Some analytical results about periodic orbits
in the restricted three body problem with

dissipation

Alessandro Margheri*

Fac. Ciéncias da Univ. de Lisboa e Centro de Matemdtica e Aplica¢oes Fundamentais,
Campo Grande, Edificio C6, piso 2, P-1749-016 Lisboa Portugal

e-mail: margheri@ptmat.fc.ul.pt
Rafael Ortegal

Departamento de Matematica Aplicada,
Universidad de Granada, 18071 Granada, Spain

e-mail: rortega@ugr.es
Carlota Rebelo?

Fac. Cliéncias da Univ. Lisboa e Centro de Matemdtica e Aplicagoes Fundamentais,
Campo Grande, Edificio C6, piso 2, P-1749-016 Lisboa Portugal

e-mail: carlota@ptmat.fc.ul.pt

August 22, 2011

Abstract
*Supported by Ac¢ao integrada Luso-Espanhola-2010, Ac¢ao N° E98/10 and by FCT,
Financiamento Base 2010 ISFL-1-209 and project PTDC/MAT/113383/2009
fSupported by Accién Integrada PT2009-0109 and DGI MTM2008-02502, Ministerio
de Educacién y Cultura, Spain.
fSupported by Acgao integrada Luso-Espanhola-2010, Acgao N° E98/10 and by FCT,
Financiamento Base 2010 ISFL-1-209 and project PTDC/MAT /113383/2009




We present some analytical results about the existence of periodic
orbits for the planar restricted three body problem with dissipation
considered recently by Celletti et al. We show that, under fairly gen-
eral conditions on the dissipation term, the circular orbits cannot be
continued to the dissipative framework. Moreover, we give general
conditions for the occurrence or not of an Hopf bifurcation around
the libration points L4 and Ls. Our results are consistent with the
numerical findings of Celletti et al.

Keywords: Restricted Problems, Dissipative Forces, Periodic Orbits,
Fredholm Alternative, Hopf Bifurcation.

1 Introduction

The dynamics of circular planar restricted three body problem in a synodic
frame of reference is determined by the differential equation

1 1l—p—=2
o
w2z T ==

F42iZ—z=—(1—p) - +eD(z, 2, ), (1)
where p € [0,1/2] and z = v+ 1y € C\ {—p,1 — p} and 2 = & + iy.
The parameter € > 0 and the function D are derived from dissipative forces
acting on the small body. The classical setting corresponds to ¢ =0, D = 0.
Recently, the dissipative case has been considered in [2]. In that paper several
choices for D are discussed,

o D(z,z,p)=— (iz + 2+ ozé%) , a € [0, 1] (Stoke’s drag);
1
o D(z,%,pu) =——(iz + 2) (Poynting - Robertson (PR) force)
1
where r1 == |u + z|.

The particular case of the Stoke’s drag which corresponds to @ = 0 is
called the linear drag, and in this case

D(z, 2,pn) = —(iz + 2). (2)

It is interesting to notice that the incorporation of dissipative terms goes
back to the origins of Celestial Mechanics. Already Jacobi considered Ke-
pler’s problem with resistance in his book in Mechanics [4]. He introduced
dissipative forces of the type — f |Z |”*1Z' , where Z = €%z is the coordinate of
the small body in the inertial frame. The linear drag corresponds to n = 1.



The study in [2] is based on numerical computations and covers many
aspects of the dynamics of (1). We will concentrate on the existence of closed
orbits using analytical tools. The simplest closed orbits of (1) for ¢ = 0 are
obtained by local continuation in p of the circular orbits z(t) = pe™t, =0
and p*(w + 1) = 1. Indeed some additional restrictions on the parameter w
are required and we refer to [6] for more details. A first attempt to produce
closed orbits in the dissipative case could be to try to continue the circular
orbits in the parameters p and € simultaneously. We will prove that such a
continuation is not possible, at least if € is not too small compared to p. This
seems to be consistent with the numerical findings of [2], as all the closed
orbits drawn in that paper are far from being circular. The libration points
L; = L;(u) are the equilibria of system (1) for € = 0 and it is well known that
L4 and Lj are elliptic if p < p* = 0.03852... and hyperbolic if 1 > p*, see
[5]. This exchange of stability suggests an alternative method for the search
of closed orbits. First we continue the libration point Ly = Ls(u,€) to the
dissipative case, then by analogy with the conservative case we expect the
existence of p* = p*(e) such that Ly(u, ) is linearly asymptotically stable
if < p*(e) and unstable (hyperbolic) for p > p*(e). In such case we can
look for a Hopf bifurcation and closed orbits when p — p*(e) is positive and
small. In this paper we will show that this program works for the linear drag
and for the Stoke’s drag with small positive values of a. In contrast, for the
PR drag we will prove that the perturbed L4 and L5 are hyperbolic unstable
equilibria for all the values of u, a fact that rules out the possibility of a
Hopf bifurcation around these points. These results about the occurrence or
not of a Hopf bifurcation will follow from two general theorems, which are
stated for general dissipative forces. Incidentally we notice that no closed
orbits for the PR drag are found in [2]. Many questions on the existence or
non-existence of closed orbits for the dissipative problem (1) seem to be open
and interesting.

2 Non continuation of the circular orbits

We consider the equation (1) when ¢ depends on p. In this section € = e(u)
is a function in C1[0,4], & > 0, satisfying

£(0) =0, e(p)>0if u €]0,9].

For 1 = 0 we obtain Kepler’s problem in a synodic frame. This problem has
the circular solutions z(t) = pe™' where w is a real parameter, w # —1,0
and p3(w + 1)? = 1. Let us select one of these circular orbits so that p and
w become fixed numbers. The dissipative term D : @ C C? x [0, 1] — C will
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be a function defined on an open set Q which is open relative to C* x [0, 3]
and contains the circular orbit. More precisely,

1
{(z,w,u)ECQX[O,i]: 2| = p, w=iwz, p=0} C

The notation D = D(z, 2, i) can be misleading because in many cases D will
not be holomorphic in z, 2 and u. Notice that for Stoke’s drag there appear a
term of the type |z|3, while for the P-R force there is a term |u+z|?. Typically
the function D will be real analytic but for our purposes it will be sufficient
to understand D as a function of real variables defined in Q C R? xR?x [0, 5]
and belonging to C''(Q, R?).

We say that the circular orbit admits a smooth continuation if there exists
a function z : R x [0,01] — C, (¢, u) — z(t, ), where 0 < d; < 0, satisfying

(i) For each u € [0,6;], 2(+, ) is a solution of (1) with € = e(u).
(i) There exists a function T = T'(y) in C*[0, 6;] with T'(0) = 2% and such
that
2(t+T(p), p) = 2(t, 1)
(iii) z(t,0) = pe™.
(iv) The function (¢, 1) € R x [0,81] — (2(¢, ), 2(t, ) € C x Cis C.

We will prove the following result:

Theorem 2.1 [n the previous conditions assume that €'(0) > 0 and

27

| /0 " d()e " dt] £ 0,

where d(t) = D(pe™t iwpe™t 0). Then the circular orbit does not admit a
smooth continuation.

Remark. The condition €'(0) > 0 is essential in the previous theorem. For
e = 0 the circular solution admits a smooth continuation if w # —2,0 and
w# 1, k€ Z\{0}. We refer to [6] for more details.

Proof. We will argue by contradiction. Assume that z(¢,u) is a smooth
continuation of pe™! and denote by 7(t) the derivative with respect to the
parameter at p = 0. That is,



From the differential equation (1) and the condition (iv) we deduce that
g—i(t, ) exists and it is continuous. Hence the derivatives in ¢ and p commute.
Differentiating (1) with respect to p and evaluating the result at pu = 0 we
are lead to the linear differential equation

where L is the differential operator

: . 1 3 ity
L[f]:§+21§—(1+2—p3)§—2—p36 §
and »
1 . 1 — pe* 1 3 o
bt:_zwt : _ Y 2wt "0)d(1).
(1) ,026 +|1—p6’“’t|3+2p3+2p36 +£'(0)d(t)

The function b(¢) is periodic with period 2X. Also n(t) has this property but
this is not so obvious. In general the derivative with respect to parameters of
a periodic function is not periodic. This is easily illustrated by the function
F(t, ) = sin(ut). With some work we will prove that 7 is 2Z-periodic. Let us
differentiate with respect to p the identity appearing in (ii). After evaluating
the result at = 0 we obtain

, 2
iwpe T (0) + (t + =) = n(?).
We will prove that 7"(0) = 0. To this end we consider the function

o(t) = n(t) + Ste™’

with § = iw?pT"(0)/27. The number 3 has been adjusted so that ¢ is 22-
periodic. After some computations we find that

L[te™'] = ——te™ 4 2i(w + 1)e™".
P
From the identity SL[te™"] = —b(t) + L[p] we deduce that 3 vanishes, for

otherwise an unbounded function should coincide with a continuous periodic
function. We conclude that 77(0) = 0.

If we follow the steps used in [6] and set o = e
get the system

twt

“Win and v = e~ ) we

0= —iwo +v
U= (1+55)0 + 550 —i(w+2)v + e ().

b}



Taking 0 = 1 + ixo and v = x3 + x4 we obtain the following system in real
coordinates

I"l T
A" +B®)
I3 I3
fji4 T4
where
0 w 1 0
—w 0 0 1
A= 15 2w+12 0 0 w2 | and
0 l—(w+1)?2 —(w+2) 0
F o .
0
1 cos(wt) — p 2 ' —iwt
(ot '
_ —% + (w + 1) sin(wt) + £/(0)Im[d(t)e ™. _

Now we note that this real system admits a periodic solution of period 27 /w
which is obtained by considering n(t) in the new coordinates. It follows from
Fredholm alternative for periodic systems that B(t) must be orthogonal to
the 27 /w periodic solutions of the adjoint system ¢y = —ATy. Here the notion
of orthogonality refers to L?(0, 27 /w). In particular it must be orthogonal to

w4+ 2
0
w - O )
1
which is a constant solution of § = —ATy. Then, the orthogonality condition
may be written as
2w Jw 2w w
/ <mm¢>ﬁ:/‘ Ba(t)dt = 0, (3)
0 0

where By(t) is the fourth component of the vector B(t). The function — =24

[I—pei=t|3
(w + 1)%sin(wt) is odd and so it has zero average. In consequence,

/ e By(t)dt = £'(0) / e Im[d(t)e "] dt
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and we arrive at a contradiction if this integral does not vanish. ]
It is easy to check that the previous theorem is applicable to the dissipa-
tive terms presented in the introduction. For Stoke’s drag

d(t) = —i(p(w + 1) + ?)e“”t

and for P-R force ;
3 Study of the Hopf bifurcation around the

libration point L,

In this section we study the occurrence of the Hopf bifurcation around L,
and Ly for the restricted three body problem with dissipation. Actually, the
computations are similar for the two points, and we focus on L. We will
perform our computations in real coordinates. Accordingly, we start this
section by rewriting in real form the general equations of the restricted three
body problem with dissipation. Denoting by

0 -1
=[1a']
the symplectic matrix in R2, we can write the equations of motion as follows:

2 = w
{w’ = 2Jw+Vo(z,u) —eF(z,w, 1) (Pie)

where

L —p Iz
z=(2,9), w=(u,v) = (2,y), ¢z, ) = +
lwtzl |1 —p—2z|

and the dissipative term D is expressed (up to a sign) in the form

Flew, 1) = < flz,w, 1) )

9(z,w, )

Again ¢ > 0 is a free parameter, V denotes the gradient in z and f,¢g :
(R* x [0,1/2]) \ A — R are two real analytic functions with a singular set
A. We assume that A is compact and with positive distance from the curves
described by the points (L4(p),0, 1) and (Ls(u), 0, ) as p varies in [0, 1/2].



Recall that Ly(p) = (—p + 1/2,v/3/2) and Ls(p) = (—p + 1/2,—/3/2).
In words, the dissipation terms are well defined in a neighbourhood of the
libration points, and this neighbourhood can be chosen to be the same for
all the values of p. This property holds for all the drags considered in [2].
In fact, in the case of the linear drag A is empty, for the Stoke’s drag with
a>01itis

A=A{(z,w,p)|2=0, pel0,1/2]},

and for the PR drag it is

A={(z,w,p)|z=—p, pel01/2]}

Notice that in our general setting we have not considered additional pa-
rameters in the perturbation terms, such as the parameter « of the Stoke’s
drag. The only reason we did this is to keep our notation simpler. In fact,
the general results about the smooth dependence of suitable functions on
the parameter u which we use in our proofs hold for any number of param-
eters (as long as the perturbations depend smoothly on them). The extra
parameter a will appear in Corollary 3.3.

The libration point L(p) is a non-degenerate solution of the equation

Vo(z,u) =0,  pu>0.

Actually a well known computation shows that the Hessian matrix

>

3V3(1 —2)
, _
D*¢(La(p),0) = %3(1—2/0 4 z% 7

and the determinant of this matrix does not vanish if x €]0, 1]. This implies
that for any & €]0, 3[ there exists e, = 1(§) > 0 such that the equation

V(b(Z,,U) - €F<Z>Oaﬂ) = O,

defines a smooth function (u,€) — Ly(p,€) on the set [5,1/2] x [0, &,] which
satisfies Ly(p,0) = Ly(p), p € [6,1/2]. This shows that the libration point Ly
can be continued for small values of e, uniformly with respect to p € [d,1/2]
giving rise to the corresponding perturbed equilibrium (Ly(p, €),0) of system
(P,.c). To justify the previous assertions we first apply the implicit function
theorem at each point (L4(p), ) and € = 0, then a compactness argument
on the interval [d, %] together with the uniqueness of the implicit function
allows to find a common continuation on p € [, 1] and € € [0,e1(6)]. If we
denote the second member of system (P, ) by V(z,w, p1, €) we have that the



Jacobian matrix of ¥ with respect to (z,w) around the perturbed libration
point is given by:

0 P

DV (Ly(,€),0,p,€) = D2p — e F —2J — edyF

where each component indicates a 2 x 2 block and 0; F’ £ Z%, O F = 8§u v%

All the derivatives of ¢ are computed at (Ly(j, ), ;1) and all the derivatives
of f and g are computed at (L4(y,€),0, ). In what follows, to keep our
notation simple, we will sometimes drop the dependence of such derivatives
and of other quantities on (u,e). However, to avoid any confusion, we will
leave explicit such dependence in the first members of the equalities. In
particular

8% 8% 8%

A(H>5) = %7 B(M,€) = axay> C(,u,e) = aTy

To compute the characteristic polynomial P,.(A\) of DV it is convenient
to employ the following observation: given a 4 x 4 matrix defined by two
dimensional blocks
0 I
L &)

the characteristic polynomial is — det(M + AN — )\2_72) In our case P, .(\) =
—det(D%p — e F — N(2J + €05 F) — N21y) = Sy ar(p, ) AP, Where

CM(,[L,E) = 17 a3(:u75) = 6&3(“7 6), a’2(#7 5) =4—-A- O+ O<€)>

ay(p,e) = eay(p,e), ao(p,e) = AC — B* 4 O(e),

and

_ af dg

a3(M7€) . au + = o’
- _ 49 of L 99\ _9F (9% _0f
(€)= v B <3v i 8u) ou 2 (ax 8y) +0(e).

Since we will obtain our results by perturbing from ¢ = 0, it is worth
recalling the behavior of the roots of P, as p varies in the interval |0, 1/2].
See also [5]. When € = 0 we know that

A0 = 2, B0y = 230~ ), )=



so that the eigenvalues of DW(u,0) satisfy the equation

e L V12—
2 2 '

If we denote by p* the smallest root of the equation 1 — 27u(1 — u) =0,
then we have three occurrences:

1) 0 < p < p*; the eigenvalues of DW(u,0) are two pairs of distinct non
zero and conjugate eigenvalues of the form +0;(u)i, Br(pn) > 0, k =
1,2.

2) u=p*; the two pairs above merge, that is 3 (u*) = Bo(u*) = v/2/2.

3) pu* < p<1/2; there are four distinct eigenvalues of the form 4ay,(u) £+
i0k(1), with ag(p) > 0 and Bk(p) >0, k=1,2.

Of course, in case 3) we have two complex conjugate eigenvalues with
positive real part and two complex conjugate eigenvalues with negative real
part. Then, by the continuous dependence of the eigenvalues on parameters
(on which we will be more specific below) if we consider any po > u*, this
configuration of the eigenvalues will persist for any f and g if € is small
enough. As a consequence, to have (or not) an Hopf bifurcation around
the perturbed libration point will depend essentially on the position in the
complex plane of the eigenvalues of DV for p < p*. It turns out that this
position will be determined by some inequalities which involve some first
derivatives of f and g.

In our first result, we will give conditions on these functions which guar-
antee that, for a suitable p; < p* and for all sufficiently small positive e,
the four complex roots of P, . have negative real parts. Actually, these
conditions will imply that there is a unique value u(e) € [u1, pz] of p such
that exactly two complex conjugate eigenvalues of DV cross the imaginary
axis transversally. As a consequence, a Hopf bifurcation occurs around the
perturbed libration point. This result applies to the linear drag.

In the second result our assumptions on f and g will rule out the possi-
bility of a crossing of the imaginary axis by the eigenvalues for small ¢, so
that a pair of complex conjugate eigenvalues will always have negative real
part and a pair of complex conjugate eigenvalues will always have positive
real part. In this case, for any small € no Hopf bifurcation occurs around the
libration point, that will always be unstable. This second result applies to
the PR drag.
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One of the tools we will use in the proof of our first result is the Routh-
Hurwitz criterion (see [3]), which gives some necessary and sufficient con-
ditions for all the roots of a polynomial to have negative real parts. This
criterion involves some quantities which we introduce below before stating
our result.

The quantities we need are the following:

Hs(p,€) = asazay — aga’ — a2ag = e*Hy(p, €),

where .
Hj(u, €) == dzasd;, — aj — asao,
and .
HQ([L,S) = a3a9 — aqa1 = EHQ(,M, 6),
where

ﬁQ(u,e) = dgag — (Nll.
Now we can state our first result.

Theorem 3.1 Assume that there exist py € [0, *[ and pe €]p*,1/2] such
that the next inequalities hold:

i) Hs(pq,0) > 0;

aﬁ[i’)(:u’ O)
op
Then, there exists 0 < e* < € such that for any ¢ €]0,€*] there is a unique

w(e) €lur, pa| such that a Hopf bifurcation occurs around Ly(u(e), ).

i) as(p,0) >0, <0,  Vu€ [m,psl.

The notion of Hopf bifurcation is understood in the sense of [1]. More pre-
cisely, we get that for any ¢ €]0,¢*] there is a unique u(e) €]y, 2| such
that the following holds: there exists a neighborhood J. of s = 0", functions
w(s), pu(s) € CH(J.) and a family of non-constant periodic solutions (z, wy)
of system (P,.) such that:

1) w(s) — ImAg(p(e),e) as s — 07, where A\a(u(e),e) # 0 is a suitable
eigenvalue of DW on the imaginary axis (see also Lemma 3.2 below);
ii) (zs,ws) has period Ty = %;

iii) the amplitude of the orbits tends to zero as s — 0.

11



To prepare the proof we need some properties on the behavior of roots
for certain polynomials of degree 4 of the type

g 1) = X+ am (A"

m=0

with a,, € C*[u1, p12], 0 < m < 3. The polynomial ¢ satisfies the property of
transversal crossing if, given any root (A, i) with ReA = 0, then A is simple
and

d
@RQMM) ‘H:ﬂ> 0,
where A = A(z) is the C* branch of roots satisfying A(71) = A.
The dependence of roots with respect to parameters is not always smooth.
However, for simple roots the implicit function theorem guarantees the exis-
tence of a smooth branch passing through the given root. This observation

has been used in the previous definition.

Lemma 3.2 In the previous notations assume that the roots of q can be
labelled as Ny = Me(p), 1 < k < 4, with

ReAi(p) < Reda(pn),  As(p) = Ailp), Aap) = Ao(p). (4)

In addition the property of transversal crossing holds and

ReA1(p1) < ReXa(pg) <0, ReAi(pz) <0 < Redg(pz). (5)

Then there exists a unique i €|uy, ua| such that q(\, i) has roots on the
imaginary axis. More precisely,

ReAi(p) <0 for each p € [u1, po] and (pu— i)Reda(p) > 0df p # fu.

Proof. Define the sets Ny = {p € [p1, 2] : Redi(p) > 0}, Ny = {u €
[, p2] = Redu(u) < 0 < Redg(u)} and No = {p € [p1, p2] o Redo(p) <
0}. These sets are open relative to [uy, pe], as can be shown using degree
theory because roots of complex polynomials have always positive Brouwer
index. Since Ny, N1 and N, are pairwise disjoint and p; € No, s € Ny, the
complement C' = [y, uo] \ (No U Ny U Ny) must be non-empty. For every
number [ in C, the polynomial ¢(\, i) has roots on the imaginary axis. To
prove the uniqueness of i we notice that the property of transversal crossing
has strong consequences on the structure of C. Indeed every point i in C
has to be isolated and, for some small § > 0, one of the alternatives below
holds,
() [i—6,AlC Noy Jiisjit 0] C Ny

12



(i) [fi— 0, ilC Na, )it ji+ 6] € No

(iii) [ — 6, p[C N, Jf, ju+ 6] € No.
In consequence C' has at most two points. From the configuration p; € Ny,
p2 € Ny we deduce that C' is a singleton and (i) holds. This also implies
that [u1, #[C Ny and |fi, 2] € Np. Finally we observe that ReA; (i) < 0, for

otherwise ReA;(f1) = ReAs(ft) = 0 and the transversal crossing would imply
that we are in case (ii). n

+0
+90

Proof of theorem 3.1. We will show that the polynomial P,.()) is in the
conditions of the previous lemma for small € > 0. Then theorem 2.6 in [1]
implies that there is a Hopf bifurcation. The set of roots of the polynomial
P, .(X\) depends continuously on parameters. This is a well known property
of polynomials depending on parameters and having a constant leading co-
efficient. For ¢ = 0 we know that the roots of P, () are complex conjugate
and so this property also holds for small ¢ and arbitrary p € [0, 1]. From
now on we assume that ¢ is sufficiently small so that the roots of P, (\)
are \;i(p,e), 1 < i < 4, with Im\;(u,e) > 0, ¢ = 1,2, and such that (4)
holds. Since us > p* we know that ReA;(u2,0) < 0 < ReXa(ug,0) and this
implies that the inequality for u = po in (5) holds if ¢ is small. The in-
equality for g = p; is more delicate since ReA;(u1,0) = ReXa(pq,0) = 0.
Since ay(p,e) = 1, for any p € [6,1/2], by the Routh-Hurwitz criterion the
characteristic polynomial P, . has four roots with negative real parts for a
fixed € €]0,¢*] if and only if the following conditions hold:

a) ag(p1,e) >0, k=0,---,3;
b) H/C(th) > 07 k= 273

In order to prove that a) and b) hold for any sufficiently small and positive
e, we start by noticing that

27u(1 —
as(p,0) =1>0, and ao(u,O)zy>0, for any p € [9,1/2].

Moreover, by i) and the first inequality of i) we have

a1(p1,0) (al(ulao)f 2T — )

> 0,

az(fi1,0) az (1, 0) 4

so that 0 < % < 1. We conclude that a;(p1,0) > 0 and ﬁg(ul,O) =

C~L3(,ul, 0) — dl(,ul, 0) > 0.
By the continuous dependence of the coefficients of P, . on the parame-
ters, we conclude that there exists ¢* = £*(u1, u2) < €1 such that a) and b)

13



hold for any e €]0,e*| and the roots of P,, . have four complex roots with
negative real parts.

Finally we check the condition of transversal crossing. For this aim we
start by observing that, choosing if necessary a smaller £*, we may assume
that .

OH, 3(:“7 5)
op
Assume that /i is such that Re);(f,€) = 0 for some j = 1,2. Let us denote
by k the other index in the set {1,2}. Then, by the first inequality of (6) we

have

C~L3(M,5) > 07 < 07 V,LL S [:ula M?] X [Ov 5*]' (6)

4
2ReAi(fi,e) = Y Ni(fi,€) = traceDW (i, e) = —cds(i,e) <0,  (7)

1

so that A;(/1, €) is simple. Indeed the four roots must be simple and we denote

by Ai(u, €) the associated smooth branch with i = 1,2, 3,4. Let us check that

aRe/\j(,&, 6)
o

Orlando’s Formula ([3], page 25), which in our case takes the following form:

= (0. To show that this last condition holds, we will make use of

Hy(p, ) = 4Rei (i, €) -Reda(p, €) - [ M (1, €) + Ao g, €) 2 [ M (1, €) + Ma(p, ) 2.

(8)
Then, by differentiating with respect to p both sides of equation (8) and
using the second inequality of (6) we get:

8H3(/]’7 é\) o Eaﬁ3(ﬁ’7 8)

ou O
OReX;: (1, e E. .
— 49BN l0:0) (“as(u, 6)> AL+ Xoffaey A1+ Al (e < 0 (9)
o 2
and we conclude that OReA (i ¢)
EAG (U, €
R 5. 10
o (10)
Our proof is concluded. u

As an immediate consequence of Theorem 3.1 we have the following:

Corollary 3.3 If F(z,w,u) = Jz+w (linear drag) then for any sufficiently
small positive € there exists a unique value p(e) €]0,1/2] such that a Hopf
bifurcation occurs around (Ly(p(e),¢),0,0). An analogous conclusion holds
for the Stoke’s drag for o sufficiently small.

14



Proof.
In the linear drag case it is :

8]:13(M7 0)

= 27(—1 + 241)

d3(,u, 0) - 27 -E[?)(:ua 0) =1- 27“(1 - :U’)u
and the assumptions of Theorem 3.1 are satisfied by choosing any p; € [9, p*[
and any po €|p*, 1/2[.

Notice now that the Stoke’s drag depends linearly on «, so that the
corresponding functions as Hs and aa—ff’ will depend in a smooth (actually
real analytic) way on (p, «, €). This implies that, if a is small, these functions
still satisfy the assumptions of Theorem 3.1, and our claim follows.

|
To deal with the PR drag we will need the following general result:

Theorem 3.4 Assume that there exists py € [0, u*[ and pe €|u*,1/2] for
which the following inequalities hold:

az(p,0) >0, and ay(p,0) <0, Vu € [u,pmal. (11)
Then, there exists €* > 0 such that
Reli(p,€) - Reda(p,e) <0, Y(u,e) € [p1, 12]x]0,£%], (12)
where A, Ao and their conjugates are the eigenvalues of DW.
Proof. Choose €* such that the following inequalities hold:

as(p,e) >0, and ai(p,e) <0, forany (u,e) € [u1, u2] x [0,€"].
(13)
Our claim follows now immediately by considering the sign conditions we
get from (13) together with the relationships of a3 and a; with the roots of
the characteristic polynomial, namely:

0 < az = eaz = —2(ReA; + Relq)

and
0>a =¢ca; = —QRG)\1|)\2|2 — 2ReA2|)\1|2

for any (/L,c?) € [#17#’2} X [075*]‘
In fact, these last inequalities imply that no eigenvalue of DU can have
zero real part and that A\; and Ay have real part with opposite sign.
]
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Corollary 3.5 In the case of the PR force if € is sufficiently small, then for
any p € [0,1/2] the libration point is always unstable and no Hopf bifurcation
occurs around it.

Proof. In the case of the PR dissipation it is

d3(lu’ O) =2, 5’1(#7 0) = =3+ 2y,

and the assumptions of the last theorem are fulfilled with 1 = 0 and py =

1/2.
|
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