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PERIODIC ORBITS OF HAMILTONIAN SYSTEMS:
APPLICATIONS TO PERTURBED KEPLER PROBLEMS

JUAN L.G. GUIRAO!, JAUME LLIBRE? AND JUAN A. VERA?

ABSTRACT. We provide for a class of Hamiltonian systems in the action—
angle variables sufficient conditions for showing the existence of periodic
orbits. We expand this result to the study of the existence of periodic orbits
of perturbed spatial Keplerian Hamiltonians with axial symmetry. Finally,
we apply these general results for finding periodic orbits of the Matese—
Whitman Hamiltonian, of the spatial anisotropic Hamiltonian and of the
spatial generalized van der Waals Hamiltonian.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

We consider the following class of Hamiltonians in the action—angle variables
(1) ’H(Il, vy Iy, 01,4 ..., Gn) = 7‘[0(]1) + EHl(Il, eIy, 01, ., Gn),
where € is a small parameter.

As usual the Poisson bracket of the functions f(Iy,...,Iy,01,...,0,) and
g(ll’ "'7Ina61’ 7971) is

N~ (9f 89 9f 8y
{/.91 = z} (aei oL, 9L, 00; )
The next result provides sufficient conditions for computing periodic orbits

of the Hamiltonian system associated to the Hamiltonian (1).
Theorem 1. We define

2w
1
(H1) = 2/7—[1([1,...,In,Ql,...,Gn)del,
T
0

and we consider the differential system
dl; . {L, (H1)}

o O H O )
ag; {0;, (H1)}

— e VLN o (D Iny 02y ey 0) =2,
by H(Hy (k) finallz ? )

:5fi71(127"'7In7027"'79n) 7::2,...,%,
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restricted to the energy level H = h* with h* € R. The value h* is such
that the function ’Hal in a neighborhood of h* is a diffeomorphism. System
(2) is a Hamiltonian system with Hamiltonian € (H1). If € # 0 is sufficiently
small then for every equilibrium point p = (I19,..., 19,09, ...,0%) of system (2)
satisfying that

det a(fl)"')f2n—2) #07
8([27...7In,027...,6n) (127”.7171’927”.79"):(10 19“90 gTOL)

29000 29y

there exists a 2m—periodic solution v:(01) = (I1(61,¢), ..., In(61,¢), 02(61,¢), ...,
0,(61,¢)) of the Hamiltonian system associated to the Hamiltonian (1) taking
as independent variable the angle 61 such that 7= (0) — (Hg ' (h*), 13, ..., 12, 63,
.., 09) when ¢ — 0. The stability or instability of the periodic solution . (6)
is given by the stability or instability of the equilibrium point p of system (2).
In fact, the equilibrium point p has the stability behavior of the Poincaré map
associated to the periodic solution ~v-(61).

Now we clarify some of the notations used in the statement of Theorem 1.
We have that the function Hg is only function of the variable Iy, i.e. Hg :
J — R where J is an open subset of R (the domain of definition of Hy), and
consequently Ho(I1) € R. Therefore H{, means derivative with respect to the
variable Ij.

The differential system (2) is defined on the energy level H(I1, ..., I,, 01, ..., 6;,)
= h* with A* € R, and we assume that the value A* is such that the function
Hy Lin a neighborhood of h* is a diffeomorphism. Therefore the expression
Hiy(Ho ' (h*)) is well defined.

On the other hand, every periodic solution of a differential system has de-
fined in its neighborhood a return map F' usually called the Poincaré map.
The periodic solution provides a fixed point of the map F. The stability or
instability of this fixed point for the map F' is what we call the stability behav-
ior of the Poincaré map associated to the periodic solution in the statement of
Theorem 1. For more details on the Poincaré map see for instance [15].

Theorem 1 will be proved in section 2.

The next objective of the present work is to study the periodic orbits of the
Hamiltonian system with the perturbed Keplerian Hamiltonian of the form

+eP1(QF + Q3. Qs3).

1 1

3) H=-(PP+Pj+Pf)—

(3) 9 ( 1 2 3) \/m
Note that the perturbation is symmetric with respect to the Qs3—axis. It is easy
to check that the third component K = Q1 P>— Q2P of the angular momentum
is a first integral of the Hamiltonian system associated to the Hamiltonian (3).
We use this second first integral to simplify the analysis of the given axially
symmetric Keplerian perturbed system.

In the following we use the Delaunay variables for studying easily the peri-
odic orbits of the Hamiltonian system associated to the Hamiltonian (3), see
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[4, 13| for more details on the Delaunay variables. Thus, in Delaunay variables
the Hamiltonian (3) has the form

() H= s+ ePg.k LGK) = — 1 +<P(lg. L.C.K),

where [ is the mean anomaly, g is the argument of the perigee of the unper-
turbed elliptic orbit measured in the invariant plane, k is the longitude of
the node, L is the square root of the semi-major axis of the unperturbed el-
liptic orbit, G is the modulus of the total angular momentum and K is the
third component of the angular momentum. Moreover, P is the perturbation
obtained from the perturbation P; using the transformation to Delaunay vari-
ables, namely

Q1 =1 (cos(f + g)cosk — csin(f + g)sink),
(5) Q2 = 1 (cos(f + g)sink + csin(f + g) cos k),
Q3 =rssin(f + g),
with
K 2
= —, $2=1- £
G G?
The true anomaly f and the eccentric anomaly E are auxiliary quantities
defined by the relations

G
\/1—6225, r=a(l —ecosE), l=FE—esinFE.

) av1—e?sin B a(cos E — e)
sin f = ———, cosf = ——-,
r r

where e is the eccentricity of the unperturbed elliptic orbit.
Note that the angular variable k is a cyclic variable for the Hamiltonian

(4), and consenquently K is a first integral of the Hamiltonian system as we
already knew.

The family of Hamiltonians (4) is a particular subclass of the Hamiltonians
(1) with H; = P. We denote by (P) the averaged map of P with respect to
the mean anomaly [, i.e.,

2 2
(P) = ;/P(l,g,L,G, K)dl = ;/P(E—esinE,g,L,G, K)(1—e cos E)dE.
™ v
0 0

We remark that the map (P) only depends on the angle g and the three
action variables L, G, K. We claim that H)(Hy ' (h*)) = (—2h*)%/2. Indeed
Ho(L) = —1/(2L%) = h*, so Hy ' (h*) = (—2h*)'/2. Since H)(L) = 1/L>, the
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claim follows. We also have from the definition of Poisson parenthesis that

(@) = —pa it = 24P

0G dg dg ’
o.(Py = 2OEL 20,

Then, by Theorem 1 at the energy level H = h* with h* < 0 (because Ho(L) =
—1/(2L?)) and with angular momentum K = k*, the differential system (2)
with respect to the mean anomaly [ is

WG GPY 0P
T VAT T R N 0

(6) dﬁ —5ﬂ :E(—Qh*)3/288<z;> :5f2(g7GaK)7

= _5fl(gaGa K)v

)
T R
= — /{ afl >} 28(—2h*)3/2 < >
di Ho(Ho (7)) 0K

Note that we do not write the differential equation dK/dt = 0 because we are

working in the invariant set H = h* and K = k*.

=¢ef3(9,G, K).

Now we are ready to state a corollary of Theorem 1 which provides sufficient
conditions for the existence and the kind of stability of the periodic orbits in
the perturbed Kepler problems with axial symmetry.

Corollary 2. System (6) is the Hamiltonian system taking as independent
variable the mean anomaly 1 of the Hamiltonian (3) written in Delaunay vari-
ables on the fized energy level H = h* < 0 and on the fized third component of
the angular momentum K = k*. If € # 0 is sufficiently small then for every
solution p = (go, Go, k*) of the system f;(g,G,K) =0 fori=1,2,3 satisfying

that
)+
(g7G7K):(907G07k*)

a(fh f27 f3)
(7) det ( 29.G.K)
and all ky € [0,27) there exists a 2m—periodic solution v-(1) = (g(l,¢),k(l,¢),
L(l,e),G(l,e),K(l,e) = k*) such that v-(0) — (go, ko, V—2h*, Go, k*) when
e — 0. The stability or instability of the periodic solution () is given by
the stability or instability of the equilibrium point p of system (6). In fact, the
equilibrium point p has the stability behavior of the Poincaré map associated to
the periodic solution ~y:(1).

We remark that the fact that we have a periodic solution for every kg €
[0,27) with the same initial conditions for all the other variables, means that
we really have a 2—dimensional torus foliated by periodic solutions.

There are many articles studying the periodic orbits of different perturbed
Keplerian problems, see for instance [8, 9, 16] and the papers quoted therein.
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In what follows we shall study three Hamiltonian systems with Hamiltonian
of the form (4). The first one will be the Matese-Whitman Hamiltonian system
modeling the galactic tidal interaction with the Oort comet cloud. The second
one is the spatial anisotropic Kepler problem which analyzes the isotropy of the
space. Finally, we consider the spatial generalized van der Waals Hamiltonian
system modeling the dynamical symmetries of the perturbed hydrogen atom.

The Hamiltonian system associated to the Hamiltonian
1 2
+ Q3
V@I +Q3+ Q3

was proposed in the seminal papers of Matese and Whitman [11, 12] for study-
ing the dynamics of the Oort cloud [14], see also [10]. In fact it is a simple
dynamical system which consider the heliocentric Kepler problem perturbed
by the quadratic tidal potential of the Galaxy. Note that the Hamiltonian (8)
is a particular case of the Hamiltonian (3).

1
(8) H:§(P12+P22+P32)—

We have the following result on the periodic orbits and their kind of stability
for the Hamiltonian system associated to the Hamiltonian (8).

Theorem 3. On every energy level H = h* < 0 and for the third component
of the angular momentum K = k* = 0, the Matese—Whitman Hamiltonian
system associated to the Hamiltonian (8) for e # 0 sufficiently small has two
2m—periodic solution v=(1) = (g(l,¢),k(l,€)), L(l,€),G(l,¢), K(l,€)) such that

=(0) — (il <3> k ! Lo

—arccos | — |, ko, , ,
E 2 5) "0 Vo a2k
for each ko € [0,27). These periodic orbits have a stable manifold of dimension
2 and an unstable of dimension 1, and consequently are unstable.

) when £ — 0,

As we have mention after the statement of Corollary 2 the fact that we have a
periodic orbit for each ko € [0, 27) means that we have two 2—dimensional torus
foliated by periodic solutions for each value of gg = :t% arccos (%) Putting
together the invariant manifolds of each of these periodic orbits, we obtain
that these 2-dimensional tori have a stable manifold of dimension 3 and an

unstable of dimension 2.
Theorem 3 is proved in section 3.

We note that the values £26.6... = = arccos(3/5)/2 also appear in the paper
[11], being there a boundary for the argument of the perigee of the periodic
orbits of the Hamiltonian system with Hamiltonian (8).

Now we shall analyze the so called anisotropic spatial Kepler problem given
by the Hamiltonian

1
V@2 +Q3) + Q3

where p is a positive real parameter. This problem originally comes from the
quantum mechanic, see for instance |7, 2, 3].

1
o) M=t (PR PR )
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We want to study its periodic orbits for values of the parameter p close to
1. Therefore define € = 1 — p, expanding in Taylor series in € we obtain

1 1 2 2
H= (PP +P+P) - s —¢ QI+ 3/2+O(52).
2 V@I + Q3+ Q3 2(Q%+Q%+Q§)

Note that this Hamiltonian is of the form (3).

Theorem 4. On every energy level H = h* < 0 and for the third component of
the angular momentum K = k* = 0, the spatial anisotropic Kepler Hamilton-
ian system associated to the Hamiltonian (9) for e # 0 sufficiently small has
two 2w —periodic solution v=(1) = (g(l,¢),k(l,€)), L(l,€),G(l,¢), K(l,€)) such
that

1 T 1 1
0) = [ £—, ko, ,
7= (0) < 40 o =2

for each ko € [0,27). These periodic orbits have a stable manifold of dimension
2 and an unstable of dimension 1, and consequently are unstable.

,O> when € — 0,

Theorem 4 is proved in section 4.

The generalized van der Waals Hamiltonian system was proposed in the
paper [1] via the following Hamiltonian with 8 € R

1
+
VO + Q3+ Q3
Note that this Hamiltonian is of the form (3). For more references on this
Hamiltonian system see the ones quoted in [6].

(10) H_—(P1 + P} +P§) -

e (QF + Q3+ 8°Q3) .

Theorem 5. On every energy level H = h* < 0 and for the third component of
the angular momentum K = k*, the spatial van der Waals Hamiltonian system
associated to the Hamiltonian (10) for € # 0 sufficiently small has:
(a) For K = k* = 0 two 27 —periodic solution v (1) = (g(l, ), k(l,€)), L(l,€),
G(l,e),K(l,e)) such that

1 382 +1 1 1
%i(l)(O) — (:l:2 arccos <5E§2 i_ 1;) L ko, T m,O) when e — 0,
for each ko € [0,27) if B € (—o0,—2) U (—1/2,1/2) U (2,00). These
periodic orbits have a stable manifold of dimension 2 and an unstable
of dimension 1 if B € (=1/2,1/2), and have a stable manifold of di-
mension 1 and an unstable of dimension 2 if f € (—o0,—2) U (2, 00).
Consequently these periodic orbits are unstable.
(b) For K = k* # 0 four 2r—periodic solutions v==(1) = (g(1,¢), k(l,¢)),
L(l,e),G(l,e),K(l,¢)) such that

/ 5(1 — 42%)

+,+

’ — :I: Lk h —
7= (0) 05 %_2]1* 2h*’ —2h* o= 5 when e — 0,

for each ko € [0,2m) if B € (—1,—1/2) U (1/2,1).
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Theorem 5 is proved in section 5.

The result of statement (a) of Theorem 5 was already obtained using cylin-
drical coordinates in [6].

The stability or instability of the four periodic orbits of statement (b) of
Theorem 5 can be determined analyzing the eigenvalues of the corresponding
Jacobian matrices, but since the expression of these eigenvalues are huge and
depend on the two parameters h* and 3, this study is a long task that we do
not do here.

We remark that when (5% —1)(5%2—4)(5%2—1/4) = 0, i.e. for the values that
the averaging theory for finding periodic orbits do not provide any information,
it is known that for those values of S the van der Waals Hamiltonian system is
integrable, see [5]. Therefore, the averaging method when cannot be applied
for finding periodic orbits provides a suspicion that for such values of the
parameter the system could be integrable.

Remark 6. The periodic orbits which persist for € # 0 sufficiently small in
Theorems 3, 4 and 5(a) bifurcate from elliptic periodic orbits of the unperturbed
Kepler problem contained in the plane defined by the orbit of the two bodies of
the Kepler problem. The periodic orbits of Theorem 5(b) bifurcate from elliptic
periodic orbits of the unperturbed Kepler problem not contained in the plane
defined by the orbit of the two bodies of the Kepler problem

Remark 6 is proved inside the proofs of Theorems 3, 4 and 5.

2. AVERAGED HAMILTONIAN IN ACTION—ANGLE VARIABLES

The Hamiltonian system associated to the Hamiltonian (1) can be written
as

dIi o . 67'[1 .
E - 5{1“7-[1} = —€ 891 ? ]-a , 1,
dez . o 87‘[1 .

(11) dt _5{0177{1}_5 8[@ 2—2,...,’/1,
do p , OH
dtl = HO(II) + 6{9177{1} = Ho(Il) + 687[11.

Lemma 7. Taking as new independent variable the variable 01 we have in the
fized energy level H = h* < 0 that the differential system (11) becomes

al; {I;, H1} 2
e MR 562) oo
b, ~ Sy TOE ) "
(12) do; {0, Hi}

a6y~ Y (Hy (k)

with Ty = Hy ' (h*) + O(e) if Ho(Hg ' (h*)) # 0.
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Proof. Taking as new independent variable 0, the equations (11) become

dl; e{l;, H1} {I;, H1} 2

= — =e— +O(e 1=1,..,n,
df 'HO(Il) +e{b1,H1} H()(Il) (%)
dbi et0i M} —s{ei’Hl} +0(?) i=2,..,n.

Aoy~ Hy(L) +e{b, Hi}  Hy(lh)

Fixing the energy level of H = h* < 0 we obtain h* = Ho(I1)+eH1 (11, ..., I, 01,
...,0,). Using the Implicit Function Theorem and the fact that Ho(Hg *(h*)) #
0, for ¢ sufficiently small, we get I; = Hy ' (h*) + O(e), and the equations are
reduced to (12). O

Proof of Theorem 1. The averaged system in the angle §; obtained from (12)
is

2
dIZ 1 9 87‘[1

- Ao, i=2,...n,
a2y () e b

(13) 21
o, _ 1 _ {67} (oM
ah 2 Hy (Hg (1)) O,

ddy i=2,..,n.

See the Appendix for a short introduction to the averaging theory used in this
paper.
Since,
o (H Tonu
1
(H1) _ Ldo, i=2,..,n,

a0, o | 06;
0

2m
d(Hi) 1 [0ty o
8Ii = o 8], d@l 1= 2,...,77,,
0

the differential system (13) becomes

a, e Oy __ (M)} .,
db; £ 0 (Hi) . {6, (H1)} .

oy~ Hy(Hy (b)) Ol Ho(Ho ' (h))

which coincides with the system (2).

Once we have obtained the averaged system (2) it is immediate to check that
it satisfies the assumptions of Theorem 8 of the Appendix, then applying the
conclusions of Theorem 8 to our averaged system (2) the rest of the statement
of Theorem 1 follows immediately. O
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3. THE MATESE-WHITMAN PROBLEM
For the Matese-Whitman Hamiltonian the function P(E, g, L, G, K) given
in (4) is
(G% — K?)(ecos E —1)2L*  L*G? — K?)(e — cos E)? cos? g

2G? 2G?
LY (G? — K?%)(e — cos E)?sin’ g
" 262
2L3(G? — K?)(e — cos F) cos gsin Esin g
G

1 1
+§L2(G2 — K?%)cos? gsin? £ — §L2(G2 — K?)sin? E'sin? g.

Its averaged function (P) with respect the mean anomaly [ is

27
(P) = ;/P(E,g,L,G, K)(1—ecosE)dE
s
0
L*(G? — K?) (5L — 3G + 5(G? — L?) cos(29))

4G?
The equations (6) for our system are the averaged equations of the Hamiltonian
system with Hamiltonian (8)

dG  5(1+42h*G*)(G? — K?)sin(2g)

o _ - K

dl € QWGQ €f1<g7G7 )7

d 6G*h* +5K2 — 5 (2G*h* + K?) cos(2

T - ( ) cos(29) = e f2(9, G, K),
dl 2v/—2h*G3

dk  K(5(1+ 2h*G?)cos(2g) — 5 — 6h*G?)

E_E 2\/711*02 _ng(Q)GrK)a

here L = 1/+/—2h* 4+ O(e), see for more details the proof of Theorem 1. The
equilibrium solutions (go, Go, k*) of this averaged system satisfying (7) give
rise to periodic orbits of the Hamiltonian system with Hamiltonian (8) for
each H = h* < 0 and K = k*, see Theorem 8. There are only two of such
equilibria, namely

1 3 1
Go, k%) = | £= -], ——,0]).
(g07 05 ) < 2arccos <5> ) mv )

The Jacobian (7) at these equilibra is equal to 16/ —2h* # 0. So each one
of these equilibria provides for each value of k£ € [0,27) one periodic orbit
of the Hamiltonian system with Hamiltonian (8) for each H = h* < 0 and
K=Fk*=0.

Since the third component of the angular momentum K of these periodic
orbits is zero, these periodic orbits bifurcate from elliptic periodic orbits (note
that the argument of the perigee gg # 0) of the Kepler problem contained in
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the plane of motion of the two bodies defining the Kepler problem. Moreover,
since the eigenvalues of the matrix

14 (a<f1, f2, f3)

8(97 G7 K) (g,G7K)(907G07k*))

at these equilibria are £4 and —+/—2h*, these periodic orbits have a stable
manifold of dimension 2 and an unstable of dimension 1. This completes the
proof of Theorem 3.

4. THE ANISOTROPIC KEPLER PROBLEM
For the anisotropic Kepler problem the function P(FE, g, h, G, K) is equal to
(G2 — K?)sin? Ecos’g  (G? — K?)(e — cos E)%cos? g

4L*(ecos E —1)3 4G?L?(ecos E —1)3
(G? — K%)(e — cos E)sin Esingcosg ~ (G? — K?)sin? Esin?g
GL3(ecos E —1)3 4L%(ecos E —1)3
_(G2—K2)(6—COSE)2811129 G? + K*?
4G?L2(ecos E —1)3 4G?L?(ecos E — 1)

Its averaged function with respect to the mean anomaly is
2
1
(P) = o /P(E,g, h,G,K)(1 —ecos E)dE
w
0

(G2+ K?) (G+ L) — (G* — K*)(G — L) cos(2g9)
4G2L2(G + L)

The equations (6) are the averaged equations of the Hamiltonian system
with Hamiltonian (9)

dG — 4(1 = GV=2h*)(=h*)"*(G* = K?)sin(2g)
dl =€ ﬂGQ(l_'_G\/Th*) - Efl(vavK)v
dg A B

E _€G3(1+G\/Th*)2 _EfQ(g7G7K)’

dk  2(h*)*K(20*G — V=2h* + (v/=2h" + 2h*G) cos(2g))
T G2(1+ Gy/—2h)

where

= 8f3(gv GvK)a

A= 4(=h*)>%((-1 — 2GV/=2h* + 2G*h*)K*)+
(=G3V=2h* + K? + GV=2h*K? + 2h*G*K?) cos(2g)),
here L = 1/v/—2h* 4+ O(e). The equilibrium solutions (go, Go, k*) of this

averaged system satisfying (7) give rise to periodic orbits of the Hamiltonian
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system with Hamiltonian (9) for each # = h* < 0 and K = k*, see Theorem
8. There are two of such equilibria, namely

N m 1
(90, Go, k) <:|:4, W,O) .

The Jacobian (7) at these equilibra is equal to 16v/2(—h*)'/2 # 0. So each
of these equilibria provide one periodic orbit for each value of k € [0, 27) of the
Hamiltonian system with Hamiltonian (9) for each H = h* < 0 and K = k* =
0. Since the third component of the angular momentum is zero, these periodic
orbits bifurcate from elliptic orbits (go # 0) of the Kepler problem contained in
the plane of motion of the two bodies. Moreover, since the eigenvalues of the
matrix (14) at these equilibra are +2(h*)® and —4v/2(—h*)7/2, these periodic
orbits have a stable manifold of dimension 2 and an unstable of dimension 1.
This completes the proof of Theorem 4.

5. THE GENERALIZED VAN DER WAALS HAMILTONIAN

For the generalized van der Waals Hamiltonian system the function P(E, g, h, G, K)
is equal to

(B*°G? + G* + K* — K*8%) (ecos E — 1)2L*

2G?

LY(G? — K?)(B% — 1)(e — cos E)? cos? 9.

2G?
LAG? — K%)(B% —1)(e — cos E)?sin? g

2G?
_2L3(G2 — K%)(B? —1)(e — cos E) cos gsin Esing

G

—i—%LQ(G2 — K?)(B? —1)cos? gsin’ E
—%LZ(G2 — K?)(B? —1)sin? Esin? g

Its averaged function with respect to the mean anomaly is

27
1 B
(P) = 27T/P(E,g,h, G,K)(1 —ecosE)dE = Perk
0

where B = L?(5(G* — K?)(G* — L*)(8? — 1) cos(2g) — (3G* —5L%)(G* + K* +
(G* = K?)5%)).
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The equations (6) are the averaged equations of the Hamiltonian system
with Hamiltonian (10)

dG _ 5(1+2h"G*)(G” — K*)(5* — 1)sin(2g)
d 2G2\/—2h*
dg C

B — K

dl €2G3\/Th* 5f2(g) G7 )a

dk  K(B*—1)(=5— 6h*G” + 5(1 + 2h*G?) cos(2g))

where C' = 5K2%(82 — 1)+ 6h*G*(5% +1) —5(2h*G* + K?)(5% — 1) cos(2g) here
L =1/v/—=2h* + O(g). The equilibrium solutions (go, Go, k*) of this averaged
system satisfying (7) give rise to periodic orbits of the Hamiltonian system
with Hamiltonian (10) for each H = h* < 0 and K = k*, see Theorem 8.
These equilibria (go, Go, k*) are

= —¢fi(y, G, K),

il 3(B%+1) 1 s 1 1—452
( 23“("05(5(52—1))’\/_2;1* ) £33 2h*’ “oh*(1

The first two equilibria exist if 3(4% 4+ 1)/(5(8% — 1)) € [~1,1], i.e. if B €
(—o0, —2] U [-1/2,1/2] U [2,0).

The Jacobian (7) of the first equilibrium is equal to J = 16y/—2h*(8? —
1)(8% — 4)(B% — 1/4). So each of these equilibria when 8 € (—o00,—2) U
(—1/2,1/2) U (2,00) provides one periodic orbit of the Hamiltonian system
with Hamiltonian (10) for each H = h* < 0 and K = k* = 0. Since k* =0
these periodic orbits bifurcate from an elliptic orbit (go # 0) of the Kepler
problem living in the plane of motion of the two bodies of the Kepler prob-
lem. Moreover since the eigenvalues of the matrix (14) at these equilibra are
+2./(B% — 4)(42 — 1) and v/—2h*(B? — 1), these periodic orbits have a stable
manifold of d1mens1on 2 and an unstable of dimension 1 if § € (—1/2,1/2),
and have a stable manifold of dimension 1 and an unstable of dimension 2 if
B € (—00,—2) U (2,00). This proves statement (a) of the theorem.

The last four equilibria exist if 5 € (—1,—1/2] U[1/2,1) and have Jacobian
equal to J = —15v/—2h*(B2 — 1)(4? — 1). So, for each value of k € [0, 27)
these four equilibria when 5 € (—1,—1/2) U (1/2,1) provide four periodic
orbits of the Hamiltonian system with Hamiltonian (10) for each H = h* < 0
1 | 5(1—485?)
4\ —2n(1-p?)
bifurcate from elliptic orbits (g9 # 0) of the Kepler problem which are not in

the plane of motion defined by the two bodies. This proves statement (b) of
the theorem.

and K = k* = &+ # 0. Since k* # 0 these periodic orbits
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APPENDIX

Now we shall present the basic results from averaging theory that we need
for proving the results of this paper.

The next theorem provides a first order approximation for the periodic so-
lutions of a periodic differential system, for the proof see Theorems 11.5 and
11.6 of Verhulst [17].

Consider the differential equation
(15) i =eF(t,x) +e2R(t,z,¢), 2(0) =z,

with x € D where D is an open subset of R, and ¢ > 0. Moreover we assume
that F(t,x) is T periodic in ¢t. Separately we consider in D the averaged
differential equation

(16) y=ef(y), y(0) = xo,

where

T
f@zéﬁzwmw

Under certain conditions, see the next theorem, equilibrium solutions of the
averaged equation turn out to correspond with T—periodic solutions of equation
(16).

Theorem 8. Consider the two initial value problems (15) and (16). Suppose:
(i) F, its Jacobian OF/0z, its Hessian 0°F/0x? are defined, continuous
and bounded by an independent constant € in [0, co)x D ande € (0, ).
(ii) F is T-periodic in t (T independent of €).
(iii) y(t) belongs to D on the interval of time [0,1/¢].
Then the following statements hold.
(a) Fort € [0,1/e] we have that z(t) — y(t) = O(g), as e — 0.
(b) If p is a equilibrium point of the averaged equation (16) and

(17) aee (50| 2o

then there exists a T—periodic solution ¢(t, ) of equation (15) such that
©(0,e) > p ase — 0.

(¢) The stability or instability of the periodic solution ¢(t,e) is given by the
stability or instability of the equilibrium point p of the averaged system
(16). In fact, the equilibrium point p has the stability behavior of the
Poincaré map associated to the periodic solution ¢(t,¢).

y=p

ACKNOWLEDGEMENTS

We appreciate very much the comments of the reviewer which help us to
improve the presentation of our results.

The first author was partially supported by MINECO/FEDER, grant num-
ber MTM2011-22587, Junta de Comunidades de Castilla-La Mancha, grant



14 J.L.G. GUIRAO, J. LLIBRE, J.A. VERA

number PEII09-0220-0222. The second author was partially supported by
MICINN/FEDER grant number MTM2008-03437, AGAUR grant number 2009
SGR 410, ICREA Academia and FP7-PEOPLE-2012-1RSES-316338 and 318999.
The third author was partially supported by Fundacién Séneca de la Region
de Murcia grant number 12001/PI/09.

REFERENCES

[1] Y. ArHassiD, E.A. HINDS AND D. MESCHEDE, Dynamical symmetries of the perturbed
hydrogen atom: The van der Waals interaction, Physical Review Letters 59 (1987),
1545-1548.

[2] J. Casasavyas, AND J. LLIBRE, Qualitative analysis of the anisotropic Kepler problem,
Mem. Amer. Math. Soc. 52, no. 312, (1984).

[3] G. ConTOPOULOS AND M. HARSOULA, Stability and instability in the anisotropic Ke-
pler problem, Journal Physical A 38 (2005), 8897-8920.

[4] B. CorpaANI, The Kepler problem, Progress in Mathematical Physics 29, Springer—
Verlag, 2003.

[6] D. FARRELLY AND T. UzER, Normalization and Detection of the Integrability: The
Generalized van der Waals Potential Celestial Mechanics and Dynamical Astronomy
61 (1995), 71-95.

[6] J.L.G. Guirao, J. LLIBRE AND J.A. VERA, Generalized van der Waals Hamiltonian:
Periodic orbits and C* nonintegrability, Physical Review E 85 (2012), 036603.

[7] M. GuTzZwILLER AND C. MARTIN, The quantization of a classically ergodic system.
Classical quantum models and arithmetic problems, 287-351, Lecture Notes in Pure and
Appl. Math. 92, Dekker, New York, 1984.

[8] R.C. HowisoN, K.R. MEYER, Doubly-symmetric periodic solutions of the spatial re-
stricted three-body problem, J. Differential Equations 163 (2000), 174-197

[9] M. INARREA, V. LANCHARES, J. PALACIAN, A.I. PAscuAL, J.P. SALAS, P. YANGUAS,
Symplectic coordinates on S? x S? for perturbed Keplerian problems: application to the
dynamics of a generalised Stormer problem, J. Differential Equations 250 (2011), 1386—
1407.

[10] A. MACIEJEWSKI AND H. PRETKA, Galactic disc tidal action and observability of the
Oort cloud comets, Astronomy and Astrophysics 336 (1998), 1065-1071.

[11] J. J. MATESE AND P. G. WHITMAN, The galactic disk tidal field and the nonrandom
distribution of observed Oort cloud comets, Icarus 82 (1989), 389—401.

[12] J. J. MATESE AND P. G. WHITMAN, A model of the galactic tidal interaction with the
Oort comet cloud, Celest. Mech. Dynam. Astron. 54 (1992), 13-35.

[13] K.R. MEYER, G.R. HaLL AND D. OFFIN, Introduction to Hamiltonian dynamical
systems and the N-body problem, Applied Mathematical Sciences 90, Springer New
York, 2009.

[14] J. H. OoRt. The structure of the cloud of comets surrounding the Solar System and a
hypothesis concerning its origin, Bull. Astron. Inst. Neth. 11 (1950), 91-110.

[15] C. ROBINSON, An introduction to dynamical systems Ucontinuous and discrete, Second
edition. Pure and Applied Undergraduate Texts 19. American Mathematical Society,
Providence, RI, 2012.

[16] M. SANTOPRETE. Block regularization of the Kepler problem on surfaces of revolution
with positive constant curvature, J. Differential Equations 247 (2009), 1043-1063.

[17] F. VERHULST, Nonlinear Differential Equations and Dynamical Systems, Universitext,
Springer, 1991.



PERIODIC ORBITS OF THREE PERTURBED KEPLER PROBLEMS 15

! DEPARTAMENTO DE MATEMATICA APLICADA Y ESTADISTICA. UNIVERSIDAD POLITEC-
NICA DE CARTAGENA, HOSPITAL DE MARINA, 30203-CARTAGENA, REGION DE MURCIA,
SPAIN.—_CORRESPONDING AUTHOR—

E-mail address: juan.garcia@upct.es

2 DEPARTAMENT DE MATEMATIQUES. UNIVERSITAT AUTONOMA DE BARCELONA, BEL-
LATERRA, 08193-BARCELONA, CATALONIA, SPAIN
E-mail address: jllibre®@mat.uab.cat

3 CENTRO UNIVERSITARIO DE LA DEFENSA. ACADEMIA GENERAL DEL AIRE. UNI-
VERSIDAD POLITECNICA DE CARTAGENA, 30720-SANTIAGO DE LA RIBERA, REGION DE
MUuURcIA, SPAIN

E-mail address: juanantonio.vera@cud.upct.es



