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We investigate the existence of families of symmetric periodic solutions of second
kind as continuation of the elliptical orbits of the two-dimensional Kepler problem
for certain symmetric differentiable perturbations using Delaunay coordinates. More
precisely, we characterize the sufficient conditions for its existence and its type of
stability is studied. The estimate on the characteristic multipliers of the symmetric
periodic solutions is the new contribution to the field of symmetric periodic
solutions. In addition, we present some results about the relationship between our
symmetric periodic solutions and those obtained by the averaging method for
Hamiltonian systems. As applications of our main results, we get new families of
periodic solutions for: the perturbed hydrogen atom with stark and quadratic
Zeeman effect, for the anisotropic Seeligers two-body problem and to the planar
generalized Stgrmer problem.
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1. Introduction

The study of periodic solutions in celestial mechanics not only benefits the develop-
ment of mathematics, but also provides the intermediate orbits for space missions
[16]. In celestial mechanics, one of the most well-known integrable model is the
Kepler problem. There exist many other problems that are formulated as a per-
turbation of the Kepler problem in Cartesian coordinates (see [5, 6, 10, 13] and
references therein) or in rotating coordinates (see, e.g., [16, 21, 25, 27]). Poincaré
[28] considered the investigation of periodic solutions of the restricted three-body
problem where, in particular, he classified the periodic orbits of second kind that
are generated by the elliptic orbits of the planar Kepler problem (the first kind
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are generated by the circular orbits of the planar Kepler problem). As in the
restricted three-body problem, we call the solutions of the second kind in the per-
turbed Kepler problems those that are generated by the planar elliptic orbits of the
Kepler problem. The objective of this paper is to show analytically the existence of
several families of symmetric periodic solutions of second kind of differentiable sys-
tems which are symmetric perturbations of the planar Kepler problem in cartesian
coordinates. In a future work, we intend to deal with the spatial case.

More precisely, we want to analyse when the second kind of periodic orbits of
the planar Kepler problem can be or not extended to periodic orbits of symmetric
perturbed Kepler problems whose Hamiltonian function has the form

H(q,p,¢) = Ho(q,p) + €¢*Hi(q,p) + Hr(q, P, €), (1.1)
with g = (z,y) € R*\ {(0,0)}, p = (pz,py) € R?, @ € N, where Hy(q,p) = HP2H2 -
m is the two-dimensional Kepler problem, and the perturbed functions H;(q, p)
and Hg(q,p,€) are both differentiable and Hp is of order O(e“*1). Furthermore,
we show the approximation of the characteristic multipliers associated with the
symmetric periodic solutions, so its type of stability is characterized.

The continuation method to find periodic solutions goes back to Poincaré who
in [28] studied the existence of periodic solutions in the three-body problem using
the method that now is called Poincaré’s continuation method [32].

There are considerable works that have contributed to find the periodic solution
for perturbations of an integrable problem (see [1, 7]). For a perturbed Kepler
problem, some of these works apply the method of average of first kind (see, e.g.,
[3, 4, 14, 25, 27]). The technique of combining discrete symmetries of Hamiltonian
and the Poincaré continuation method has been considered in other works for two-
degree-of-freedom (2-DOF) and three-degree-of-freedom problems (see, e.g., [5, 10,
25, 31-35]).

With regard to the study of periodic orbits of the second kind in perturbed Kepler
problems, we can cite [2, 25, 31] and references therein. There are standard results
in celestial mechanics which state that every elliptical solution of period T' = 27p/q
(p and q are relative prime positive integers) of the planar rotating Kepler problem
with initial condition on the x-axis can be extended to the perturbed planar circular
restricted 3-body problem. These solutions are symmetric with respect to the z-axis
and have period 7 close to T' (see [2, 21] ). More generally, the elliptical T-symmetric
(with respect to the z-and y-axis) periodic solutions, where T is as in the previous
sentence, and can be extended to any planar symmetric perturbation of the Kepler
problem (see [5]). But, when we consider a symmetric perturbation of the Kepler
problem in the fixed inertial coordinates, the continuation of the elliptical Keplerian
solutions depends on the first approach term H; given in equation (1.1). So, we need
to establish sufficient conditions to extend the second-kind periodic orbits and how
to proceed in the verification of them in concrete problems.

To our knowledge, there is no analogous and systematic study on the existence
of periodic solutions of the second kind for a planar Keplerian perturbation in an
inertial frame using Delaunay variables. There are a significant number of authors
who search for periodic solutions to perturbations of the planar Kepler problem (in
inertial frame) using Delaunay coordinates, but the technique used is the average
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method. Important references in this regard can be found in [2, 3, 20, 25, 27].
Many other authors considered the study of symmetric periodic orbits of first or
second kind for planar perturbations of the Kepler problem. For the first kind of
symmetric periodic solutions, we recommend the reader the references [5, 10, 34,
35]. For the second kind of symmetric periodic solutions, we mention [2, 8, 21,
25, 33].

The study of symmetric periodic orbits of a perturbed Kepler problem (1.1) also
can be performed using averaging theory of Hamiltonian systems combined with
symplectic reduction (see reference [36] and, more specifically, theorem 2.6). In
this work, the authors gave sufficient conditions for the continuation of symmetric
Keplerian solutions to the complete perturbed problem from the point of view
of averaging theory. The results obtained in [36] depend on the implicit function
theorem of Arenstorf. As a consequence of this study, the results are valid only for
some values of the perturbed parameter.

In this work, we combine the discrete symmetries of the Hamiltonian function
and the Poincaré continuation method, using strongly the first approximation of
the solutions of the full Hamiltonian system given by a variational system. The
technique used in this research is similar to that used in [5] for the existence of first
kind symmetric solutions of the perturbed problem (1.1). The main contribution of
this paper is to provide sufficient conditions for the existence of families of second-
kind symmetric periodic solutions for planar Keplerian perturbations in inertial
frame and using Delaunay variables. In addition, we give information about the
stability of these solutions.

Moreover, we analyse that certain elliptic Keplerian solutions, which can be con-
tinued by the analytic Poincaré’s continuation method as in theorem 2.3), also
can give periodic solution to the full problem by using the averaging method for
Hamiltonian systems, i.e., Reeb’s Theorem.

To carry out our results, we have organized the contents of the paper as follows.
In § 2, we write the problem in Delaunay coordinates. Then, using the continuation
method, we prove a theorem that gives us the sufficient conditions for the exis-
tence of two types of families of initial conditions such that it gives us second-kind
symmetric periodic solutions for the Hamiltonian (2.1). The first type of initial con-
ditions depends on one small parameter and gives us symmetric periodic solutions
with the same period of the Keplerian orbit. The second type of initial conditions
depends on two small parameters and the periodic solutions generated by them have
period close (not necessarily fixed) to the elliptical Keplerian orbit. In order to com-
plement our study, we finish § 2 analysing the symmetric periodic solutions given
by theorem 2.3 and those periodic solutions obtained using the averaging method.
We point out the relationship of the period solutions obtained from these two differ-
ent techniques. Moreover, the nontrivial characteristic multipliers of the symmetric
periodic solutions are characterized, so the type of stability can be deduced. In § 3,
as an application of our results, we obtain new periodic solutions for the 2-DOF gen-
eralized Stgrmer problem, hydrogen atom with Stark and quadratic Zeeman effect
and anisotropic two-body problem under Seeliger’s potential and we give some
important information on these models. In fact, after checking the literature on the
subject, we emphasize that our results are new for this kind of dynamics of these
problems. Finally, in § 4, some conclusions and prospective work are mentioned.
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2. Second-kind symmetric periodic solutions

In this section and following the classification of Poincaré [28], we investigate
the existence of second-kind symmetric periodic solutions associated with the
Hamiltonian system with Hamiltonian function as in (1.1).

During this work, we are going to assume that the Hamiltonian function H in
(1.1) is invariant under one or both of the following anti-symplectic reflections

Sl : (x7y7p$7py) — (_xvyvpxa _py)7
52 . (x,yvaapy) — (.’L‘, -Y, _p$;py>

The fixed sets of the symmetries S; and Sy are the Lagrangian subspaces £1 =
{(0,v,p4,0) € R* : y,p, € R} and L5 = {(z,0,0,p,) € R* : z,p, € R}, respectively.
Note that if ¢(¢t,q,p) = (z(t),y(t), ps(t), py(t)) is a solution associated with the
Hamiltonian (1.1), then S; o ¢(¢,q,p) is also a solution. In particular, if we con-
sider an initial condition (q, p) € £; such that ¢(T'/2,q,p) € L;, then the solution
©(t,q,p) is T-periodic and S;-symmetric, that is, knowing two different points on
the orbit, we are able to get periodic solutions.

To obtain our results, we use Delaunay variables (see more details, e.g., in [8, 21,
33]), because with these coordinates it is easy to characterize the solutions of the
Kepler problem and they are well defined for elliptic solutions. The Delaunay planar
variables are (¢,g) (angular variables modulus 27) and (L,G) (radial variables),
where

L=+a, G?=L(1-¢?),

e (0 <e< 1) is the eccentricity of the Keplerian orbit and a is the semi-major
axis of the ellipse (see figure 1). The angular variable ¢ is the mean anomaly, g
is the argument of the perigee measured from the ascending node, L is the action
related with the semi-major axis a and G is the angular momentum. We point out
that the domain of the Delaunay variables is the set D = {({,¢,L,G) : L > 0,l,g9 €
[0,27),0 < |G| < L}, and of course, it excludes the rectilinear motions and circular
solutions and they are well defined in a neighbourhood of an elliptic orbit of the
Kepler problem.

Now express (1.1) in mixed polar-nodal coordinates and after we change polar-
nodal to Delaunay variables. See [9, 24] for a complete description of the process
of changing Cartesian coordinates to Delaunay coordinates. In Delaunay variables,
the Hamiltonian (1.1) takes the form

H(Z7g7 La Ga 6) = HO(L) + EaHl(ngv L7 G) + HR(£7.97 La Ga 6)7 (21)
where Hr(¢,g,L,G,¢) = O(e**!), and the Hamiltonian of the Kepler problem is

as follows:

1

(2.2)
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Figure 1. Schematic of angular Delaunay variables. The angle g is the argument of perigee
and the angle 7 is the ratio of the sector swept to the total area of the ellipse normalized
by 2m, i.e., if S is the area of the sector swept out from perigee and A is the area of ellipse
then ¢ = 27S/A.

The perturbed Hamiltonian system associated with the Hamiltonian (2.1) is

written as
. 1 .
l=H=—5+¢ %—ﬁ-(’)( oty L=-H,=— 8H + O™,
L oL ol (2.3)
j=Ho=eTL 4 oty ¢ =—m, =1, o), |
oG ’ g dg

We will denote by ¢(t) = ¢(t,Y;e) = (€(t,Y;€),9(t, Y;€), L(t, Y;€), G(t,Y;€)), the
flow of the Hamiltonian system associated with (2.3) with initial condition Y =
(%o, 9o, Lo, Go) and we propose the following approximation of the solution:

0, Y56) = 0O, Y) + W (1Y) + O(e*H),
g, Y€)= g O, Y) + e2gW (L, Y) + O,
L(t,Y;¢) = LO,Y) + LY (1Y) + O(exT),
Gt,Y;e) = GOt Y) + G (t,Y) + O(e2H).
Obviously, the solution of the unperturbed system represents the first approxima-

tion and it is given by

900(157Y) - (Z(O) (taY)vg(O) (taY)a L(U)(t7Y)7 G(O) (taY)) = <L3 + 607907L07 GO>

(2.5)
While the second approximation is characterized by
t
(O (t,Y) = o —7 (po(7,Y)) dr, L(”(t»Y):_/ %(@o(T,Y))dT,
o OL o O¢ (2.6)
. .
ey = [Py, awy)=— [ T v)an
o 0G o 09
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Figure 2. Representation of a Si-symmetric elliptical orbit and the possible positions of
the perigee (depending on k). Left: k=0 ({ =7 and g = 7/2). Right: k=1 ({ =0 and
g=m/2).

LEMMA 2.1. Let ¢(t) be a solution of system (2.3), then the following characteri-
zation holds:

(1) @(t) hits the fived set L1 (associated with the symmetry Sy) at time t =T if
o(T) is on the perigee or apogee (i.e., £ =0 mod 7) and furthermore, the
perigee is on the y-azis (i.e., g = 7/2 mod 7).

(2) @(t) hits the fived set Lo (associated with the symmetry Sa) at time t =T if
©(T) is on the perigee or apogee (i.e., £ =0 mod 7) and furthermore, the
perigee is on the x-axis (i.e., g =0 mod 7).

Proof. The proof follows directly from the definition of the sets £1 and L5 and the
geometrical interpretation of the Delaunay variables. See figures 1 and 2.
O

Next, we take an elliptic solution cpo(t7Y6"k) of the Kepler problem (2.2) in
Delaunay variables with the initial condition

Yt = (2, v v v = (0, g8*, Lo, Go) € L5, (2.7)
where |Go| < Lo, j = 1,2 and
gt = (2k+Dr/2, g2F =kr, k=0,1

Note that the index k determines the position of the perigee on the z-axis or y-axis
(see figure 2).

Tt is clear that the solution g (t, Yg’k) = (Lig’ gé’k, Ly, GO) of the Kepler problem
is elliptic, T' = 2w L3-periodic and its initial condition Yé’k € L; for each j =1,2.
After that, we take a small and convenient perturbation (in the ‘directions’ of L
and G) of the initial condition Yf)"k of the previous unperturbed elliptical solution
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in the form
YIF = (0, 93", Lo + 0L, Go + 6G) € L. (2.8)

Of course, the solution of the Kepler problem with this initial condition, g (t, Y7*),
is also elliptic and it is given by

I(t) = (Lo +6L)3t, L(t)= Lo+ L,

, (2.9)
g(t) = gi*, Gt) =Gy + 4G,

with |6G| < dL.

REMARK 2.2. Here we discuss the effect of the perturbation of the Delaunay vari-
ables L and G in the initial condition Yf)’k, Y7* in terms of the position and
the velocity in cartesian coordinates called (qp,po) and (q(0), p(0)), respectively.
Initially, note that the elliptic Keplerian orbit ¢q (¢, Y/*) has semi-major axis
(Lo + 0L)2%. So, one increment in 0L gives us a perturbation on the initial position of
the orbit g (t,Yg’k). On the other hand, since Y7* ¢ L, it follows that the angu-
lar momentum of the elliptic orbit g (¢, Y7F) satisfies |Gy + 0G| = ||q(0) x p(0)|| =
la(0)]|/lp(0)]] because q(0) L p(0). Note that by the previous discussion, we have
a(0) = qp + dq. So, we get |Go + G| = ||qo + dq]|||p(0)||, and we point out that an
increment in 0G gives us a perturbation on the initial velocity of the elliptical orbit
(po(t,Y%’k).

Before stating our main result, we introduce some notation in order to sim-
plify the computations. Let X = (X3, X3) = (dg,0G) (independent variables) and
wol(t, (YI(O), YQ(O) + X1, }@,(O),Y4(O) + X3)) be a solution of the Kepler problem with
initial condition (Y{”, v ” + X1, v\? v ¥ 4+ X,), and

T
100 = [ ot 0770+ x50 ¥O e xapan @)

and consider the matrix

0*H
A= 5= 2.11
! <3Xz‘3Xj>x_o ’ @11)
0 I . .
where J =~ I 0 denotes the standard skew-symmetric matrix. Now, we are

ready to state our main result which provides sufficient conditions for the exis-
tence of Sj-symmetric periodic solutions (j =1 or j = 2) of Hamiltonian (1.1) as
continuation of the elliptic solutions of the Kepler problem.

THEOREM 2.3. Fiz the energy level Hy = —ﬁ and the period T = 2wL3 of the
0

elliptic Kepler solution. Suppose that the Hamiltonian function H in (1.1) is S;-
symmetric for j € {1,2}. Let ¢o(t,Y?F) be an elliptical solution of the Kepler
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problem as in (2.9). Assume that the following two conditions are satisfied:

T/2 aH]_ )
— Y7k
@ [ g

772 oM, :
- gt yik ‘ ar =0
‘/0 aG ((IDO(T’ )) Y-j’k:(o,gg’k,Lo,Go) T ’

T2 92H, ,
Yk
®) /0 acasc o™ )>‘Yj,kzvé*’“ a7

(2.12)

72 9, :
= — Y7k .
| seasg ) dr 40

Yik=(0,99",L0,Go)
(i) Then for e sufficiently small there are 1-parameter families of initial conditions
YIF=YGE YR (), YPH(e) = (0,0,6L7(e), 6G7*(e),

parametrized by e such that o(t,Y7F:€) = oo(t, YIF) + O(e) is a Sj-symmelric
periodic solution of the Hamiltonian system associated with the Hamiltonian (1.1)
or (2.1) with fized period T = 2rL3.

(ii) Moreover, under the assumptions (a) and (b) in (2.12), there are 2-parameter
families of initial conditions

Yif = Y5+ YR (SL,e) YIR(SL,€) = (0,0,6L7%, 6GIF (5L, €)),

parametrized by € and §L sufficiently small, such that p(t, Ygf,é €) = @ol(t, Yé’k) +
O(e) is a Sj-symmetric periodic solution of the Hamiltonian system associated with
the Hamiltonian (1.1) or (2.1) with differentiable period T(5L,¢) = 2w L3 + O(e%).

Furthermore, if A1, Ao are the eigenvalues of A in (2.11), then the characteristic
multipliers of any of the periodic solutions p(t, Y7*:¢€) or p(t, Y?Lk,é €) arel,1,1+
€A1 + O(e2T), 1 4+ €Ny + O(e¥ ).

Proof. Our proof works for each case of symmetry, that is, j =1, or j = 2. Let
©o(t, Y?F) be a solution of the Kepler problem as in (2.9) and op(t) = p(t, Y7*;¢€)
(with the same initial condition) be a solution of the perturbed Hamiltonian system
associated with (2.1) in Delaunay variables. Since Y7¥ € £;, the solution ¢(t) will
be S;j-symmetric, if at the instant ¢ = 7'/2, it intercepts orthogonally the subspaces
L;. By lemmas 2.1 and (2.4), we must verify the following two conditions:

f(t, 6L, 5G, 6) = (LO + 6L)_3 t+ O(ea) =,
g(ta 6Lv 6Ga 6) - ggk + 60‘9(1) (t, Yj’k) + O(€a+1) = gé’k + mm,

at the instant ¢ = T'/2 for some m € N. Taking m = 0, the previous system (called

periodicity equations) can be rewritten as
fI(t,6L,6G,€) = (Lo +6L) > t — 1 + O(e*) = 0, (213)
FI(8,6L,6G, ) = gV (£, Y") + O(e) = 0, '

at the instant ¢ = T'/2. A natural but not trivial way to solve (2.13) is to apply
the implicit function theorem. Under the choice of T' and hypothesis (a), it is clear
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that ff(T/2, 0,0,0) = fg (T/2,0,0,0) =0 for j = 1,2. Moreover, by differentiating
the system (2.13) with respect to (0L, dG) and evaluating at t = T'/2, Y7k = Yé’k
and € = 0, we obtain that the Jacobian matrix satisfies

-3L, T/2 0
= g™ g .
ISL D6G ) =T xik=yi* =0

a(f1.£3)

O(0L,6@) it:%,Yﬂ\k:Yg’k,e:O

It follows that
ot 21 13) | _ 3T 9V
O(6L,6G) t=2 yik=yj* e=0 2L 050G lt=Z yik=v]" e=0

£0,  (2.14)

because by hypothesis (b)

9 (oM, ,
= — J:k
=5 XY =0 /0 95G ( G > (po(r, ¥75))

Thus, by the implicit function theorem, we obtain unique differentiable functions
SLI* = 6L(e) and 6G = 6G(e) defined for e sufficiently small, such that §L(0) =
0, 0G(0) =0 and f/(T/2,5L(¢), 6G(e),e) =0 for 4,5 = 1,2. Thus, we obtain a 1-
parameter (on €) family of initial conditions

g
00G

dr # 0.

Yik=y7*

YIF = (0,g5", Lo + 617 (e), Go + 6G7*(e)) (2.15)

such that it gives rise to S;-symmetric periodic solutions of the perturbed problem
(2.1) with fixed period T'= 27 L3. This proves item (i).

To prove item (ii), we introduce the time as a new independent variable in
system (2.13). Again, for the hypothesis (a) it is clear that f{(7/2,0,0,0) =
fg(T/2,0,070) = 0. Moreover, by differentiating the system (2.13) with respect to
(t,6G) and evaluating at Y/'F = Yé’k, t =T/2 and € = 0, after some calculations,
we verify that the Jacobian matrix satisfies

f1, £3) _ 5090
O(t,0G) 1t=Z yik=y¥* =0 O 900G =T yik=Yi* =0
Again the hypothesis (b) implies that det %(({j(ig)) # 0. Thus, by

t=L,Yik=Y}* e=0

the implicit function theorem, we obtain unique differentiable functions 6G =
d0G(6L,€) and 7 =7(6L,€) = T/2 + O(e*) defined for € and §L sufficiently small,
such that §G(0,0) =0 and 7(0,0) =7/2 and f}(T/2,0L,5G(6L,€),e) =0 for 1,
j =1,2. Therefore, we obtain a periodic S;-symmetric solution of the per-
turbed system associated with the Hamiltonian function (2.1) with initial
condition

YIF . = (0,g0", Lo + 0L7*  Go + 6G7F(SLF  e)), (2.16)

which is 27-periodic and close to T = 2w L{ which is T = 27-periodic such that
T =2nL3 + O(e*). Thus, we have proved item (b).
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To study the type of stability of the previous periodic solutions, we are going to
calculate its characteristic multipliers. Let

:{(&ngvG) : H(‘evngaG):hO,‘gzo}v

be alocal cross-section on the level H = —ﬁ = hg in a neighbourhood of the point
0

(YI(O), YQ(O), YS(O)7 Y4(0)) given in (2.7). We denote by X = (X7, X3) the points in 3.
Thus, considering Y = (Yl(o), YQ(O) + X4, Y?)(O),Y4(0) + X3) the Poincaré map P on
¥ is given by P(X,¢) = (9(7,Y,€),G(T,Y ,¢)), where g and G were characterized
in (2.4) and 7 is the return time which is close to T'. Using the form of Y* and
(2.5)-(2.6), we arrive at

P(X,e) = (g% + X1,Go + Xo)

N OH, 7 OH, - it
+e < . 9G = (po(t,Y)) dt, — S (800(t7Y))dt> +O0(e*™),

= (60" + X1,Go + Xo)

+ €& < O 8672 (po(t,Y))dt, /0 887;1(@0(157}/))&) + O(e*h).

Recalling (2.10), we have that the differential of P has the form
DP(X,e) =1+ €*DxH(X) + O(e*h). (2.18)

Since the 1-parameter family of initial conditions of the T-symmetric periodic
solutions are Y§"* + (0, () dL(e),dG(€)), then the respectlve points on the section

cross ¥ will be X, = (g5, Go + 6G(€)) with Xo = (g3, Go). Therefore,
DP(X . ¢) =+ €A+ O™, (2.19)

with A as in (2.11). Since, the nontrivial characteristic multipliers of the T-
symmetric periodic solutions are the eigenvalues of DP(X,,¢), we obtain the result
to the periodic solutions generated by the 1-parameter family of initial conditions.
To study the type of stability for periodic solutions given by the 2-parameter fam-
ilies of initial conditions, we follow the same ideas as in the previous case. Again,
the return map P is given by P(X,¢) = (9(7,Y,¢),G(T,Y ,¢)), where T is the
return time which is close to T(6L, €) = 27 L3 + O(e®). From (2.5) to (2.6), it follows
that

P(X,¢) = (g5" + X1,Go + Xa)

+ea< O e Py [ Y))dt>+0< ),
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= (gh* + X1, Go + Xa)

+ea< [ et - | a;jlwoa Y))dt>+0<e“+1>

= (" + X1,Go + X)

a o, OH, X
+e (/0 pYel ——(po(t,Y))dt, /0 99 ——(po(t,Y)) dt) +O(et),
(2.20)

Since the initial condition of the 7T-symmetric periodic solutions is Yoj’k—i—
(0,0,0L 5G((5L €)), then the respective points on the local cross-section ¥ will be
Xe = (g0 ,Go+ 0G(0L,€))) with X = (gO ,Go). Then, the nontrivial character-
istic multipliers associated with the symmetric T-periodic solutions ‘P(thgf,e§ €),
given by the 2-parameter families of initial conditions, are the eigenvalues of (2.19).
Thus, we have proved the theorem. O

REMARK 2.4. It is clear that we cannot obtain double-symmetric periodic solutions
as continuation of elliptic Keplerian solutions, unless it is circular.

REMARK 2.5. Note that fixed j and the energy level Hy = —ﬁ < 0 of the Keple-
0

rian solution, then for each Gy (in fact, Go(Lo), i.e., G is in general a function of L)
solution of equation (a) of theorem 2.3 (such that (b) is verified) gives us two families
(distinct) of initial conditions such that each of them arises S;-symmetric periodic
solution, one for k =1 and the other for k£ = 2. In fact, introducing the invariants
a = (a1, az, a3) space according to [22], it is known that different points a give us dif-
ferent orbits of the full system. For this purpose, let A be the Laplace-Runge-Lenz
vector, Lo = (—=2h*)~*/? and a = G + LoA. One can check that |a| = Lo and the
vector a determines uniquely an orbit of the Kepler problem on the energy level h*.
Each point of ||a|| = Lo with |la]| # G # 0 corresponds to an elliptic orbit of the
Kepler problem. Since, explicitly a; = eLgsing, az = eLg cos g and ag = G evalu-
ating them in g = gék, we obtain different vectors a for k = 1 and k = 2 and j-fixed.
Thus, we have proved the affirmation.

The main difficulty imposed by the conditions (a) and (b) in theorem 2.3 is related
to the calculus of the partial derivatives and the integration. In some situations,
for practical problems, the main perturbation term H; cannot be obtained in a
closed-form in Delaunay variables. One strategy in order to compute the partial
derivatives involved in the conditions given by theorem 2.3 consists of writing the
perturbed function H; in mixed coordinates which involves the polar and Delaunay
elements (see [22] and references therein for more details about these coordinates).
For the integration, we can make an appropriate change of variables using the Kepler
equation so we integrate with respect to the eccentric anomaly. More precisely, to

compute the partial derivative 83%1 , we consider the Kepler equation

{=FE—esinkE, (2.21)
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where e = /1 — G?/L? is the eccentricity of the Keplerian orbit and E is the
eccentric anomaly.

The perturbed function H;, in the mixed polar and Delaunay elements, depends
on the variables r, f, g, L and G. First, we eliminate the dependence of H; on the
variables r and f, using the auxiliary relations

a(l —e?) cos f = cosE —e sin f = V1—e?sinF e = /IZ G2

:l—l—ecosf’ " 1—ecosE’ 1—ccosE
(2.22)
where a = L?. After these substitutions, the function #; is simply a function of the
form
H1=H1(E(G),9,L,G). (2.23)

Since g—g = —G/(L?e), by differentiation of (2.21) with respect to G, we obtain

oE Gsin E
— = . 2.24
0G L%e(1 — ecos E) (224)

Thus, %72‘;1 can be calculated using equation (2.23) and the chain rule. To integrate

equations (2.12), we introduce the change in the variables
t=L3(E —epsin E), (2.25)

where L3 and ey correspond to the semi-major axis and the eccentricity of the
Keplerian orbit oo (7, YJ¥)), respectively.

2.1. Relationship with the averaging method

Here we intend to find some relations or comparisons between the periodic solu-
tions obtained by the continuation of the elliptic solutions (non-circular) of the
Kepler problem given in theorem 2.3 with those found by using the averaging theory
on Hamiltonian systems.

Initially, in order to apply the averaging method, let h* be a negative real constant
such that Ho(L) = — 515 = h*, so Hy ' in a neighbourhood of h* is a diffeomorphism
and H, ' (h*) is a compact connected circle bundle over the base space B(h*) with
projection 7 : Hy ' (h*) — B(h*) (see [36] for more details). Moreover, all the solu-
tions of the Hamiltonian system associated with the Hamiltonian (2.2) are periodic
and have periods depending smoothly on h*, i.e., the period is a smooth function

T =T(h").
Next, we denote by H the averaging function with respect to the mean anomaly
{ as
- 1 27 1 27
H=— Hi(l,g,L,G)dl = — Hi(E —esinE,g,L,G)L(1 —ecos E)dE.
21 Jo 21 Jo

(2.26)
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Thus, at the energy level H = h* (h* < 0), the averaged system associated with
(2.26) is given by

dg 1 OH 1
9 _ .

ot oo 1 5
dl = (—2n7)32 G T (—2h)3 1(9,G),
dG 1 OH 1

(2.27)

= e~ — ey (q.Q).
i T Tyt ag T a9 @)

Next, for our problem, we have the following result as a consequence of averaging
theory or Reeb’s theorem for Hamiltonian systems [22, 30].

THEOREM 2.6. Consider the averaged differential system (2.27) in Delaunay vari-
ables restricted to the energy level H = h (h < 0). If p = (g0, Go) is a non-degenerate
critical point, then there are smooth functions p(e) = ({o(€), g(€), L(€), G(€)) and
T(e) for e small with p(0) = (Lo, go, 1/v/—2h*,Go) and T(0) =T = 27 L3 such that
the solution of (2.1) through p(e) is T'(e)-periodic.

In addition, if the characteristic exponents of the critical point p (i.e., the eigen-
values of the matriz A = JD*H(p)) are A1, N2, then the characteristic multipliers
of the periodic solution through p(€) are

L1, 14+ eMT +O(),1 4+ eXaT + O(€2).

Next, we will discuss the relationship between both methods, theorem 2.3 using
Poincaré continuation and theorem 2.6 using the averaging theory. Our explanation
is performing under two points of view: the curve of initial conditions and the
properties of the family of periodic solutions obtained by each theorem.

Without loss of generality, we will assume that the Hamiltonian (1.1) [resp.
Hamiltonian (2.1)] is invariant with respect to the symmetry Ss, i.e., the reflec-
tion with respect to the x-axis. The analysis of the other symmetry S; follows
using similar arguments.

Since ¢ = E — esin F, then the function H; (¢, g, L, G) assumes the form H; = H;
(E,g,L,q). By the invariance of the function H; with respect to the symmetry Sy
it follows that

Hi(E,9,L,G) =H1(2n — E, 27 — g, L, G). (2.28)

Differentiating both sides of the last equation with respect to g and evaluating at
g=km, k=0,1, we obtain
OH1

PN (B kr, L,G) = —
5‘g( Jkm, L, G)

OH;4

99 (2r — E,kn,L,G) k=0,1. (2.29)

Multiplying both sides of equation (2.29) by L3(1 — ecos F) and integrating in E
from 0 to 2, we obtain

27
/ %(EJWT?IGG)LS(:[ —ecos B)dE
0 dg

27 aH] 3
=— 8—9(277 — E,kn,L,G)L>(1 — ecos E) dE. (2.30)
0
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Making the change £ = 27 — E on the right-hand side of equation (2.30), we obtain
(after removing the bar)

2m
/ aHl(E km, L,G)L?(1 — ecos E) dE = 0.
0 dg

Now, from (2.26), we have

Y3 27
oH —/ o B, kr,L,G)L*(1 —ecos E)dE =0, k=0,1. (2.31)
0

87g|9:k77 - ag
Thus, Fz(g =km,G) =0 for k =0,1. In addition, from equation (2.31), it follows

that = 0.
=km

acag

PROPOSITION 2.7. Suppose that the Hamiltonian function H given in (2.1) is
invariant with respect to the symmetry So. Thus,

g (t,Y5") = LirFi(g = kr, Go). (2.32)
Proof. For Hy given in (2.23) we have
OH
M, y2h)| 7/ U (ggL ’ L3(1 - ecos E) dE
oY) =) g B b G| (1= ecosE)
fLS 0 (/ Hi(E, g, L, G)(lfecosE)‘ i dE>
g=km

L3 o 2m
= 7% ( 0 Hl(Eag7L7G)(1 - eCOSE)‘g*kﬂ' dE)

L3 27
= — (8 Hl(E,g7L,G)(1—ecosE)dE>
0

2 oG g=km
OH
_ 3 1 _ 3 _
=L G lgrn 7L °Fy(g =k, Q) (2.33)

Note that the equality

2/ Hl(e,E,g,L,G)(l—ecosE)‘ B
0 g=km

2

= Hl(e,E,g7L,G)(1—ecosE)’ X dFE,
0 g=rm

follows from the fact that by equation (2.28), the function F(E)

Hi(e, E,g9,L,G)(1 — ecos E)’ . satisfies F'(F) = F(2r — E). Finally, from (2.33
g=km

we obtain (2.32).

I:I\_/

From the previous discussion, we can relate the Ss-symmetric periodic solutions
obtained by theorem 2.3 with those obtained using the averaging method described
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in theorem 2.6. More precisely, from theorems 2.3 and 2.6 we obtain the following
result.

THEOREM 2.8. Consider T = 2rL¥ and let po(t, Y My = (Lg,g0 Lo, Go) be a S;-
symmetric elliptic Keplerian solution T-periodic such that the conditions (a) and
(b) of theorem 2. 3 are satisfied.

Thus, p = (g0 ,Go) is a critical point of the differential system (2.27). Further-
more, if p is an isolated critical point of (2.27) and ok H( p) # 0, then the elliptic
Keplerian orbit goo(t,Yg’k) (associated with the critical point p) can be continued
by Reeb’s theorem to a p(t,p(e)), T(€)-periodic solution.

Moreover, if 1 + €Ay + O(e*t1), 1 + €Ay are the nontrivial characteristic multi-
pliers of the periodic solutions p(t, Y7'*; €) given by theorem 2.3, then the nontrivial
multipliers characteristic of the periodic solutions p(t,p(e)) are

T4+ e@MT + O, 1+ €M\ T.

Proof. We give the proof for the Sy-symmetric periodic solutions. Let oo (t, Y**) be
an elliptic Keplerian solution near the elliptic solution ¢g(t, Yg’ )= (L3 ,0, Lo, Go)

such that the conditions (a) and (b) of theorem 2.3 are satisfied. By the previous
discussion and by proposition 2.7 it follows that p = (9o = km, Gy) is a critical point
of the average function H given in (2.26).

: 9?H
Since 590G

by

T 0, the non-degeneracy condition at the critical point p is given
g=RKT

O*H O*H

D = det ID*H(p) = G2 g |g=tom,G=Go

# 0.
From (2.32) it follows that

O*H 1 89, Y2F)
@(Z’) = TLgT(p)’

and by condition (b) of theorem 2.3, we obtain o 91 () # 0. Finally, since %g(p) #

0G?
0 we obtain D # 0. The conclusion about the nontrivial multipliers characteristic
is immediate from theorems 2.3 and 2.6. Thus, we have concluded the proof.  [J

We finish this section with some remarks about the similarities/differences of the
periodic solutions obtained in theorem 2.3 and those given in theorem 2.8.

e Let goo(t,Yg’k) = (Lg,
that the conditions (a) and (b) of theorem 2.3 are satisfied. By the previous
discussion it follows that p = (go = 0,Gy) is not necessarily a non-degenerate
critical point of the system (2.26). Thus, the condition (b) of theorem 2.3 is
a weaker condition when compared with the condition for the non-degeneracy
of the critical point p given by theorem 2.8. For a concrete example of this
situation, see remark 3.5.

0, Lo, Go) be an elliptic Keplerian solution and assume
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e Note that the periodic (Sz-symmetric) solutions obtained by theorem 2.3
item (i) have the same period T = 27 L} that the elliptic orbit @o(t, Y2*) of
the unperturbed system. The solutions obtained in theorem 2.8 have period
T =27L{ + O(e).

e The approximation of the period of the periodic solutions given in theorems 2.8
and 2.3 item (ii) can be computed as follows. If £(0) = 0 and ¢(T') = 27, then
T'(e) must satisfy the equation

2

T
. o)
27 = O(T) — £(0) = / ((#)dt = LT + =L / I (4 L,G)dl+ O
0 ) oL
- 3 o OH o
= Lo T + 2Ly 52 (9, L. G)| =10 g=g0 G=Go + O(e™ ")
=L ’ (T + 2me 87(95 L, G)L—Loﬂ—go,G—Go) +0(e +1)'
By use of the implicit function theorem, it follows that T'(e) = 27 L§ + eT™* +
oH
0(62), where T = 727‘1'%(‘(], L, G)|L:L0,g:go,G:Go~

Figure 3. lllustration of the projection curves of initial conditions in a neighbourhood of the
point p = (go = 7, Gp) parametrized by the coordinates (g, G). The blue curve (g(€), G(¢))
represents the curve of initial conditions obtained by theorem 2.8. The red curve (m, G(¢))
is the projection of the curve of initial conditions given by theorem 2.3 over the reduced
space and it is associated with the S-symmetric periodic solutions.
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We call attention for the initial conditions generating periodic solutions of the
full system on the reduced space B(h) (parametrized by the coordinates (g, G))
obtained in theorem 2.3 and those given by theorem 2.8. The curve of initial
conditions parametrized by € at a fixed point p = (gé’k, Gy) as in corollary 2.8
has the form (g(e), G(e)). On the other hand, the curve obtained in theorem
2.3 at the same point p has the form (km, G(e)). In figure 3, we illustrate these
two families of initial conditions in a neighbourhood of a fixed critical point p
on the reduced space.

e The periodic solutions given by theorem 2.8 are not necessarily symmetric.
The authors in reference [36] (see § 2.4) did the inverse process of this section,
i.e., they showed that the Keplerian solutions associated with the critical point
of the averaging system can be continued to a symmetric periodic solution
under some restrictions. In fact, the technique of these authors consists in
the use of the symmetries of the problem combined with averaging, reduction
theory and the use of the implicit function theorem of Arenstorf. But, the use
of the theorem of Arenstorf requires a suitable choice of the parameter e. In
fact, the value of the parameter ¢ must be chosen in a discrete set. Thus, the
symmetric periodic solutions analysed in [36] have the following properties:
the existence of the symmetric solutions is conditioned only for some values of
the parameter €; the period of these symmetric periodic solutions is very large
and is given by 7(€) = T + O(e) (here, the parameter [ is a positive and very
large integer and 7' is the period of the Keplerian orbit).

The last paragraph shows that there are important differences between the
symmetric solutions obtained in [36] and those obtained in § 2.4, since these
can be obtained for all values of € (sufficiently small) and there is no restriction
on the period T'.

3. Applications

3.1. Planar hydrogen atom with Stark and quadratic Zeeman effect

We consider a simple atomic system, namely hydrogen atom interacting with
time-independent and external fields that include electric and magnetic fields. In
this formulation, the magnetic field is usually applied perpendicular to the xy-plane,
while the static electric field is applied along the z-axis. See [11, 12, 15] or [24]
for more details on the formulation of this problem. We call this problem simply
by HCEM problem, whose Hamiltonian has the form

1 1 B B2
H(z,y,p2,py) = = (03 + 1)) — —— + = (ypa — apy) + — (2" +1°) — Fz.
2 z Y ,/x2+y2 2 Y 8

(3.1)
This Hamiltonian function depends on two parameters B and F. The term Fz is
the electrostatic potential describing the Stark effect while the other terms having
the parameter B refer to the linear and quadratic Zeeman effect (see [12, 24] for
more details for definition of the physical constants). An important point in this
problem is that the angular momentum is not a conserved quantity. We pint out that
the Hamiltonian function (3.1) is invariant under (only) the symplectic reflection
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S (2, Y, Pzs Py) — (T, =Y, =Pz, Py). We will consider the hydrogen atom in crossed
electric and magnetic field problem for weak magnetic and electric fields. This is
achieved scaling B and F' in the following way:

B = 2Be, F = e,
where € is a parameter sufficiently small. Considering this scaling, the Hamiltonian
function (3.1) assumes the form

B
+ ¢ [B(yps — zpy) — vx] + 625(332 +42).

(3.2)
To show the existence of symmetric periodic solutions, first as in the previous case,
we write the Hamiltonian function (3.2) in mixed variables involving polar and
Delaunay variables, so obtaining the Hamiltonian function

1 1
H(z,y,pspy) = =02 +p)) — ——=
2 x Y /.’172+y2

H = + M1 (B, g, L, G) + O(e?),

1
212
where

Hl(Eaga La G) =—-BG - TVCOS(f + g)a
—BG + ay (\/ 1 — e2sin E'sin(g) 4 cos(g)(e — cos E)) , (3.3)

r=a(l—e?)/(1+ecosf)ande=+/1—(G%/L?). The main result about the exis-
tence of Se-symmetric periodic solutions for the HCEM problem (3.2) is the

following.

THEOREM 3.1. Fiz the energy level Hy = —# and the period T = 2nL3 of the
0

elliptic Kepler solution. Consider v and By = —B/~ non null real constants and

e sufficiently small. Thus, for the planar HCEM problem (3.2), there exist two
I-parameter (and two 2-parameter) families of initial conditions such that each of
them gives us a second-kind Ss-symmetric periodic solutions. Two of these initial
conditions give us prograde solutions and the other two retrograde solution. All the
periodic symmetric solutions are linearly stable.

Proof. Maintaining the notation of § 2, first we use expression (2.24) for calculations

involving the derivative %%1 . After some calculations, we obtain

OH sin? E 1 Gysin Esing(e — cos E)
— =-B+G L —_—— . (34
oG + vcosg( e —eecos B 6) eV1—e?(ecos E —1) (8.4)

Next, we evaluate it in the solution ¢o(7, Y?*), and after some simplifications,
we arrive at

OH
S (golr, Y2H)

_ Be+ (—=1)*G~ — ecos(E)(Be + (=1)*t1G) + (=1)*Gvsin?(E)
e(ecos(E) — 1) ’

(3.5)
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where e = /1 — G?/L?, G =G+ 6G, L = Ly + 6 L. For a fixed value of 0 < e < 1
the function given by (3.5) is continuous and differentiable with respect to E and
then the integral of (3.5) can be calculated explicitly. For the integration of equation
(3.5), we use the change of variables (2.25). After the integration of equation (3.5)
and some simplifications, we arrive at

™ OH :
g(l)(T/Q,YS’k):/ a—Gl(cpo(T,Y2’k))|Yzyk:Yg,kLS(1feocosE)dE
0

= nL} <—B + (—)+r 3Golo >

2,/I2 - G2
B 3GoLo
=aldy | —= 4+ (- 2 ). 3.6
0<7<>2L3_G3 (36)
To find the solutions (in the variable Gg) of g (T/2,Y2") =0, we define the
normalized parameter By = —B/~. Moreover, we introduce the auxiliary functions
3GOL0

f1(Go) = (-1 f2(Go) = Bi, k=0,1, (3.7)

2/I2 - GZ’
defined in (—Log, Lo). Of course, g(l)(T/Z,Yg’k) =0, if and only if,

f1(Go) = = f2(Go), (3.8)

for some Gy € (—Lg, Lo). Due to straightforward properties of the function ff, we
obtain the following possibilities for the solutions of (3.8):

e If k=0 and B; <0 (resp. By > 0), then there is a unique solution G(()O) =
—2BiLo__ < () (resp. Géo) = 28k ),

\/4B2+9L2 \/4B2+9L2

e If k=1 and By <0 (resp. By > 0), then there is a unique solution Gél) =
——2BiLo__ > () (resp. Gél) = A2Bile ),

\/4B3+9L2 \/4B34+9L2

Observe that 0 < |Gé0)| = \G(()l)| < Lo, whenever By # 0 and « # 0. Thus, we
have verified the condition (a) of theorem 2.3.
Now, we are going to verify the condition (b) given by theorem 2.3. Consider the
equation (2.24) and the chain rule to differentiate (3.5) with respect to 6G. After
0 (0H
that, we evaluate EXel <8G1) on the solution g (7, Y(Q)’k)). Next, using the change

(2.25), after integration and simplification, we arrive at

96G |2 e—y2h */0 396G ( ag oY ))> ‘w,kzyg,kLO(l ~cocos E)dE

3myL§
2(Lg = Gp)
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Of course, for all Lg,~y # 0 we have %ng ok # 0 and the item (b) of theorem 2.3 is
0
verified. Thus, we obtain the existence of two 1-parameter (on €) families of initial

conditions

Yt = (0, km, Lo+ 6L™(e), G§" + 5G(k)(e)) , k=01,

(k) _ ¢ q\k_ 2B1Lg ; _ ;
where Gy = (—1) Jabromy’ such that each of them gives us a Ss-symmetric
of second-kind periodic solution with period 7' = 27L3. In addition, we have two
2-parameters (on € and 0L) families of initial conditions

Y25, = (0, km, Lo+ L™, G +6G® (e,6L8)), k=01,

such that, each of them gives us Se-symmetric periodic solution of second kind with
period T close to T = 2w L3.

Now, we discuss the stability of the previous periodic solutions. After some
algebraic manipulation, the averaging function H given in (2.10) here has the form

F(Xl,XQ) = 7TL8 (S’YLQ COS(gS’k + Xl)\/Lg — (GO + X2)2 + QB(GO + XQ)) .
(3.10)
By the definition of the matrix A in (3.10), we obtain

6
0 _(_1)16%02
A= (L2 - G2)** |- (3.11)

(-)*3ryLE\/LE — G2 0

Thus, the corresponding characteristic multipliers of the prograde and retrograde
So-symmetric periodic solutions are

3imy L} 3imy L}

JIi-G2 V-G

where Gy = Gék). Thus, in any case the Ss-symmetric periodic solutions are linearly
stable. g

L,1,1+e +O(eH),1 — + O(é%),

3.2. Anisotropic two-body problem under Seeliger’s potential

The gravitational potential of the two-body problem due to Seeliger’s theory is
given by

V(q) = A e~ Kllall (3.12)

all
where q is the vector between the two masses my and mso, A and K are positive
constants. See [23, 26, 29] for more details on the formulation of this problem. We
mention that a field featured by a (3.12)-like potential has larger physical implica~
tions. London’s theory of superconductivity involves an electromagnetic potential
of this form. Debye—Huckel’s theory of screening in electrolytes leads to a similar
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screened potential. See [26] and references therein for more physical implications
of this problem.

In this paper, following the formulation given in [26], we consider the Seeliger
potential in an anisotropic space, where the potential function (3.12) depends on the
parameter p that measures the strength of anisotropy. More precisely, we consider
the Hamiltonian

1 A 1
H(z,y,p2,py) = 5 (03 +1;) = T Ky/paty?, (3.13)

We call this problem as anisotropic Seeliger’s Hamiltonian or shortly ASH. It is
clear that the Hamiltonian function (3.13) is invariant under the symmetries Sy
and SQ.

To obtain a convenient approach of the Hamiltonian (3.13), we introduce the
scaling p =1 — poe? and K = e for e small. In addition, we make the change
p = VAp, q = V/Aq, that is, a 1/A?/3 —symplectic change. After this scaling, we
develop the resulting Hamiltonian in a Taylor series in € around e = 0. Thus,
eliminating the constant terms and setting x = £A'/3, ending up with

1 1
H(z,y,pz,py) = = (P2 +p2) — —F——e
27 Y /$2+y2

2l 2+ N +O(e}) (3.14)
2 2 (22 + y2)*?

REMARK 3.2. Note that the Hamiltonian function (3.14) depends on two parame-
ters k and pg. The parameter o determines the direction of the predominant force.
In the case in which pp > 0 (u < 1), the attraction is weakest in the direction of
the z-axis and strongest in that of the y-axis. The situation is reversed if poy < 0

(p>1).
In the mixed polar and Delaunay coordinates, the Hamiltonian (3.14) assumes
the form
1
H = ~57 + EHi(r, 0,9, L, G) + O(e?), (3.15)
where
1, cos?(f + g)

Hi(r, f,L,.G) = —5,%21“ (3.16)

2r ’
with as customary r = a(1 —e?)/(1 + ecos f) and e = /1 — (G2/L?).

Applying theorem 2.3, we obtain the following result about the existence of
symmetric periodic solutions of second kind for the anisotropic Seeliger problem
(3.14).

THEOREM 3.3. Fiz the energy level Hy = —ﬁ and the period T = 2w L} of the
0

elliptic Kepler solution. Consider k € R™ and pg € RT (resp. po € R™). If Lo >
Yuo/V2k ( resp. Lo > /—po/V2k), then for the 2-DOF' anisotropic Seeliger’s
Hamiltonian (3.14) for all positive € sufficiently small, there exist at least two
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1-parameter or 2-parameters families of initial conditions such that each of them
gives us a second-kind Sy (resp. Sa) symmetric periodic solutions. Moreover, the
periodic solutions are unstable.

Proof. We continue maintaining the notation of theorem 2.3. First, we eliminate
the dependence of H; given in (3.16) in the variables r and f using the auxiliary
expressions (2.22). We infer that

1
8alecos E —1)3
+a’er®(ecos(2E) — dcos E) + o)

H1(E,9,L,G) = [Q(ECOSE —1)*(a® (e +2) K*

+2ev/1—e2ugcos(E —2g) — /1 —e2pgcos(2(E — g))
+ V1 —e2ugcos(2(E +g))
+ p1o cos(2g) (— (e* — 2) cos(2E) + 3e* — decos E)

—2ev/1 — e?pug cos(Ec + 29)} . (3.17)

Next, for the calculations involving the derivative 887;‘;1 , we use expression (2.24)

and the chain rule. We obtain

OH1 G {3

el m —cosE(ecos E — 1) (2(ecos E — 1)2 (a2 (82 +2) k2 + po + a’ex?

2
x ecos(2E) — 4 cos E) 4 po cos(2g) (— (62 —2) cos(2E) + 3e? — 4ecos E)

+poV1 —e2 [ecos(E — 2g) — cos(2(E — g)) + cos(2(E + g)) — 2ecos(E + 2g)])

+sin B <% (—2e(ecos E — 1)2 (a2 (62 +2) k2 + a%er?(ecos(2E) — 4cos E) — ©o)

+ po cos(2g) ((8 — 1262) cosE +e ((262 — 1) cos(2E) + 8e? — 5)))sin E + 3e (62 —1) po
x /1 — €2 cos(E) sin(29) (2 (e® +1) cos E — e(cos(2E) + 3)) + sin®(E) cos(2g)

— 2\/@#0 sin?(E) sin(2g) (—362 + 2ecos E + 1)) — (ecos E —1)2

X (8a263n2 cos E — 24a2e?k? cos® E + 2ecos® E (12(1252 + ug)

—epo(cos(2E) — 3) cos(2g)

+ 2cos E <74a2/£2 + po (%\/;ng) + sinQ(g) - cosQ(g)) — uo)
2 (1 — 262) o sin E sin(2g)
+ T . (3.18)

Next, we evaluate (3.18) on the solution o (7, Y7*). After some simplifications,
we arrive at

OH,

oG

G (—e + cos E)

1,k 0 2 2 2
WYol\T [ ’ = 4

( ( ’ )) 16[1,25(2(: E 1)5 [4.6 cos B (,uo 2a (36 + ) K )

+a? (3 (62—|—8) €2+8) K2
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+4(3e® = 5)po + 4cos(2E) (€* (a® (e* + 6) k> — 3puo) + 5po)
—4ecos(3E) (2a°€*k* + 1) + a’e*k? cos(4E)] (3.19)
OH1

Go(—e +cos E)
g Y2h)) = 2
G (o(T, ) 16a%e(ecos E — 1)5

+a? (3 (62 +8) e? —|—8) K2
+4(3- 462) o + 4 cos(2F) (62 (a2 (62 +6) K2 + 2p0) — Bpto)
—4ecos(3E) (2a°€*k* — o) + a’e*k? cos(4E)] (3.20)

[de cos E (3po — 2a* (3¢* + 4) k?)

where a®> = L, G = Gy + 6G and L = Ly + 6L. Note that for 0 < e < 1 the functions
in (3.19)—(3.20) are continuous and differentiable with respect to the variable E and
it can be integrated on FE. Next, for the integration of the previous two equations,
we use the change (2.25). Therefore, after integration of (3.19)—(3.20) in the new
variable E' and some simplifications, we get

T OHy

gO(T/2, YY) = 5a (Po(r, Y ) lysncysr Lo(1 = eo cos B) dE
0

e§+2\/1fe(2)72) o

3.21
a?edr/1 — e? ( )

Replacing eg = /L3 — GZ/Lo on equation (3.21), we obtain
g (T/2,Y5")
o WGoL% (Gé‘G(ﬂFLzLO — 2G8:‘€2L3 + |G0|I’€2L8 — (—1)ju0(G(2) + L% — 2L0|G0|))

2|Go|(Go — Lo)?(Go + Lo)?

(3.22)

Now, we must search the solutions Gy of the equation g(l)(T/2,Y6’k) =0,
separately, in the two domains

Dy = {(Lo,Go) € R*0 < Gy < Lo}, Dz ={(Lo,Go) €ER* € R;—Ly < Gy < 0}.

(3.23)
First, in the domain D;( Go > 0) we need to solve the equation
gD (T2, Yk = mL [Lon?G + 2LgR?Gg + Lir®Go + (=1)po] _ (3.24)
$o 2(Go + Lo)? ' '
The solutions of equation (3.24) are the roots of the polynomial equation
pi(Go) = Lok>Gy + 2L2K*G? + Lyr*Go + (—1)7 o, (3.25)

in the interval I, = [0, Lo]. Initially, we consider the case j = 1. If ug < 0, then
equation (3.25) has no solution. A simple inspection shows that

p1(Go) = Lok*(3G3 + 4LoGo + L) > 0, for all Gy € I,.
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Moreover, if pg >0 and Lg > u(l)/4/\/ﬂ, then p1(0) = —pp <0 and p1(Lg) =
—po +4k?LE > 0. Thus, for j =1, go >0 and Lo > ué“/x/ﬂ, there exists only
one solution Gy 1 = Go 1(k, Lo, o) € (0, Lo) of the polynomial equation p1(Gy).
On the other, for the case j = 2, o < 0 and Lo > (—po)/*/v/2k, there exists only
one solution Go 2 = Go 2(k, Lo, f10) € (0, Lg) of the polynomial equation ps(G).
Next, we verify the condition of non-degeneracy (b) of theorem 2.3. Again, we
use the auxiliary expression (2.22) and the chain rule for the calculus involving the
derivative of equations (3.19)—(3.20) with respect to dG. After that, we evaluate

9 (%%1) on the solution g (t,Yé’k)). Making the change of variable t = L3(E —

96G
e sin F), after the integration 8‘9;%(900 (t, Y%’k)) and some simplification, we arrive
to
g )
.k
956G (()00(7'7Y )) Yj=k:Yé’k

L3(1 —egcos E)dE

_ [T 9 (oM ik

_/0 35G ( aG (¢O(T7Y )) ijk:Yg,k

et +2¢/1—e - 2) e3 o
V1—¢€3 (

(3eg+4(2 1—e3—3) 63—8\/1—6(2)4-8) G20

Lj 36,2 '+1a(
= a’egk” 4+ (—1)7
2a3€§

_1)j+1

(3.26)
(1-e})™”
Replacing a = L3 and ep = /L2 — G3/ Lo on equation (3.26), we obtain
g -
Y
(9(5G (()00(7-7 )) Yj,k:Yg,k
g 6 (97‘{1 ik 3
_ Y 31— E)dE
/0 I6G ( oG (SOO(T; ))) Yj=k=Y'(7)’k 0( €p COS )d
— L (—1)i+1 po (Gg — L) (Gg + L§ — 2Lo|Gol)
2 (L2 — G3)° |Go| Lo
(1)t (6G3LE — 8GFLo|Go| + 3G — L)
|GolLo
— k2 (G2 - Lgﬂ (3.27)
Considering G > 0 in (3.27) we infer that
ag(l) . ﬂ'Lg [(71)]-712/10 + K2L0(G0 + Lo)g]
Y/ = .2
35G (800(7_7 )) YJ*k:Yé’k 2(G0 I Lo)g (3 8)

. <1) (6D

Now, if y49 >0 (resp. po <0), then %"’ﬁ(@o (1, Y3%)) >0 (resp. %(@0(7, Y2M))>0)
for all Gy € (0, Lg). Therefore, by theorem 2.3, we obtain the existence of a 1-
parameter (on €) family (and a 2-parameter on € and §L) of initial conditions [as
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n (2.15) and (2.16)] such that each of them gives rise to S;-symmetric (prograde)
periodic solution.

Second, for the study of the retrograde solutions (G < 0), for each j = 1,2, we
need to search solutions of (3.22) in the domain Ds. Equation (3.22) for Gy < 0
assumes the form

mL§ [Low* G — 2L§K* GG + Liw*Go + (=1)7 " o

W(1/2, Y
g ( / > =0 ) (GO_LO)2

(3.29)

The negative solutions on the variable Gy of ¢)(T/2,Y*) = 0 are the solutions
of the polynomial equation

qj(Go) = Lor*Gy — 2L3K*G? + Lyk?Go + (—1)7 g = 0. (3.30)

It is easy to check that ¢;(Go) = —p,;(—Go), —Lo < Go < 0 and j = 1,2. Thus, for
each j = 1,2, there exists a unique negative solution

Go,j = Go,;(k, Lo, o) = —Go,j(k, Lo, po),

defined in the interval (—Lo,0), since for j =1, Ly > ﬂ(l)/4/\/2li and for j = 2,
Ly > (—M0)1/4/\/ 2K.

Now, we analyse the condition (b) given in theorem 2.3. To calculate

8?6‘ (aHl)(gog(t Y} ")), we proceed as in the previous case and after some

manipulation we get

g [T 0 [(O0Hy jk 3
956G Yik—yi* _/O % ( 9G ) (@o(@Y ))‘ijkzyg,kLO(l — €0 CO&E) dE

_ wL [(—1)77"2p0 + kLo (Lo — Go)?]
- G . (3.31)

If 110 > 0 (resp. po < 0), then %gw(@o(t,Yé’k)) >0 (resp. 2 65G (goo(t Y2F)) > 0)
for all Gy € (—Lg,0). Thus, the conditions (a) and (b) of theorem 2.3 are satisfied
and it is guaranteed of the existence of a 1-parameter (on €) (resp. a 2-parameter on
€ and 6L) family of initial conditions such that each of them gives us S;-symmetric
retrograde periodic solution of the Hamiltonian (3.14).

Now, we analyse the type of stability of the previous symmetric periodic solutions.
After some algebraic manipulation, the averaging function H given in (2.10) for the
Hamiltonian problem (3.14), in Delaunay variables, has the form

cos(2(gy* + X1)) ((Go + X2)? — 2Lo|Go + Xo| + L3)
0 — (Go + X2)2

—_— —T
H(Xl,XQ) = 71—/0

+ k2L (3L — (Go + X2)?) + po | - (3.32)

First, we consider equation (3.32) for prograde solutions (Gy > 0). Therefore, the
matrix A defined in (2.11) takes the form

G) _ *H
Ap _J(axkaX)X 0
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—_1)7-1
0 Lgﬂ— <LOHZ + 2(1)'u0>
_ , (Go + Lo)? (3.33)
2mLo(=1)7" " po (Lo — Go) 0
Go + Lo

for j = 1,2, whose eigenvalues are

\[ Ly* /(=17 (Lo — Go)y/w?Lo(Go + Lo)® + 2(— 1)-7_1/10_

A =
’ (Go -+ LO)

Since 0 < Go < Lo, then rZLo(Go+ Lo)®+2(—=1)7"1pg >0 and (—1)7"tye
(Lo — Gp) >0for j =1and up > 0or j =2 and uy < 0. So, the prograde periodic
solutions have multipliers characteristic

1,1,1+ ez\gj) +O(?),1 + e)\gj) + O(6),

and therefore these S;-symmetric periodic solutions are unstable.
On the other, considering equation (3.32) with Gy < 0 implies that the matrix A
takes the form

: 92H
A(J) —
R = (axkaxl ) X0

0 Lirn (LO,# +
21 Lo(—1)7 " pio(Lo + Go)
Lo — Gy

2(_1)3'1”0)
(Lo — Go)?

0

(3.34)

for 7 = 1,2. The eigenvalues of the matrix Ag) are given by

\fWL?)/Q\/ ¥i=Lpo(Lo + Go)v/k2Lo(Lo — Go)® + 2(—1)7 1y
(Go — Lo)? '

“[\:»J

Since —Lo < Gp <0, then r?Lo(Lo— Go)®+2(—=1)"1pg >0 and (—1)77!
to(Lo + Go) >0 for j=1 and pug >0 or j =2 and py < 0. So, the eigenvalues

p(lj % are reals and the retrograde periodic solutions have characteristic multipliers

11,1+ eply + O(2),1 - epl’) + O(2).

Thus, we conclude that the retrograde symmetric periodic solutions are
unstable. O

3.3. The planar generalized Stgrmer problem

This problem consists in the study of the dynamics of a charged particle around
rotating magnetic planets. More specifically, the generalized Stgrmer problem
describes the dynamics of a dust particle of mass m and charge ¢ orbiting a rotat-
ing magnetic planet of mass M. The magnetic field of the planet is supposed to be
a perfect magnetic dipole of strength aligned along the north—south poles of the
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planet (see [17-19] for more details on the formulation of this problem). Moreover,
the planet magnetosphere is taken as a rigid conducting plasma which rotates with
the same angular velocity (2 as the planet, in such a way that the charge g is subject
to a co-rotational electric field. Furthermore, the gravitational interaction in this
model takes into account the non-sphericity of the planet which is given by means
of the so-called Jo term. See [19] for a complete discussion of the Stgrmer problem
with Jo effect. We will consider the planar generalized Stgrmer problem which is
given through the following two-degree-of-freedom Hamiltonian

1 1 d(xpy — yps) o0
o . — 22 4 p?) — _ Yy z
(xayap 7py) 2(p1 +py) l‘2+y2 (l‘2+y2)3/2 + J,‘2+y2
Jo 52

2(x2 + 42)3/2 + 22 + y2)% (3.35)
Tt is easy to check that the Hamiltonian function (3.35) is invariant under the two
symmetries S; and Ss. The planar generalized Stgrmer problem (3.35) depends also
on three external parameters, namely, d, 5 and Jo. The parameter § indicates the
ratio between the magnetic and the Keplerian interaction (i.e., the charge—mass
ratio ¢/m of the particle). The parameter 3 is the ratio between the electrostatic
and the Keplerian interactions (i.e., the ratio /wy, where wy = \/M/R and R is
the equatorial radius of the planet). Finally, J5 is the oblateness of the planet taken
into consideration.

For our purpose, we introduce the small parameter € by means of the following

relations § = eb and Jy = ae with b, @ real numbers. So, the Hamiltonian function
(3.35) becomes

1 1
H=_(p2+p?) - ———
2( y) /x2+y2
—b(xpy — yps) bp a

+ O(€). (3.36)

- + - -
GI+ R T Py B
The next step is to express (3.36) in the mixed coordinates involving polar and
Delaunay elements. Then, we arrive at

H= +Hi(r, 0,9, L,G) + 0(62), (3.37)

212
where (1, 0) are the classical polar coordinates, = f + g and f is the true anomaly.
The perturbed function H; is given by

bG b3 a  =2bBL*(1 —ecos E)* + a + 2bG

Hl:_r73+7_ﬁ_ 202%2(1 —ecos B)3 ’

where 7 = a(1 — e?)/(1 + ecos f) and e = /1 — (G2/L?) is the eccentricity of the
unperturbed elliptic orbit.

To obtain symmetric periodic solutions, we must verify the conditions (a) and
(b) in theorem 2.3. We have the following result for the existence of the symmetric
periodic solutions of second kind for the generalized Stgrmer problem (3.36).

(3.38)
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THEOREM 3.4. Fiz the energy level Hy = —ﬁ and the period T = 2rL3 of the
elliptic Kepler solution. Given o and b non null real constants, for the 2-DOF
generalized Stormer problem (3.36) for all € and §L positive and sufficiently small,
the following statement holds:

If ab < 0 (resp. ab>0) and Lo > 3 |~ %|, then there exist two 1-parameter (e)
families and two 2-parameter (e and 6L) families of initial conditions such that
each of them gives rise to a prograde (resp. retrograde) second-kind S;-symmetric
periodic solution.

The S1-symmetric periodic solutions are obtained as continuation of the elliptic
Keplerian solution with initial conditions

Yk = (0, (2k + 1)%,L07G0) k=01,
where Gy = —i—g. On the other, the Ss-symmetric periodic solutions are obtained
as continuation of the elliptic Keplerian solution with initial condition

YEP = (0, kn, Lo, Go), k=0,1.

Moreover, the families of symmetric periodic solutions generated by the 1-parameter
families of initial conditions have fized period T = 27L3 and those generated by
the 2-parameter families of initial conditions have period T = T(1 — T™*) + O(€?)
where T = %waO(Qﬂ — Sb;QLO), All these symmetric periodic solutions are close to

elliptic Keplerian solutions with eccentricity eg = \/16b2L3 — 9a? /4bLy.

Proof. Maintaining the notation of § 2, we will verify the hypotheses (a) and (b) of
theorem 2.3. For the condition (a), we need to find the solutions of

T/2 87’{1

W) (7 /2, YI* :/ an Yok ‘ - .
g (T)2, )Yj,k:Y_é.,,c e (¢o(1,Y7F)) Y]_?k:Y_é.)de 0, (3.39)

for j=1 and j =2. Observe that the perturbed function H; in (3.38) does

not depend on the variable g, and therefore, we have 88%1 (@O(T,Y(l)’k)) =

OHy
0!

& (wo(T, Yg’k)) for k = 1,2. Using expression (2.24) for calculations involving the
o
e
oH 1

8G1 = Taic(ccos B 1) [cos E (a®bB (11e* + 4) G — 8abe® — 6G(a + 2bG))
+ e (4ab + 2abe® — 2a°bBe*G — 8a’bBG — 2abcos(2E) (e*(aBG — 1)

+2aBG) + 12bG* + 6aG + a®bBeG cos(3E))] . (3.40)

derivative we arrive at

where a = L2. Next, we evaluate (3.40) on the solution g (t, Y2*). It follows that

. T/2 .
g (T2, Y = / M o(r, YI)) 7
., oG

[T oM,

%(%(T, YIF)L3(1 - eg cos E) dE, (3.41)
0
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Therefore, after integration of (3.41) we arrive at
Lj (2ab (e§ — 1) + 3Go(a + 2bGo))  m(3x + 4bGy)

(1) Jky _
9 (T/2,Yy") = = . (3.42)
[ 200 (1 - 3)°? 2GHGe

We must find the solutions Gy of the g(l)(T/2,Yé’k) =0, in the two domains
given in (34.23). Observe that in both domains, the solution of the equation
gD(T/2,Y5F) = 0 is given by

3«

GO - —@

(3.43)

Thus, in the region D; (prograde solutions), we need to impose that ab < 0 and
Lo > —i—‘;. While, in the region Do (retrograde solutions), we must have ab > 0
and Lo > i—‘;.

Now, we verify the condition (b) of theorem 2.3. To compute the partial derivative
52 (241, we use the chain rule and expressions (2.24) to differentiate (3.40) with
respect to 0G. Thus, again using the change of variables ¢t = L3(E — eq sin E), after

integration, we obtain

g™ T 0 [(0Hy 3 6 (a4 bGo)
- 2 (< L3(1- E)dE= — 2T 20
96G Iy iyt /0 96G < oG ‘w,kzygk o(1—eocos E) GGl
(3.44)
Evaluating expression (3.44) on the solutions Gy = —i—‘;, we get
g ~ 5127b° 20
I0G Iyie=yi*  8la ’

since b # 0. Therefore, we have verified the conditions given in (2.12). Thus, we
conclude that every Keplerian elliptic orbit with initial condition

ng - (O7ggjkaL07:|:G0) ) GO = T k= 1727

can be continued to a Sj-symmetric periodic solution of the generalized Stgrmer
problem. Therefore, we conclude the proof. O

We point out that in the previous theorem, we cannot give information about the
linear stability of the symmetric periodic solutions, because the matrix A (2.11) is

given by ( 8 3 ), so their eigenvalues are all null.
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REMARK 3.5. A simple calculation shows that the averaged function of (3.38) in
Delaunay variables is
—  —a+2b3LIG|° — 2bG
B 2L3|G3

Moreover, the averaged system associated with the Hamiltonian (3.36), for prograde
solutions is given by

dG_ . 1 3a + 4bG
¢ T T T (Z9p*)3/2 473
(—2h*) 2G°L (3.45)
& _,
de

Therefore, system (3.45) has no non-degenerate critical points. The same conclusion
is valid for retrograde solutions, and Reeb’s Theorem or Averaging theory does not
give us information about the existence of periodic solutions.

4. Concluding remarks

In this work, we have considered the problem of existence of periodic solutions of
symmetric Hamiltonian systems which are perturbation of the integrable Kepler
problem with 2-DOF using an analytic approach. The method of analysis depends
on the appropriated use of Delaunay coordinates, because they permit us to get
the first approximation of the solutions of the full Hamiltonian system. This is
achieved as solution of a variational system. Next, we give the sufficient conditions
for the existence of second-kind symmetric periodic solutions for problem (1.1) as
continuation of an elliptic Kepler solution (the so-called continuation Poincaré’s
method). Moreover, we get an estimate of the characteristic multipliers of the sym-
metric periodic solutions, thus allowing us to determine the type of stability of such
solutions.

We complement our study considering the connection between the solutions
obtained in this paper and the procedure that allows to get symmetric periodic
solutions applying the averaging theory for Hamiltonian systems and symplectic
reduction. For this last approach, the main result can be found in [36], here the
authors derive a method to get symmetric periodic solutions from a more general
class of periodic solutions that are obtained from the analysis of relative equilibria
after performing the process of averaging and reduction. In this work, we determine
when an elliptic Keplerian solution that can be continued by theorem 2.3 to a sym-
metric periodic solution of the perturbed problem (1.1) can also be continued from
the process of the averaging (Reeb’s Theorem). As we saw in § 3.3, some degenerate
elliptic Keplerian solutions (associated with a degenerate critical point in the sense
of Reeb’s theorem) can be continued by theorem 2.3. In addition, if a Keplerian
elliptic solution can be continued by theorem 2.3 and by Reeb’s Theorem to a peri-
odic solution of the full problem, then we showed that these periodic solutions have
the same linear stability.

As applications of our theoretical results, we study the existence of periodic
solutions of three different problems: the perturbed hydrogen atom with stark and
quadratic Zeeman effect, for the anisotropic Seeligers two-body problem and to
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the planar generalized Stgrmer problem. We proceeded with providing care when
carrying out our analysis, providing many but necessary details to apply theorem
2.3. After checking the literature on the subject, we emphasize that our result stated
on theorems 3.1, 3.3 and 3.4 are new.

In a future work, we intend to study the existence of second-kind symmetric
periodic solutions for spatial perturbed Kepler problems. In addition, we want to
establish the connection between the solutions obtained by the classical analytical
continuation method of Poincaré and the procedure to obtain symmetric peri-
odic solutions applying averaging theory of Hamiltonian systems and symplectic
reduction for three degrees of freedom.
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