RTBP and the LC-transformation

In this Section we shortly recall the circular, restricted three-body problem (RTBP) as well as some
well known properties that will be used along the paper. In the RTBP we take two massive bodies P;
and P, called primaries, that describe circular orbits around their common center of mass, located
at the origin. We consider a particle P with infinitesimal mass that moves on the same plane as the
primaries under their gravitational forces. It will be useful to consider a coordinate system (called
rotating or synodical system) of coordinates that rotates with the primaries, in such a way, that for
suitable units of length, mass and time, the primaries will have mass 1 — p and p, p € (0,0.5], their
positions will be (u,0) and (u — 1,0) respectively, and the period of their motion will be 27. In such
context, the equations of motion for the particle in the rotating system are given by

=2y = Qg (x,y)
9+ 2z = Qy(:c,y),

where "= d/dt and

1 1—pu W 1
Uz,y) = S (@ +y°) + + +Sp(l = p)
2 Ve—p?+y? e —p+t1)2+y? 2 @)
1 2 2 L—p
=3 (1= p)rf + prs] + = + .

with 71 = \/(z — )2 + y2 and 72 = \/(z — p+ 1)2 + y2. So, the equations become singular when 7
or ro — 0.

The main properties of this sytem used later on are the following (see [24] for details):

1. There exists a first integral, defined by
C =20(z,y) — 2% — 3> (3)
and known as Jacobi integral.
2. System (1) has the symmetry
t 2y, 2,9) = (=t 2, —y, —&,9). (4)

A geometrical interpretation of it is that given an orbit in the configuration space (z,y), the
symmetrical orbit with respect to the = axis will also exist.

3. The simplest solutions are 5 equilibrium points: the so called collinear ones L;, © = 1,2, 3,
located on the z and the triangular ones L;, ¢ = 4,5. On the plane (z,y), L1 2,3 are located on
the x axis, with x(Ls) < p—1 < 2(L1) < p < ®(L3) and L, 5 forming an equilateral triangle
with the primaries. Cp, will stand for the value of C at L;, i =1, ..., 5.
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4. Depending on the value of the Jacobi constant C, the particle can move on specific regions of
the plane (z,y), called Hill regions and defined by

R(C) = {(z,y) € R?|2Q(z,y) > C}. ()

In order to deal with the singularity of the first primary (r; = 0) we will consider the Levi-Civita
regularization (see [24]). The well known transformation of coordinates and time is given by:

x:u+u27v2

Zt: 2uv (6)
75 =4 (u2 + v2)

and we recall that each point in (z,y) coordinates is mapped to two points in (u,v) coordinates (see
Figure 1). The system (1) becomes:

u = 8(u® + v = (4U(u® +07)),
8 ) 2 L0 (2 402+ 1
=4uu+16uu3+12(u2+v2)2u+#— pu(u® + v ;gu +v*+1) _ACw
2 2
o 8 vt = (AU +0%), (7)
8 3 2 L2 402 — 1
=4/w—16uv3+12(u2+02)2v+ﬂ— po(u® + v )gu +wv ) —ACw
T2 Ty
C'=0

where ' = d/ds and

1 2 2\ 2 2 2\2 2.2 1—p H C
Uzi[(l—u)(u +0%) "+ p((1+u® —v?) +4uv)}+m+g—§.

with 72 = /(1 + u? — v2)2 + 4u2v2. The system of ODE (7) is now regular everywhere except at the
collision with the small primary (r = 0).

We remark that the system of ODE (7) makes sense for each value of a Jacobi constant C fixed.
So, in order to take an initial condition of this system, we will take (u(0),v(0),4’(0),v'(0),C(0)).
However, for all the coming computations we will actually consider system (7) removing the last
equation in C, and we will consider the corresponding solution for a fixed C' and initial condition
simply (u(0),v(0), »'(0),v'(0)).

In this system of reference, the previous properties of the RTBP are written as:

1. Jacobi Integral:
u? +0? =8 (v +0*)U (8)

which is regular at the collision with the big primary. In particular (see [24]), the velocity at
the position of the first primary (u = 0,v = 0) is given by:

u? 0" =8(1 — p) 9)

2. As the Levi-Civita transformation duplicates the configuration space (see Figure 1) the equations
of motion satisfy two symmetries, (10a) in consequence of the duplication of space and (10b)
due to (4):

(s,u,v,u',0") = (s, —u, —v, —u', —0") (10a)

(s,u,v,u",v") = (=8, —u,v,u’, =) (10b)
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Figure 1: Levi-Civita transformation. Hill’s region for ;1 = 0.2 and C' = 3.53. Left. Synodic (x,y)
coordinates. Right. Levi-Civita ones (u,v). In grey the complementary of Hill’s region.

3. The equilibrium points are now duplicated and they are located on the plane (u, v). In particular,
the collinear points now are located in the u axis and in the v axis.

4. Similarly, given a value of the Jacobi constant C, the Hill’s region in variables (u, v) now becomes
R(C) = {(u,v) € R*| (u® +v*)U >0} . (11)

In particular we will consider values of the Jacobi constant C' > Cp,, the value of the Jacobi
constant associated to the equilibrium point L;. In this way, it will be enough to regularize only
the position of P; because the Hill’s region associated to these values of C avoids collisions with
the second primary (see Figure 2)

Figure 2: Hill regions associated to Cp, (Left) and to C < Cf, (Right) for p = 0.2.
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3 n ejection-collision orbits. McGehee vs Levi-Civita

As stated in the Introduction, the main goal of this paper is to prove analytically the existence of
four families of n-EC orbits, for p > 0 small enough and C' big enough. We recall that an n-ejection-
collision orbit, simply noted by n-EC orbit, is an orbit that ejects from the big primary and reaches
n times a relative maximum in the distance to the big primary before colliding with it. Along this
Section we introduce the main geometrical ideas and definitions that we will need for the proof of this
result.

As a motivation, we start this Section considering McGehee regularization and shortly recalling some
results. We will also compare it with Levi-Civita one, and we explain why we will use Levi-Civita
coordinates throughout the paper.

W"(5")

W (ST)

0

Figure 3: (Left) Collision Manifold obtained with the McGehee regularization for any p > 0. (Right)
Ejection orbits manifold (in red) and collision orbits manifold (in blue) for p = 0 and C > 0, in this
case both manifolds are the same.

The McGehee regularization consists in a blow up of the collision. The variables used are polar
coordinates (r,0) with respect to the primary to be regularized as the origin and the new variables
V= rlﬁ%, U= 7’3/2% (not to be confused with potential U') and a change of time dt/dr = r3/2 are
introduced.

The system of ODE in these variables is well defined at the origin (see [18]) and has an invariant
torus A defined by r = 0, called the collision manifold (see Figure 3). On A there exist two circles of
equilibrium points St and S~ characterized as follows:

e Each equilibrium point P € ST has an associated 2-d unstable manifold W*(P) and a 1-d stable
one W*(P).

e Each equilibrium point @ € S~ has an associated 2-d stable manifold W*(Q) and a 1-d unstable
one W*(Q).

The dynamics of the stable manifold of the points of ST and the unstable manifold of the points of
S~ corresponds to the internal dynamics on A due to the blow up of the collision that is made. The
dynamics of the other manifolds associated with these equilibrium points are those that will allow us
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to find the EC orbits. Actually, we will consider the ejection (collision) orbits for a fixed value of the
Jacobi constant C, so the manifolds W*(P) and W*(Q) are 1-d, and each ejection (collision) orbit
can be characterized by a point P € ST (Q € S7) or an angle 6 € [0,27). Thus, fixed C' we have:

e The ejection orbits manifold is the set of orbits on the unstable manifold W*(P), when varying
P € ST. In this way, each ejection orbit corresponds to an orbit such that r > 0 for all finite
time 7 and tends to an equilibrium point P € S* as 7 — —o0.

e The collision orbits manifold is the set of orbits on the stable manifold W*(Q), when varying
@ € S™. In this way, each collision orbit corresponds to an orbit such that r > 0 for all finite
time 7 and tends to an equilibrium point @ € S~ as 7 — oo.

Hence each EC orbit corresponds to an heteroclinic connection between a point P € St and a point
Q € S~. And if we want to compute the heteroclinic connections between St and S~ we can do it
via the intersection of the associated manifolds (see [18] for details).

It should be noted that when the mass parameter p is zero (and C > 0) the ejection orbits manifold
and the collision one coincide, i.e. all the orbits that eject from the primary collide with it and,
therefore, all the ejection orbits are 1-EC orbits. We show both manifolds in variables (V,r,6) in
Figure 3 right, where each circle ST and S~ collapses to a point. But when g # 0 both manifolds
are different and the existence and number of n-EC orbits is no longer evident. In [18] the numerical
computation and continuation (and bifurcation) of families of n-EC orbits were described and, since
the McGehee’s coordinates were used there, any n-EC orbit was regarded as an heteroclinic orbit.

At this point it is worthwhile comparing the two regularizations (McGehee and Levi-Civita) when
applied to the study of ejection/collision orbits as a motivation to use Levi-Civita one throughout
the paper. Ejection/collision orbits in the Levi-Civita regularization are simply orbits that leave
from/arrive at the origin, which is now a regular point, so it takes a finite range of time to describe an
EC orbit. By contrast, it takes an infinite time to describe an EC orbit in McGehee coordinates, since
they are asymptotic (heteroclinic) connections. From this point of view, although the system of ODE
in Levi-Civita variables is more intricated, the numerical computations are really faster. Moreover,
the initial conditions of an ejection orbit are on invariant manifolds of equilibrium points when using
McGehee variables, and (for numerical simulations) we take actually an approximation of such initial
conditions. Conversely, in Levi-Civita variables, we simply take initial conditions © = v = 0 and
velocity any vector with norm 4/8(1 — u) for a given C.

Thus, from now on, we will only use Levi-Civita coordinates and the following definition.

Definition 3.a. Given a value of the mass parameter p, we define the ejection (collision) orbits
manifold of energy level C as the set of orbits that have initial conditions

(0,0,24/2(1 — ) cos (0p) ,2+/2(1 — ) sin (6p)), 6o € [0,27)

integrated forward (backward) in time.

In order to obtain the n-EC orbits we will use an idea explained in [18] for their numerical computation.
Given a value of p and C we compute the EC orbits as the intersection of the ejection orbits manifold
and the collision orbits one. To do so we define the Poincaré section:

Y {g(u) =uwu' +vv' =0, ¢'(u) < 0}. (12)

where u := (u,v,u’,v"). It should be noted that for every ejection or collision orbit, the crossing with
this section corresponds to a maximum in the distance to the first primary. In this way, we define D;"
as the k-th intersection of the ejection orbits manifold with ¥ and, similarly we define D, as the k-th
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intersection of the collision orbits manifold with 3. For p > 0 small enough and C' big enough, D,j
and D,  will be closed curves parametrized by an angle 6y € [0, 27).

In order to calculate the n-EC orbits we will use the following lemma:

Lemma 1. The number of intersections between D; and D corresponds to twice the number of
(i 4+ j — 1)-EC orbits.

Proof. If an orbit belongs to the ejection orbits manifold and the collision orbits manifold, it is an
ejection-collision orbit. In addition, the number of relative maxima in the distance to the first primary
of such EC orbit is equal to the number of times that the orbit will cross ¥ and that is 7 (following
the ejection orbits manifold) plus j — 1 (following the collision orbits manifold). Finally, since the
Levi-Civita regularisation doubles the configuration space, we have that the cardinal |D; N D]_| is
twice the number of (i + j — 1)-EC orbits.

Before enunciating the main Theorem it is important to observe that we do not need to compute D, ,
it can be obtained directly from D,j via the symmetry (10a) and for this reason we only work from
now on with D,j.

So a crutial point is to find the intersection points between the closed curves D;r and D . Any
such intersection point gives rise forward (backward) in time to collision (ejection). Actually, for
C given, these are curves in R*. However, since by definition they are obtained as curves in ¥
(this means two restrictions on the variables), we can consider only their projection in the (u,v)
configuration space. In particular we can express D,: in polar coordinates, i.e. we will write, abusing
notation, D;” = (R} (#),0), as a curve in R? where Rf = (u® + v?)|s,, sk being the necessary time
to reach the k-intersection with 3. Due to the expression that Ry has, we will work with the curve
D,f := (R2(6),0). Thus, the intersections of D;r2 and D;Z will be the same as the intersections of
DZT" and D} .

4 Main Theorem

The existence, the number and the characteristics of the n-ejection-collision orbits for small enough
values of the mass parameter and for sufficiently restricted Hill regions can be summarized in the
following Theorem.

Theorem 1. For C big enough and for all n € N there exists a i(C,n) such that for p < i(C,n)

there exist four n-EC orbits, which can be characterized by:

o Two n-EC orbits symmetric with respect to the x axis.

o Two n-EC orbits with symmetric trajectory one of the other with respect to the x axis.

The respective families (when varying C') are labelled by o, Y, Bn and 6y.

Proof. The proof is based on a perturbative approach. First of all, we can rewrite the equations of
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motion (7) as:

, 0
U u 0
v| v 5 Bu Su(u? + v?)(u? + 0% + 1)
o | T 8(u? + ) + 12(u? + v?)%u — 4Cu o du ot 160 ry 3
v’ —8(u? + v?)u’ + 12(u? + v?)%v — 4Cv 5 8v Svu(u® +v*)(u? +0v® —1)
4v —16v° + — — 3
) Ty
= Fy(u,v,u',v") + uFi(u,v)
(13)
and we look for n-EC orbits expressed in a series expansion in p:
u=u’ + pu' +O(i?)
where u = u(s), u® = u°(s) and u! = u'(s). Developing with respect to u we have:
uw = (u’+pu' + (9(,u2))/ =Fy (u’ + pu' + O(1?)) + pFy (v + O(p)) (1)
= Fy(u°) + uDFy(u®)u' + pFy(u®) + O(u?)
Therefore, u° and u' must satisfy
u® = Fy(u?) (15)
u' = DFy(u®)u' + Fy(u) (16)
that is, u" is a solution of the 2-body problem in Levi-Civita rotating coordinates with y = 0 and

u!(s) is obtained as

ul(s) :X(s)u(l)+X(s)/ Xﬁl(s)Fl(uo(s)) ds (17)
0
b X()~—a"0() a2 (2 9 9 9 e ul = ug(0) the initial condit
where X (s) := ol s) an 5u? ~ \ a0 30 G 309 | eing ug = ug e initial conditions.

The explicit computation of u%(s) and w!(s) will be done in Sections 5 and 6.

Regarding the initial conditions, an ejection orbit will satisfy (u(0),v(0)) = (0,0), and due to (9) the
velocity is a vector with norm 8(1 — u) and an initial angle 6y € [0, 27) such that

g = u(0) = (0,0,2/2(1 — p) cos g, 24/2(1 — p) sinbp) = u°(0) +pu (0) +O(u?) = u)+ pu+0(1?)
(18)

with
ud = (0,0,2v/2 cos by, 2v/2sin 6)

19
u(l) = (0;0»—\/500590,—\/§Sin90). ( )

As explained at the end of Section 3, in order to prove the theorem, we must compute the intersection
2 2
points between the curves DZT" and D7 in R2 with i +j = n + 1. The precise number of intersection

2
points corresponds to the precise number of n-EC orbits. Moreover, once D,‘: is obtained, for some

k, D,;Q is obtained applying the symmetry (10a). So a main goal is to compute the curve D,j, that
is, for every initial condition parametrized by 6y we want to compute the time s; necessary for the
solution w with initial condition u to arrive at the k-th maximum distance (or the square of the
distance). To do so we consider

sk(0o) = sy + ps(60) + O(1?) (20)
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where s (independent of 6) is the known time for the 2-body solution u° to reach the k-th maximum
distance (the k-th crossing with X).
In particular:
2k —1)m
4/C

Lemma 2. sg

Proof. The formula is obtained directly from solving the unperturbed system (15) and imposing a
maximum in the distance (see Section 5 for details). O

Then, via the Implicit Function Theorem we have:

1 uOut’ + u®'u! + v + 02!
Sk(eo) =TT o2 0/2 0.0 0.0 (21)
u’ "+ vV +utut + vt o
Sk
Therefore, the square of the k-th maximum distance is given by:
2 2
(62 +0%) |, gy = ([0 + s + O] + [ + o’ + 0(2)]”)
sQ+ust (00)+0(u?)
_ (u02 +v02) |g0 +ou | (uPul + %) ‘30 +s1(00) (uouo/ +vov0/) +O(?)
Sk k 50
“k
(22)

In consequence, we have the k-th maximum distance (or square distance) in terms of fy and then work
in polar coordinates, i.e. we can express D; in polar coordinates as (R (o), 0x(6o)) where Ry (6p) is
given by:

Ri(00) = /(u? +0?) |

s(00) (23)
— /R (60) + 2R (b0)u + O(u?)
where
R%Q(QO) = (u02 + voz) |S‘;Z (24a)
R (80) = (w0 +0"") |+ st(00) (w0 +000") | (24b)

Sk

and 0 (6p) = 09(60) + O(n). Also, thanks to the Poincaré section X that we are considering, in
particular at the time 32, we have

=0

0
Sk

li /
(uouo + vovo )

Therefore it is not necessary to calculate the time s} and the expression (24b) becomes:

R (60) = (u%u' + 1) | . (25)

k

The expressions of R22(90) and R}CQ(OO) are obtained in the following lemmas and the proofs of these
can be found in Sections 5 and 6.

10
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2
Lemma 3. R02 = —

C

Proof. The formula is obtained from solving the unperturbed system (15) and evaluating this solution

at the time s) (see Section 5 for details). O
12 1 3 2(3cos(46p) + 1) = 8cos(26p) (3 — 5cos?(26))
Lemma 4. Rj (90):—6—1—@—1— o + o5
2(2]€ — 1)71' Sin(49()) —13/2
oz +0(C™13/2)

Proof. The formula is obtained from solving the perturbed system (16) (see Section 6 for details). O

In addition, the expression of 0 (6p) is given by:

2k — 7

Lemma 5. 0;(6p) = 6y — T

+O0(n)

Proof. The formula is obtained from the intrinsic rotation of the synodic system (see Section 6 for
details). O

Hence, the expression of D,j2(90) in polar coordinates is
2 2 2
D (80) = (B + 2uR}”(60) + O(1?) , 04(00) ) (26)
and using the symmetry (10) we have:

Dy (00) = <R22 2B 00) + O?) 0+ T ow)) (27)

Finally, in order to compute the number of n-EC orbits it only remains to calculate the number of
intersections of ng and D;Q withi+j=n+1:

Lemma 6. For sufficiently small values of the mass parameter and n such that i+ j = n+ 1 there
exists a C(u,n) such that for C > C(u,n) the curves Dj'Q and Dj_2 intersect at the 8 points:

k
9:%“9(0*1,#), k=0,..7 (28)

Proof. Parametrizing the curves D;r2 and D;Q with the same angle variable we have:

Df? = (RE (9 + (22:73/12)77+ (9(#)) , 9) (29)

Dj_2 — (Rj? (0 - %Jr 0(u)> 9) (30)

with

11
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9 (2i — 1)7T 02 12 (2’i — 1)7T 9

(2j — D 2 2 (2j — )7

In this way we can subtract the radii of DZT" ? and Dj_2

5 (2i — D)m 5 (2j — m
B; (“w) - <9‘2cs/z

( ) ( ) o
B 2 2 — 1)7 2 2j — 1w )
and we will look for the values of 6 in which this difference is null. Dividing by p we have:

12 (26 — ) 12 (25— ) B

Applying the Implicit Function Theorem for sufficiently small p, we just have to find zeros (values of
6 as a function of C) of

_ 12 (22 — 1)77 12 (2] — 1)77
22 — V) 225 — D)
cos (49 + C3/2> — CoS (40 -~
2t —1 2t —1
cos (20 + (203/2)7r> <3 — 5cos? (20 + (ch/z)W)) (33)
(2j — )m (2j — m
— COS (29_6'3/2 3—5(3082 29—W

(26 — 1) sin (49 + 2(2(2;,3)_/21)71-) — (2§ —1)sin (49 - 2(223_/21)7T>

6
S ot

8
cs

2w —13/2
+ W + O(C / )

Similarly, multiplying by C*, expanding in C~'/? and applying again the Implicit Function Theorem

for sufficiently small C—'/2, we just have to find the zeros of

47 (5i +Tj — 6)

S v e sin (40) + O(C~%/%) (34)
Therefore, the zeros of (32) are given by:
wk 1
GZZ—FO(C ), k=0,..,7 (35)

12
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Finally, it only remains to verify that the zeros are transversal in 6 and this can be easily seen by
deriving the expression with respect to 6.

O

Hence, equation (34) has eight and only eight zeros in 6 as a function of C~/2, and by the Implicit

Function Theorem equation (32) has the same number of zeros as a function of C~% and u. We have

that Dj' ? and D} " intersect exactly at eight points. Using Lemma 1 we can conclude that there exist
four and only four n-EC orbits. In addition, using the two symmetries of the problem we can see that
those that have angle intersection 0y with k = 0,2 (4,6) correspond to symmetric n-EC orbits (the
(x,y) projection with respect to the x axis), i.e. a, and 7, and those that have angle intersection 6y,
with & =1,3(5,7) correspond to orbits with symmetric trajectory one with respect to the other (also
the (z,y) projection), i.e. 8, and dy.

O

Thus, it only remains to prove Lemmas 2, 3 and 5 (in Section 5) and Lemma 4 (in Section 6). In
order to do it the first step is to solve the system (15). This will be done in the next Section.

Remark 1. Since the proof of Theorem 1 is based on the application of the Implicit Function
Theorem, the assertion states that given C big enough and any n, there exists a sufficient small value
of p > 0 for which there exist four n-EC orbits. As a theoretical result it is difficult to find such
value of p depending on C' and n, and the value of 4 must be small enough. But we are interested
in obtaining n-EC orbits for any value of y € (0,1). Therefore we apply a numerical strategy that,
for any fixed value of u € (0,1), enables us to show the existence of four n-EC orbits for big ranges
of C'. This will be our numerical approach in Section 7 devoted to numerical simulations. We will
fix a value of u and, given n, we will find a value C’(,u,n) depending on p and n such that for any
C > C(u,n) there exist four n-EC orbits.

5 Non perturbed case (¢ = 0)

In order to find an explicit expression for the solution ug(s) of the non perturbed system (u = 0)
(that is the 2-body problem) in rotating Levi-Civita (LC) coordinates, we will consider previously the
problem in sidereal (non-rotating) coordinates, since it is simpler to solve and will be useful to obtain
the first order of the perturbed solution w4 (s).

In the next subsection we will prove Lemmas 2 and 3.

2-body problem in LC sidereal coordinates

It is well known that the problem of two bodies (P; and P), where (X,Y") is the position of P in
sidereal coordinates is described by the system of ODE

X X
ar T R
2Y Y (36)
a? T R?

where R = v X2 + Y2 and with a singularity at the origin (collision) (X,Y’) = (0,0). The Levi-Civita

transformation to new coordinates (i, ) and new time s defined by

13
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X =af —@02

Y =240 (37)
dt @ 0

i 4( +i)

regularizes the ODE giving rise to the new system (see [24] for details)

(38)

0" = —4Ka°
0" = —4K "

where ' = d/ds, K = —2F and F is the energy integral. Taking into account the relationship between
FE and the Jacobi constant C' and the angular momentum M, E = —% + M and the fact that

M = XY — Y X becomes M = (a°9° — t°4°") /2, the previous system becomes

" = —4(C — %" + %0 )a° (39)
0% = —4(C — 4% + %" )5°
As it is well known the system (39) preserves the angular momentum, so we have:
Lemma 7. The quantity —a99% + 6949 is constant along the trajectories
Proof. Simply by deriving and replacing the values of %" and 99 we have:
d ’ ’ " 1 ’ ’ ’ ’
CT( —a%% + 9% ) = —a%" + %" = 4(C — %" + 0°a% )a%%° — 4(C — a°0” + %" )a’o® =0
s
O

Keeping that in mind, the solution of (39) with initial conditions 4°(0) = 4 is given by:

~0’
o sin(2v/Ks)
2V K (40)

AO,
\/Esm(Qf s)

1°(s) = 43 cos(2V K s) +

00(s) = 99 cos(2V/ K s) +

where K = C — 4909 + 0049 and has derivatives:

{ﬁo/(s) = —2VKadsin(2vKs) + 13 cos(2vVK s)

8 (s) = =2V K09 sin(2vKs) + 00 cos(2VEK s) (41)

In particular, we are interested in ejection orbits, which have initial conditions (0, 0, 2v/2 cos 6y, 2v/2sin ),

0o € [0,27), i.e s
2cos 6
a0(s) = Ve Osin(2\/ Cs)

(42)
\fsmﬁo )
e sin(2v/C's).

With this equation it is immediate to see the following two results, because the maximum distance
does not vary with or without rotation:

o 50 = M
4v/C

14
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which are the statements of Lemma 2 and Lemma 3 respectively.

In order to prove Lemma 5, it is necessary to study the system in synodical coordinates with the
purpose of calculating the rotation consequences (in particular the 62 value) and because we will also
need the 2-body solution in the synodical coordinates to calculate the first order solution u!.

2-body problem in LC synodical coordinates

In order to have the solution u’(s) in Levi-Civita rotating frame, we simply apply the rotation
transformation to the solution (40) in Levi-Civita sidereal coordinates. This is shown in the following

lemma.

Lemma 8. The solution of (15) is given by

u®(s) = @ cos(—t/2) — 8" sin(—t/2)
) =@l

v0(s ( t/2) +° Cos( t/2)
(43)

s) = ( +2 uo +2° ) cos(—t/2) — o — 2(’&02 + 602)120) sin(—t/2)

(
5) = ( +20a% +6%)p ) —t/2) + (190’ —2(a” + oOZ)aO) cos(—t/2)

S

v

O’(
0’(

~0

’ ~ 0 ’ ’
where 4°, 09, 4%, v and t stand for 0°(s), 9°(s), 4" (s), 9 (s) and t(s).

Proof. We simply make use of the change of variables (using complex notation)

o W=d+i0— Z=X+1iY by Z=W? where (X,Y) are the cartesian sidereal variables.

e 7+ z=x+iyby z = e "7 ie. the rotation to transform from sidereal to synodic coordinates
(z,y).

e z+—— w=u+iv by 2 = w?, being (u,v) the synodical Levi-Civita variables.

So the relation w = e~ 2'W for the 2-body problem can be written as

u®(s) = a° cos(—t/2) — 9" sin(—t/2) (44)
v0(s) = a° sin(—t/2) + 9° cos(—t/2)
: . dt o -
On the other hand, u/(s) and v'(s) are obtained using i 4(a2% + 92). O
s

The relation between the sidereal initial conditions and the synodical ones can be obtained from the

previous lemma

0_ +0 .0 _
Uy = Ug Uy = Ug
v = 09 o = o
45)
o’ 402\ 0 ~0' o’ 02 0 (
Uo*uo Jr2(“0 + 9y )0g iy =wug —2(uy + 0)0
! 2 ~ 2 N 2
) =) —2(af +0f )af 09 = o9 +2(ul” + v§")ul

15
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Remarks:

1. In the particular case of ejection orbits, the initial conditions both in sidereal and synodical
coordinates are ud = (0,0, 2v/2 cos 6y, 2v/2sin ), Oy € [0,27).

2. We also notice that if we express the position of the particle with Levi-Civita sidereal variables,
using polar complex notation, that is, W = Re%id, where 64 refers to the polar angle, then we
have the corresponding two points in Levi-Civita synodical variables; using polar complex notation
we obtain

wy = Rei(Psa—3) (46a)
w_ = Re'(Psatm=3) (46b)

but we can omit expression (46b) due to the symmetry (10a).

Now let us obtain an explicit expression for ¢(s).
Lemma 9.
5040 | 8040
UpUy + Vg,
oo 0% o6

N (2V/Ks) sin(2VK s) (47)

(a) (u02 + 002) (s) = <ﬁ82 + 682> cos?(2VKs) +

~0'2 ~0'2
+ 0 sin(2VEs)
) #s) = 208 + ) + a9” + 09" i (a0 + 0% 49" + 097\ sin(4vVKs) (48)
s) = uy + g Y- Uy + Uy % SV

sin(2VK s)

<0:0" | #0250
Uglly + UgUg
K

Proof. (a) It follows directly from (40).

(b) It follows directly from the integration

In particular we have for the ejection orbits

4 sin(4\/as)

t(s) = T o (50)

With this result and using (46), we can compute easily the term 92, i.e. the accumulated rotation
during the span of time of length s!

t(s? 2k — 1)
9k(9o)=90—%+0=90—(2073/2)

which is the statement of Lemma 5. It should be noted that to this rotation we should add an angle
of  for even orbits, or equivalently add (k — 1)m to 65(6) (see (42)), but we can omit this increment
thanks to the symmetry (10a) of the problem.

+0 (51)

16
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6 Perturbed Problem

It only remains to prove Lemma 4. To do so, we need to compute u'(s) and Rf (60)-

As previously mentioned, the solution of (16) is given by (17), therefore, the first step is compute X
in a cunning way. To do so we will use the relationship between sidereal and synodic coordinates, so
from (43) we have:

ou’ :

Tug(s) = Vi cos(—t/2) — Vasin(—t/2)

ov°

50 (8) = Visin(—1/2) + V5 cos(—t/2)
0

- (52)

W(5) = Vzcos(—t/2) — Vysin(—t/2)

Ug

oY’

S0 (5) = Vasin(—t/2) + Vi cos(—t/2)
0

where:
B [oa® o0 ot
Vi =Vi(s) = s 28“8} (s)
B (980 a0 dt
VQ:VQ(S)__TUB 26118}()

[ 94" . A 820 ¥ —2(a” +0°)a® ot (53)
Vs=Vi(s)= | +2(0” +30Y ) -4 +4a°0° — —5
3= Va(s) _aug + (u o ) 8+ v ou) * 2 ou (s)
[ 96" s g2\ O 80 4% +2(a% + )0 ot
= — |97 9 (340 m)i_ L0,0 0V ot
Vi=Vils) ou ( Tt 9 oul 2 ou ()
ie.
cos(—t/2) —sin(—t/2) 0 0 Vi
_ | sin(—t/2)  cos(—t/2) 0 0 Va
X =RV = 0 0 cos(—1/2) —sin(—t/2) | | v& (54)
0 0 sin(—t/2)  cos(—t/2) Vy
where V is the matrix that has rows given by V;, i =1, ..., 4.
Thus, we only need to compute previously:
oa’ B o4’ ouf
7l = 2a0) gy )
ot ot o
ud"” = 9ag"" oul
. oy . . : . . e
The computation of a0 is immediate from (45) and in the case of ejection orbits it is simply the

identity matrix Id since we just need to substitute in this matrix the values of the initial conditions
(0,0,2v/2 cos 6y, 2¢/2sin fy) for an ejection orbit,

17
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1 0 0 0
ou ) 0 1 0 0
a—ug(o, 0,2v/2 cos by, 22 sin 6o) = —4ulu? *2u82 - 6”82 10 = Id.
02 02 0,,0
GUO + 2UO 4UOUO 0 1 (0,0,24/2 cos 09,2+/2 sin 6p)
(56)
o’

To facilitate the reading of this section, the values of 540 and other values necessary for the
U,

ouy’
computation of V' can be found in the Appendix A. Similarly, the complete expression of the matrix
V and V! can be found in it.

Once the matrix V! has been calculated, we can compute the product X 'F, = V"'R™'F}| but the
resulting expression to be integrated is quite unwieldy. The first step to simplify the expression is to
introduce the variable 7 = 2¢/C's (see Appendix B). In this way we eliminate the terms related with
C from most trigonometric expressions, except those that have a direct relationship with the rotation
(i.e. with t(s))

sin(2vC's) = sin(7)

. . 2 sin(4\/53) . 1 =27 +sin(27)
sin(—t/2) = sin <_CS + 203/2> = sin (03/2 5

and similarly with the cosine terms.

Despite this change, the resulting expression cannot be integrated in finite form with elementary
functions. To deal with this last expression we consider a series expansion in 1/ v/C. This expansion
can be done since

1
2V/C

e R~!is simply a rotation.

° V! has a closed expression: constant terms and terms of higher order in 1/v/C.

e F; depends only on u and v, and the denominator r is of the form /1 4+ O(C—1), therefore it
can be expanded.

The computation details are given in Appendix B.

Thus, the integral in (17) becomes

/OSX_l(S)Fl(uo(S))ds = /OT 2\1@)(—1 (2%) F (uo (2\%» dr. (57)

The expressions obtained after these considerations (simplifying the notation) are as follows, where
(X_lFl)i is the i-th component of X ~1F}

1 _ 3v2cosfysin® 7T  24v/2cos by (2cos* By — 1) sin® 7 _

svo X B =T - o Geos o DT | (e
1 (X'R), — - 3v/2sin Oy sin® 7 B 24+/25sin 0 (2sin® gy — 1) sin® 7 Lo
Nel 2 C3/2 C7/2

18
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1

B 6v/2 cos B cos Tsin T n 124/2 sin Oy sin 7 (sinT — 7 cosT)

—1 —
2/C (X F1)3 C C5/2
48+/2 cos By (2 cos? 0y — 1) cos 7 sin® 7
+
O3
128+v/2sin” 7 cos 7 cos By (5 cos® By — 6 cos? By + 2)
_ o
44/2
Sggf sin® 7 cos(7/2) sin 6 [32 cos®(1/2)
+ 52 cos®(7/2) sin? 6y + 30 cos®(7/2) sin® 6
+ (28 — 64 sin® 0y + 32sin* Oy) cos® (7/2) (cos?(7/2) — 2)
+ (—2+ 65sin* 0 + sin® 6) (2 cos (7/2) — 7sin (/2) cos 7)
320v/2sin” 7 cos T cos (14 cos® By — 30 cos* By + 20 cos® Hy — 3)
+ s
+ 0(0—11/2)
(58)
1 3 6v/2sinfycosTsinT  12v/2cos by sin 7 (sinT — 7 cos T)
(X F1)4 = C - 5/2
2¢/C c
48+/2 sin 0 (2 sin* 0y — 1) cos Tsin® 7
+
3
128v/2sin” 7 cos 7 sin 0o (5 sin® 6y — 6sin’ Oy + 2)
_ o
384v/2

- oz sin® 7 cos(7/2) cos g [32 cos®(1/2)

+ 52 cos®(1/2) cos? By + 30 cos®(1/2) cos By
+ (28 — 64 cos? fy + 32 cos* 0y) cos® (7/2) (cos*(7/2) — 2)
+ (—2+ 6 cos? Oy + cos® ) (2 cos (7/2) — 7sin (1/2) cos 7)
. 320v/2sin® 7 cos 7 sin 6 (14 sinzgo — 30sin? 6y + 20sin® fy — 3)

+O(C™1?)

Integrating these results with respect to s on the interval [0,s}] (see Lemma 2) or [0, 2£-17] with
respect to 7 (see Appendix B) and using (62) we obtain the following expression for u'(s))

(—=1)Fv2cosy  3(—1)kv/2cos by

1/.0
u (Sk) - 2\/5 - 203/2
3(=1)*(2k — 1)v27sinfy  3(—1)*(2k — 1)v/27sin by
i 1C? - 203
(=1)*v/2 cos Oy (572 (2k — 1)% + 128 cos? Oy — 64)
B 1607/2
n (—1)*v/2 cos 00(27(2k — 1)27r24—;—01;)/220 cos® 6y — 2304 cos? O + 768) +o(C-9)
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(—=1)k/2siny  3(—1)Fv/2sinf,
20/C - 203/2
3(—1)*(2k — 1)v/2m cos g N 3(—=1)k(2k — 1)v/27 cos O
402 203 (59)
(—1)k/2sin 0y (572 (2k — 1)? 4 128 sin* 6y — 64)
16C7/2
(—1)*v/25in 00(27(2k — 1)?72 + 1920sin° 6y — 2304 sin? Oy + 768)

-6
- 180972 +0(C™)

v (sp) =

Finally, from (25) we obtain the following expression for R}CZ(GQ)

2 1 3 2(3cos(46p) +1)  8cos(26p) (3 — 5 cos?(26))
- o o T s
2(2k — 1) sin(46p) _13/2

which finishes the proof of Lemma 4.

7 Numerical results

Once we have proved analytically, by a perturbation approach, the existence of exactly four families
of n-EC orbits, for n given, p small enough and for sufficiently large values of the Jacobi constant
C, that is, C' > C (Theorem 1), the present Section is devoted to the extension of this result from a
numerical point of view. More precisely, our purpose is twofold:

(1) We have extended the existence of four families of n-EC orbits in both p and C. On the one hand,
we show that there exist exactly four families not only to the big primary, that is, for any p € (0,0.5],
but also the existence of exactly four families of n-EC orbits to the small one, i. e., for any p € [0.5,1).
Of course, from a perturbative point of view, x4 must be small enough, but for numerical simulations,
any value of y can be considered. On the other hand, we have taken less restrictive values of C' (not
necessarily large enough), that is, bigger Hill’s regions.

(ii) We have computed the C value according to the Remark of Theorem 1 that provides a frontier
between the region where there are exactly four families of EC orbits and the region where bifurcations
of EC orbits take place and other families of EC orbits appear.

0.484 +
0.4839
0.4838 |

0.4837 P

n

0.4836

0.4835 |

0.4834

0.4833 |

0.4832

: , 6 0.1 0 0.1 0.2 0.3

[E} T

Figure 4: ;= 0.1, n =2, C = 8. (Left) Curves D (in red) and D; (in blue) in the plane (0, R).
(Right) The four 2-EC orbits plotted in the synodic coordinates (z,y).

]
w
= b
o

0 1
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Concerning item (i), and recalling that a clue point for the existence of four n-EC orbits in the proof of
Theorem 1 is the intersection of curves D} and D} (withi+j=n+1)for p € (0,1), n and C given,
we have done the following computations. First, we take a value of p (not small enough) and n fixed.
We fix a big value of C' and we have computed curves Dj' and D; such that i+ j = n+1, integrating
the unstable ejection and stable collision manifolds, using the RTBP equations in Levi-Civita variables
(that is, system (7)), up to the Poincaré section ¥. We have checked that both curves intersect in
8 transversal points (in rotating Levi-Civita coordinates), which correspond to four n-EC orbits (in
cartesian rotating (x, y) ones). In Figure 4 left, curves DJ and D (the projection in polar coordinates
(R, 0)) are plotted for 4 = 0.1, n = 2 and C = 8. So, four 2-EC orbits are obtained and plotted in
Figure 4 right, in the synodical coordinates (z,y). Any such trajectory ejects from the big primary,
has a maximum passage to it, a minimum one (with non zero distance), another maximum passage
and finally collides with it. In Table 1 we provide the initial angle 6y for each 2-EC orbit. So the
associated initial conditions (in Levi-Civita synodical coordinates) are (0,0, 2v/1.8 cos 6, 2v/1.8sin 6).

Qi B2 Yo P
0y 1.7037895180958 2.44063260106480 0.1327163661903 0.9650603806965

Table 1: ;= 0.1, C' = 8. Values of 6y for 2-EC orbits.

0.484

25 0.4835 |

0.483

=

Figure 5: Curves D;’ and D for = 0.1 varying C.

Second, we want to show the evolution of curves D and Dy, for p (not small enough) and n given,
when varying C, for a range of C' (C big). We provide in Figure 5, the 3D plot corresponding to
the (now) surfaces Df and D in the variables 6, R and C (for u = 0.1). Therefore, for any C in a
(small) given range, there exist the 8 intersecting points (in Levi-Civita variables) corresponding to
the 4 n-EC orbits in synodical cartesian coordinates (x,y). So we can conclude, from our numerical
simulations, that the four families of n-EC orbits persist taking bigger values of > 0 (not necessarily
small enough) and a range of values of C' (not necessarily big enough).

Third, we have extended the previous results for any value of the mass parameter p € (0,1) and big
ranges of values of C. So, fixed any p € (0,1) and for any n given, we have done the numerical
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continuation of the four families (labelled 7, é,, @, and f§,) of n-EC orbits in a big range of C.
We plot in Figure 6 top left such families for 4 = 0.1 and n = 1,2,5 (blue, green and purple colours
respectively) in the plane (6y, C'), where we recall that 0y is the angle, in Levi-Civita polar coordinates,
for the velocity in the initial condition of an ejection or collision orbit (see Definition 3). In particular
for C'= 5.5 we plot the corresponding n-EC orbits in Figure 6 top right in (x,y) variables.

We emphasize that taking values of p in the whole interval (0,1), we are covering also the existence
of four families of n-EC orbits with the small primary. As a particular example, we plot in Figure 6
middle left the four families of n-EC orbits, for n = 1,2,5 and p = 0.9 in the (6y, C') plane. In Figure
6 middle right we plot the corresponding EC orbits for C' = 5.5 and in Figure 6 bottom, we show the
3-EC orbits corresponding to each primary for p = 0.4 and the same value of C' = 4.5 (together with
the Hill’s regions in (x,y) coordinates).

We also remark that not only any value of p can be considered but, of course, any value of n. For
example we plot four n-EC orbits in Figure 7 top left, for n = 15, and top right for n = 25. It is
worth mentioning two specific effects. First, given an n-EC orbit, let us define the interval [f., 0.] that
covers the range angle between the velocity vector at ejection 6, and the one at collision 6.. As far
as n increases, since the required time to go from ejection to collision also does increase, for the same
value of C, the range [f.,0.] will also be larger for bigger n. This effect is clearly seen comparing
Figure 6 for n = 5 with Figure 7 for n = 15 and n = 25. A second effect is on the shape of the petals
of an n-EC orbit. It is clear that as far as u increases and, more particularly, C' decreases, the Hill’s
regions are larger and the influence of both the small primary and the invariant objects that exist in
such regions (and that did not exist for larger values of C, i.e. more restrictive Hill’s regions) is more
visible. This effect can be observed comparing Figure 6 top and middle, where the petals look the
same shape, versus the bottom Figure where we can appreciate a subtle difference in the shape of the
three petals (the one in the middle is either thinner or fatter). Also in the 3D plot of Figure 7 bottom,
we show the evolution of the 1-EC orbits (on the plane (z,y)) when varying C' (on the vertical axis)
for 4 = 0.1; we can appreciate how the size of the petals gets bigger for decreasing C'. This effect is
shown for n =1 for clearness but of course takes place for any value of n.

Finally, we show in Figure 8 a 3D plot with the continuation of the four families of n-EC orbits, for
n = 1,2,5, in the plane (6p,C) (6p € [0,7] and C € [5,20]) when varying 1 € (0,1) (in the vertical
axis). From this plot it is worth making some remarks. When C' is big enough, we see that the values
of 6y tend to wk/4, for k = 0,1,2,3 for any value of p. This is true as proved from Theorem 1,
for small enough values of . A proof for any value of u is left for a next future. At this point we
mention references [6] and [12] for the proof of 1-EC orbits in the Hill’s problem, as a model for the
motion close to the small primary. Another important comment is for small values of © and when C
decreases. Let us focus on the curves in the (6y, C') plane, for 6y € [0,7] and C € [5,20], and g small
fixed. When n = 1, such four curves look like straight lines; however as n increases, such lines become
more curved when C' decreases (that is when the Hill’s regions get bigger). If even smaller values of
C are considered, the merging of families takes place and bifurcations of new families appear. These
phenomena also happen for bigger values of u. See [18] for details.

Focussing on item (ii) and according to Theorem 1, for C' big enough and n given, there exist values
of 1 small enough such that the existence of four n-EC orbits is proved. However, we want to consider
any value of y € (0,1). So, as explained in Remark 1, we will take a fixed value of p € (0,1) and,
given n, we will compute the value C'(,um) such that for C > C, there appear exactly four n-EC
orbits. So for C' < C we expect a bigger number of EC orbits, that is, bifurcations of EC orbits turn
up. The numerical method to compute C, for a fixed p € (0,1) and given n, is the following: we take
an interval I = [Cy, Cy] of values of C, and for each C € I, (starting at Cp) we vary 0y € [0,7) (that
defines the initial conditions in synodical Levi-Civita variables) and find the four specific values of 8y
corresponding to four n-EC orbits. We say that we have four n-EC orbits for that C. So decreasing
C we obtain four families of n-EC orbits. See Figure 6 top and middle left. However as we decrease
C, we find a value of C € I such that more than four n-EC orbits are found. This means that new
families have bifurcated. Next we refine the value of C' such that it is the frontier before appearing
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Figure 6: Families v, d,, o, and 3, of n-EC orbits for n = 1,2,5 (blue, green and purple colours
respectively) in the plane (6y,C): EC orbits to the big primary (top left) for 1 = 0.1, and to the
small one (middle left) for g = 0.9. The corresponding n-EC orbit in (z,y) variables for C' = 8 (top
and middle right). (Bottom) 3-EC orbits to each primary for y = 0.4 and the same value of C' = 4.5
(together with the Hill’s regions).
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Figure 7: (Top) n-EC orbits to the big primary for 4 = 0.1 in (x,y) coordinates. (Left) n = 15 and
C = 15. (Right) n = 25 and C = 20. (Bottom) Evolution of the 1-EC orbits in (z,y) coordinates,
varying C (the vertical axis).

new families of n-EC orbits. That is precisely the specific values of C. In Figure 9 we show this kind
of computation for p = 0.1. We take the interval I = [CL,,Ch], Cp big enough. The reason to take
C, = Cp, is to guarantee that there is no possible path between P; and P,, due to the topology of
the Hill region, so, roughly speaking, the dynamics in each bounded region around each primary is
the simplest possible. In the figure, the x axis corresponds to 6 € [0,7) and the y one to C. The blue
and red curves correspond to the families n = 2 and n = 3 EC orbits, respectively. We see on the plot
the specific values €'(0.1,2) = 3.72442505 and C(0.1,3) = 3.80644009. Clearly, for C' > C' there exist
four families of n-EC orbits whereas new families of n-EC orbits appear for C' < C.

For the fixed value of ;= 0.1, we have computed the C(0.1,n) value for each value of n varying from
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to

Figure 8: Continuation of families v, d,, o, and B, of n-EC orbits for n = 1,2,5 (blue, green and
purple colours respectively) in 6y and C when varying u € (0,1) (on the vertical axis).

2 to 20. In Figure 10 we can see the evolution of C'(0.1,7n) (on the vertical axis) increasing n from 2
to 20 (on the horizontal one). We observe that the €'(0.1,1) is not on the plot because bifurcations
appear when C' < Cp, in this case. As expected, when n increases, a bigger value of Cis obtained,
that is, bifurcations of EC orbits appear earlier, in the sense that C is bigger. On the contrary, for
smaller values of n, Cis smaller; so we obtain larger ranges for C', meaning that for C' € (C’ ,00) there
exist four and only four families of n-EC orbits. We refer the interested reader to [18] for the details
related to the bifurcation of families of EC orbits.
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Figure 9: y = 0.1, families of n-EC orbits in this range of values of C' (vertical axis), blue curves for
n = 2 and red for n = 3. 6y € [0,7) is on the x axis. The specific values C'(0.1,2) and C(0.1,3) as
frontier of bifurcation families is also shown.
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Figure 10: For ;i = 0.1, value of the frontier value C' (on the y axis) versus n (on the z axis).
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Appendix A Computation of V and V!

This appendix shows the computations needed to obtain V and V1. According to (53) we need to

au ot
compute — 70 8 0, which are expressions that depend on s and the initial values 3. Due to (55)
_ oa° ot L o .
and (56) it suffices to compute 940 and 740 All these derivatives are evaluated on ejection orbits,
U U

i.e. with initial conditions 49 = u) = (0, 0,2v/2 cos fy, 21/2sin ), and they will be denoted with the
subscript e after a vertical bar or a square bracket. These expressions are functions of s, §y and C.

50

ot
8_1?1,8 and
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Computation of V= = (V;;'), 1 <4,j <4.

According to the theorem of Liouville, the determinant of the matrix V'(s) is identically 1 because the
trace of DFy(u®) in (16) is zero.
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Appendix B Computation of u;

In this appendix we use the variable 7 = 2v/C's introduced in Section 6 in order to simplify the
expressions. With this new variable we have from (50)

27 — sin(27)

t(r) = et

(61)

The function Fy = (0,0, Fi3, F14) in (13) is given by
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The second step is to compute X ~'Fy and its integral over [0, 222 7]. The full function F; gives rise
to expressions which are not easy to be integrated. Expanding F} in powers of C

—1/2 up to order
C~11/2 we are able to give an analytic result for C' large enough. Considering the expansions

e cos(t(1)/2) = Z(_UZW

gt 4103 (2i)!

, . (2r —sin(27))¥"!
e sin(+t(7)/2) = ¢Z(_1) 221 C3(2i+1)/2(24 4 1)
i=0

1
— _X'Fm

we obtain the following expressions for /
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Sl B 3v2(2k — D)mcosly  15v2(2k — 1)7 cos (2 cos 6y — 1)
— (X'R), dr =-— : -
0 2/ C 1 4C3/2 407/2

+0(C™?)

XUR dr — 3V2(2k — 1)7wsinfy  15v/2(2k — 1)7sin p(2sin® Oy — 1)
—= ( 1), dr=-— 40372 - 40772

+0(C™9?%)

(2k—1)=
2

_3\/5005 0o n 3v/2msin 0y (2k — 1) n 8v/2 cos 0y (2 cos* Oy — 1)
N C 205/2 C3
164/2 cos 0y (5 cos® By — 6 cos? By + 2)
_ o
V27 sin 0y (2k — 1)(992sin* 6y — 1376 sin? O + 431)
+ 8(C9/2
32v/2 cos 0y (14 cos® g — 30 cos* fy + 20 cos? y — 3)
+ I +

— (X7'F), dr

0(0—11/2)

(2k—1)= 1
2
— (X7'F), dr
0 2O ( Vi

C 205/2 C3
16+/2 sin 8y (5sin® 6y — 6sin? fy + 2)
+
04

 V2mcos 0 (2k — 1)(992 cos” 0y — 1376 cos® by + 431)
8(9/2

N 321/2sin 0y (14sin® 6y — 30sin? Oy + 20sin? fy — 3)
C5

:3\/5811190 3v/2m cos 0 (2k — 1) N 8v/2sin By (2sin? 6y — 1)

4 0(0—11/2)
(62)

The final step is to compute w!(s) from (17). The following formulas are obtained for u!(s?) (actually

only the components u' and v! are required)

(—=1)Fv2cosy  3(—1)Fv/2cos by

1.0y _ _
wlse) =———57% 203/
N 3(=1)*(2k — 1)V2rsiny  3(=1)"(2k — 1)V27sin by
4C2 203
~ (=1)*V2cos o (57*(2k — 1)* 4 128 cos" fy — 64)
16C7/2
(—1)*v/2cos 00(27(2k — 1)%72 4 1920 cos® 6y — 2304 cos? Oy + 768) 6
+ 18072 +0(C™°)
(63)
(D) :(—1)’6 2sinfy  3(=1)*v2sinby
» 2V/C 203/2
_ 3(=1)*(2k — 1)v2m cos by N 3(=1)k(2k — 1)v/27 cos by
402 203
(—1)*\/2sin Oy (572 (2k — 1)% 4 128 sin* fy — 64)
a 1607/2
~ (=1)FV2sin 6y (27(2k — 1) + 1920 sin° 6 — 2304 sin” 6 + 768) Lo

48C9/2
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