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Abstract

We consider the CP problem, i.e., the Rydberg electron in a rotating electric field, whose dynamics is described by a Hamiltonian
depending on one parameter, K>0. The corresponding Hamiltonian system of ODE has two equilibrium points L; (unstable
for all K') and Lo (a center for K < K_,;; and a complex saddle for K > K,;;). We study the Hamiltonian-Hopf bifurcation
phenomena that take place for K close to K,.;; around L. First, a local analysis based in the computation of the normal form
(up to a finite order) is carried out and the steps for the computation of the resonant normal form are explained in a constructive
manner. The results of the analysis enable us to use the dynamics of the (integrable) normal form to study the local behavior
of the electron in a neighborhood of the equilibrium L for the original non integrable Hamiltonian. Second, we compute
numerically all the objects involved in such a bifurcation (periodic orbits, invariant 2D tori and the 2D manifolds of Ls) in
order to have a local picture of the dynamics close to Ls. Finally a global description of the dynamics is carried out and the
effect of the Hopf bifurcation as well as other objects that organize the dynamics are discussed.
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1. Introduction

Within the classical mechanics context, we consider the hydrogen atom interaction with a circularly polarized electromagnetic
field, which we will refer to, from now on, as the CP problem. In suitable rotating variables, the CP problem is modeled by a
Hamiltonian system with two degrees of freedom (assuming planar motion for the electron) that depends only on a parameter
K > 0. Itis true that the CP problem has been studied by several authors (see [5], [9] and [16]) but it presents a variety of
phenomena that remains to be well understood. Actually, we expect to have chaotic regions for this Hamiltonian since it is
known that this system is non integrable (see [14]).

A remarkable property of the CP problem is that it can be regarded as a perturbed Kepler problem (the CP problem becomes
the Kepler problem in rotating coordinates for X = 0) and, in fact, some features of the dynamics can be understood from the
dynamics of the two body problem, when K is small.

Concerning the CP problem itself, it is well known (see [5]) that it has two equilibrium points for any value of K: L; which is
of type centerxsaddle, for all K > 0, and Ly which is a centerxcenter for K < K., being K .; = 374/3 /2 ~ 0.11556021
a critical value, and a complex saddle for K > K.,;;. As far as the authors know, all the papers are devoted to studies for
small K and always K < K, ;. In such a case, different kinds of solutions appear in the CP problem: confined, periodic,
homoclinic, chaotic, escaping/ionizing among others. For the latter, it is known that there are fast escaping orbits and slowly
erratic escaping orbits, in the sense that they make several excursions reaching small and big distances from the nucleus in
an apparent random way such that it is difficult to predict when the electron will actually ionize (see [5]). A recent study on
trajectories ejecting/colliding with the nucleus can be found in [26].

Applying a dynamical systems theory approach, the authors in [5] were able to explain the mechanism for these kinds of
orbits, based upon the invariant manifolds of some suitable periodic orbits. This was a main goal of that paper for K < K,;;
and the present paper is a natural continuation of it.

In this paper we study the dynamics of the CP problem also for the K > K,.;; case, and the remarkable fact that L,
experiments the so called supercritical Hopf bifurcation when K increases and crosses the critical value K,.;;. Our purpose
is to describe the dynamics, not only from a local point of view, but from a global one and the consequences that this Hopf
bifurcation has on the behavior of the solutions. This will require, for numerical simulations, that we will have to compute
periodic orbits, their 2d associated invariant manifolds as well as the 2D invariant manifolds associated with the complex
saddle equilibrium point Ls. Also suitable Poincaré sections will become very useful to describe the dynamics as well as to
find confinement regions where the electron remains trapped for ever in the middle of apparent chaotic regions.

So our contribution in this paper is threefold:
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(1) To apply an analytical procedure to transform the original and non-integrable Hamiltonian to a four order Hamiltonian
normal form (NF) plus a remainder. The explicit steps are given and an algorithm that might be implemented for any order
is explained (see Remark 7, after Proposition 1). We point out that the papers dealing with the Hopf bifurcation typically
consider an academic theoretical Hamiltonian, depending on generic parameters, with a suitable expression useful to carry out
the normal form process, whereas here, we take the given Hamiltonian of the CP problem.

(ii) The analytical description of the dynamics of the integrable four order NF for K close to K..;;. Of course, this is a
local approach due to the validity of the NF in a small neighborhood of the equilibrium point Ls. In particular, the two families
of periodic orbits (and their stability) around the stable Lo, for K < K., as well as their merging to become one bifurcated
detached family, when L, becomes a complex saddle for K > K., is explained. Also the parametrizations of the manifolds
of the unstable Lo are derived. The CP problem (the Rydberg electron in a rotating electric field) is also considered in [20] to
illustrate the Hamiltonian Hopf bifurcation. However, the treatment found there is perturbative, in the sense that the authors
consider the Hamiltonian system in a neighborhood of Lo and check that this equilibrium point changes its stability from
center to complex saddle when the polarization parameter crosses a critical threshold; they unfold the normalized quadratic part
of the Hamiltonian with two different terms that yields to the supercritical and sub-critical bifurcation (see [7]), respectively.
Here, we consider always the Hamiltonian of the CP problem, without any assumptions on the form of the higher order terms
and carry out the computation of the normal form, in an explicit way, up to any given order. From the obtained four order NF,
we determine the type —supercritical— of the bifurcation that actually takes place. Results are stated in Proposition 3.

(iii) So far the analytical part, next we focus on numerical simulations. On the one hand, we describe the Hopf bifurcation
that takes places in the CP problem computing numerically all the invariant objects involved and showing the role they have
in the dynamics. Although the analysis of the integrable NF is valid only for a tiny neighborhood of Ly and a small interval
containing K.+, we take the original non-integrable Hamiltonian and make numerical simulations that allow big regions in
the configuration plane (position coordinates for the electron) and any value of K. More precisely, for the energy level of Lo,
we describe how the 2D invariant manifolds of the equilibrium point Lo, for K > K_,;;, provide a mechanism to explain a
rich variety of orbits, including homoclinic orbits, multi-bump ones (with several close passages to the L), chaotic ones and
even low and fast ionization for the electron if K is big enough. Moreover, the elliptic bifurcated periodic orbits (of the Hopf
bifurcation) determine a region of confinement in the middle of a chaotic area. On the other hand, for values of the energy
close to that of Lo and varying K > 0, we describe the dynamics, from a global point of view, for the original non integrable
Hamiltonian. We explain how some periodic orbits, that exist regardless the Hopf bifurcation phenomena, the 2D invariant
manifolds of the equilibrium point Lo, the 2D invariant manifolds of the Liapunov orbits around L1, the bifurcated periodic
orbits and 2D invariant tori organize the dynamics.

Remark 1. The CP problem is addressed here as classical Hamiltonian system. Quantum considerations are beyond the scope of
this study. Nevertheless, it could be interesting to apply, somehow, quantization rules to the normal form. However, according
to the observations in [20], though there exist methods to quantisize the Birkhoff-Gustavson normal form in the semi-classical
approximation, the quantisation problem involving non semisimple resonances (as that taking in the Hopf bifurcation) is not
yet completely understood. Even so, in the quoted paper, the authors manage to give, under some assumptions, the spectrum
for the supercritical bifurcation. Readers interested in these aspects are referred to there.

The paper is organized as follows: Section 2 is devoted to give the equations of motion of the Rydberg electron in the CP
hydrogen atom, seen as a Hamiltonian system written in a rotating reference frame; as well as some general features of the
model. In Section 3 we describe the transformation from that initial Hamiltonian to a (resonant, integrable) normal form, plus
a (non integrable) remainder. The reduction process is carried out “degree-by-degree”, trying to remove, at every step —starting
from the terms of degree 3—as many terms as possible. This removal is done through the successive application of symplectic
changes whose generating functions are found solving their associated homological equations. For the current case of 1:—1
resonance, we show explicitly these equations and study their solvability giving, in the resonant cases, the compatibility terms
needed. Thus, it is shown how to compute effectively, up to any given degree, both the generating functions and the normal
form terms. Particularly, for the Hamiltonian of the CP hydrogen atom model, the fourth order normal form is computed in
the Examples 3, and 4. In Section 4 we use this normal form to discuss, for values of the polarization parameter K close to
K rit, the stability of the Rydberg electron in a neighborhood of the equilibrium point Ls. In Section 5 the dynamics of the
normal form is explored, as a way to get an (approximate and local) description of the phase space in a neighborhood of the
equilibrium point. Section 6 is devoted to explain the numerical tools used in Section 7, where we present a detailed description
of the dynamics from a global point, when K < K_,.;; and when K > K_,;;, for values of the energy h close to the value at
the equilibrium point i (Lo ), focusing our attention on the effects of the Hopf bifurcation. Conclusions are in section 8.

We remark that the numerical computations have been done with double precision and the integrations of the ODE carried
out along the paper have used a Taylor method, through the software package provided by Jorba and Zou [19]. This is a robust
method, both in speed and accuracy, and suitable for long time span integrations.

Finally, we notice that Section 3 is rather technical, so maybe we recommend for a first reading of the paper, once the
reader is in this Section, to go directly to the results stated in Propositions 1 and 2, and go on. In that way the overview of the



paper is achieved. For a detailed analysis of Section 3, the reader can go deeper into it.

2. The CP problem

In this Section we present the equations of the problem and some basic properties related to equilibrium points, their stability,
and some families of periodic orbits (PO) that play an important role in the dynamics of the problem.

Let us consider the relative motion of the electron in a hydrogen atom subjected to a circularly polarized (CP) microwave,
where the pulse of the microwave field is taken with a flat-top shape, i.e., the field amplitude is ramped up in time until it
achieves a final, constant amplitude. Here we ignore the ramping and only consider the dynamics after the flat-top has been
reached (see [9] for a discussion of the implications of the initial ramp).

The Hamiltonian for the electron of the hydrogen atom (in the limit of an infinitely massive nucleus and in atomic units
m. = h = e = 1) subjected to a CP microwave field, and assumed to move in the plane (x, %), is the following:

1 1
H:5(}93+pl2/)—f+F(:Ucosth+ysin&)t), (1)
T

where (z,y) and (p,, py), with p, = 2’ — y and p, = y’ + =, are the canonical coordinates and their conjugate momenta;
r?2 = 2% + y?; @ is the angular frequency of the microwave field and ' > 0 is the field strength (see [9]).
Moving to a frame rotating with the CP field and by re-scaling time and distances the expression of the Hamiltonian (see

[5] for details) is

1 1
H = (v +py) —apy +yps — — + Kz, )

where K = F/ &*3 > 0 is the unique parameter and, for simplicity, we keep the same names for the position and momentum
coordinates. Now the Hamiltonian becomes autonomous and the constant value of the Hamiltonian H = h over each solution
is called the energy.

The associated Hamiltonian equations of the motion are

z' = Pzt Y,
Y =py —x,
x 3
Py =py— =5 — K, )
T
P, = —py — =
Y T3
which satisfy the symmetry
(t7xvyap3¢7py) — (_taxa_yv _pJpr) (4)

This implies that, for each solution of the equations of motion, there also exists another one which is symmetric with respect
to y = 0 in configuration space (x,y). In particular, periodic symmetric solutions with respect to y = 0 intersect this axis
perpendicularly twice. We use this property,in particular, to find families of periodic symmetric solutions.

The CP problem in rotating coordinates has two equilibrium points, denoted by L; and Ly and located in the x-axis at
2(L1) < 0 and x(Lg) > 0 respectively (z(L;), i = 1,2 varying with K). Regarding their linear stability, the first one is of
type saddle x center for all values of K, whereas the second one is of type center x center for

—4/3
K < Kcrit =

~ (0.115560212391772 (5)

and a complex saddle for K > K ;.

It is worth noticing that, when the electron is not far away from the nucleus, the problem given by (2) may be regarded as a
perturbed Kepler problem when the parameter K is small, which is the case considered in [5]. Actually, from the rotating
two-body problem, K = 0, it is known that, for h < —3/2, there exists one family of retrograde periodic ones (denoted by o,.),
family that persists when K > 0 and we denote it in the same way.

Also for K > 0 and small, since L1 is of type saddle xcenter, and L, of type center xcenter (for K < K..;:), applying
the Liapunov center theorem (see, for example [34], chap. 2, or [24], chap. 9), we obtain three families of periodic orbits
(parametrized by the energy and known as Liapunov periodic orbits, LPO), one around L; (ol;) and two around Lo (one family
existing for increasing values of the energy h, and the other family for decreasing values of h, both starting at 2(Ls)).

One of the main goals of this paper is precisely to describe the Hopf bifurcation phenomenon that experiments the
equilibrium point Ly when K increases and crosses the critical value K ...

For this purpose, a very useful theoretical approach will be to consider a lower (four) order normal form associated with
the Hamiltonian. This is done in the next Section.



3. Reduction to normal form around L-

This section is devoted to the local study of the system around L, for values of the polarization parameter K close to the
critical value K.;; in (5). As linearization shows, the stability type of this point changes from center to complex saddle as K
moves from K < K..;; to K > K.;; passing through a double (degenerate) center at K = K_,.;;. For this value of K the
characteristic exponents collide pairwise on the imaginary axis and the matrix of the linearized system has two pure imaginary
eigenvalues, £iw, @w > 0; of algebraic multiplicity two, but geometric multiplicity one. This (parametric) resonance is
known in the literature as 1:1 non semisimple resonance or, more briefly, as 1: —1 resonance and has drawn attention of many
researchers (see [24], [33], [39], and references therein). The relevant features of the local dynamics can be gleaned from the
resonant normal form around Lo of the involved Hamiltonian (2). The normal form reduction process embraces the expansion
of the Hamiltonian (subsection 3.2), linear reduction and complexification (subsection 3.3) —where the quadratic part of the
Hamiltonian is put in a standard form (Williamson normal form) and complex coordinates are introduced—, and finally, the
nonlinear reduction that, from a computational point of view, consists basically in setting and solving the so called homological
equations (subsection 3.4). Before continuing, we need to state some additional notation. This is done right in subsection 3.1.

3.1. Notation and definitions
We shall denote by M,, ,,, (IF) the vector space of matrices with n rows and m columns with coefficients in F = C, R, Z, or
Ny = NU {0}. For square n x n matrices, it is quite usual to write M., (F) instead of M,, ,(F). Thus, if A € M,, ,,(F),
AT € My, ,(F) will stand for its transpose. If u = (u1,...,u,), v = (v1,...,v,) € F", then w = (u,v) € F* x F",
Furthermore, given u = (uy,...,u,) € F",

ufi= lur|+-- - + [un]
indicates its vector 1-norm. I,, = diag[l,...,1] € M, (FF) is the unit matrix and .J,, is the block matrix of the standard

symplectic 2-form in R?",
0 I,
n=(_1 %)

M = (m|n2l--- ‘nm) € Mn,m(]F)

For a set of m vectors 11,72, . .., m € F”,

is the matrix having these vectors as columns.

The upper bar will denote complex conjugation, i.e., if z € C, then Z = Re z —iIm z, whereas for matrices and vectors this
convention extends componentwise, so if A = (a; ;) € My, 1, (C), then A = (@; ;) € My m(C)i=1,...,n,5=1,...,m;
and we say that A is the complex conjugate (or simply, the conjugate) of A.

Given R > 0, P will denote the polydisk R, i.e.,

Ir = {(p, o, B) € Cx C* x C*: |pu|< R?,|(ev, B)| o< R},

where

‘|00 denote the modulus of a complex number and the supremum norm, respectively.

’

In expansions, it is often used multi-index notation for the monomials involved so, if v € C, o = (a1, a2), = (b1, B2) €
C?; forirps sy € C; € € No; 1,5 € N2, we write

Vs £
fﬁ?"sl/ arﬂs = ff?"17“231$2y a§1a52/8f1 ;2' (6)

Hence, let C[[v, a, f]] := C[[v, a1, az, B1, B2]] be the ring of complex formal power series in v € C, a = (g, ap) € C?,
B = (B1,32) € C2. Therefore, F' € C[[v, a, 8]] if, and only if, it is a formal power series of type

F= Z f[rsyearﬂsa
where the summation is performed over ¢ € Ng and 7, s € NZ.

For any two F, G € Cl[v, o, f]],
OF 0G  OF 0G
{FG}= Z.;Q (M 9B 9B 80@-)

is their standard Poisson bracket with respect to (, 3). Now, given G € C[[v, «, 8]] fixed, we define Lg := {-, G}, so
LgF = {F,G} forevery F € C|[v, «, f]] and, recursively

LLF :=F, LLF = Lg (LET'F),
k=1,2,3,... For the monomials (6), we define their adapted or weighted degree by

deg{z/lofﬁs} =20+ |r|1+]s|1- @)



The reduction to normal form involves the following spaces of homogeneous polynomials: E,[v, a, 5] will stand for the
space of the homogeneous polynomials of (adapted) degree o = 2, 3, ... made up of monomials of type (6). Furthermore,
for £, M, N € Ny fixed, E¢prn [4, «, 5] will denote the subspace of Eogq pr4 N[V, @, 5] spanned also by monomials of type (6)
with M = rq 4+ 79, N = 51 + s9. Clearly,

Eqlv, o, 8] = @ Eenv|v, o, B].

2{+M+N=0o

Next, let S : C[[v, o, 8]] = C|[[v, o, 5]] be the linear operator defined by

F= Zf£r1r25152l/ al a2 6 (F) = Z(_l)rl—i_w.ﬁswlrzml/ al a2 ﬁ . (®)
l,r,s L,r,s
We shall use the symbols CS[[v, a, 8]], ES[v, o, 8], and EZ,, x [V, v, ] to refer the subspaces of C[[v, a, (], E, [v, a, ],
and E/psn [V, o, (] respectively, that are invariant under S, i. e., F € C®[[v,a, 8] (F € ES[v, o, 8], F € EJy, vV, v, B])
if and only if F' € C[[v, o, 8]] (F € Ey[v, 0, 8], F € Egpyn[v, @, 8]) and S(F) = F. Then it is said that F' satisfies the
S-invariance or the S-symmetries. Finally, let G(v, «, 3) be a real analytic function, we write G € C[v, a, ], and the
associated Hamiltonian system,

. oG : oG
aj_aiﬂj(l@aaBL 6j__@(yaa76)a (9)
j = 1,2 (where v is taken as a parameter), then
a;j(t) = ¢f (t;v,0°, 8°), B;(t) = ¥f (t;v,a®, 8°) (10)

will denote its solution with initial conditions a;(0) = a?, B;(0) = B?; j=1,2,and
T (va”, 8%) = (a(t), B(1)) = (¢ (v, 0°, B), 4 (1,07, 5%))
its flux at time ¢. More notation and definitions are introduced along the text as needed.

3.2. Expansion of the Hamiltonian

First we expand Hamiltonian (2) around the equilibrium point Lo, which is placed on the z axis in the configuration space. Let
¢ denote the distance from the origin to the equilibrium point L. Therefore from equations (3) we see on the one hand, that
the position of Lo —in the phase space coordinates of the Hamiltonian (2)- is given by (z, y, ps, py) = (6,0,0, ) and, on the
other hand, that ¢ is the only positive solution of the equation

23 — Ka? — sign(x) = 0, (11)

for x > 0. Notice that § depends on K and let §y denote the value of § corresponding to the critical value of the parameter K,
K it An straightforward computation yields,

32/3
Moreover, we shall define the parameter p as the difference:
1 1
-2 1 13
P=5735 (13)

From (11) - (13) one can correlate K as a function of i (see also equations (20)). Then it can be seen that K,.;; corresponds
to . = 0 and that K crosses the value K,;; from K < K..;; to K > K..;+ as p increases from p < 0to 0 < p < 1/dp.
Therefore, the equilibrium point Lo changes from a center to a complex saddle as 1 crosses the zero from negative to positive
values.
Next, to translate the equilibrium point to the origin, we introduce the symplectic change of coordinates given by,
n Y2
= =0+ == 14
5’ Dy + 5 (14)
As done in Celestial Mechanics, when one investigates the dynamics around a co-linear (L1, Lo, L3) or a triangular (Ly,
L) equilibrium points of the Restricted Three Body Problem, it is usual to translate it to the origin and then expand the terms
of the form 1/ as a sum of Legendre polynomials (see [13], [31], [32]). Applied to the case at hand, this approach leads to the
sum

:5(1+$1), y:(;an Pz =

1 1 1/6 1/6

ey ()

Z (=21/p),

=
%\H




where p? := 2% + 23 and P,(t), 0 = 0,1,2,... are the Legendre polynomials as generated by the recurrence relation

P(t)=1, Pi(t)=t,

1 (15)

Pria(t) = 24P5 () = Pra(t) = — (tPo(t) = P (1)),

witho = 0,1,2,... (see, for example [1, Chap. 12]). If we define
Ra(xla I2) = pgpo(fxl/p)
then, from (15), the recurrence relation for Ry,

Ro(w1,09) = 1, Ri(w1,m9) = —11,

Ry (21, 22) = =221 R (21, 2) — p* Ry 1 (21, 22) (16)
1
+ O'—|—1 ($1R0(1’17$2)+02R071(1’17$2))> 0 = 1727"'

follows at once. For example, for o = 1,2, 3,

2
z 3
Ry(x1,m2) = 7 — 727 Rg(x1,22) = —2f + 5371333,
3 15
Ry(y,19) = 27 — 3ziz3 + gxg, Rs(21,22) = —2) + batas — gmlmg, .
and induction shows at once that, for every o = 0, 1,2, ... the corresponding R, is a homogeneous polynomial of degree o in

X and Za.
Now, if one substitutes the change (14) in the starting Hamiltonian (2), and replace 1/r by its expansion as the sum of the
polynomials R, (times 1/§) one obtains,

Y1 Y2 62 1 1,3 2 1 2 2
H(é(l—l—xl),égﬂ%?,é—k?) =-5 —g—f—K(S— 5 (6° — Ko —1):1:1—1—@ (v +v3)
Y12 — Y221 S Ty 9 50:3 o\T1,T2).
Here, we recall that J is a positive solution of equation (11) for > 0, so
B —Ké?—-1=0. (17)
Therefore,
Y1 Y2\ 1 2 2
H (5(1+ 1), 625, L6+ g) = H(5.0,0,6) + 555 (7 +13)
1/, a3 1 —
+y1332—y2371—g (%‘2) —5230(9017552)- (18)

Besides, H(4,0,0,0) (i.e., the energy at Lo) can be expanded in powers of u, with coefficients given by functions of dg.
Namely,

5 1 52 2 52/2 2
H(é,o,o,é)——5—5+m_5_5_m_%wﬂ
= 1
= H(5,0,0,80) + 2+ 6)n+ > %%Hua’ (19)

o=2

where we have used that in accordance, respectively, with property (17) and the equation (13) for the definition of y,

Ko=8 1, 5= 20

= N 2
; — (20)

so (19) follows at once after expanding in y; moreover, one can substitute 1/ by —p + 1/d¢ in the right hand side of (18) and
then define a new (transformed) Hamiltonian

H(H,I,y) =H (5(1 + :171)761'27 4z 0 + %) - H(505070750) (21)

FRa



that can, in turn, be expanded as a sum of homogeneous polynomials of adapted degree (see (7))
H(p w,y) = Ho(p, ,y) + Ha(p, 2, y) + - + Ho(p, 2, 9) + .. (22)

with H, € E,[v, z,y] for o = 2,3, ... Explicit computation shows,

1 1 x2
Ho(p,z,y) = (24 61+ == (Ui +¥3) + 2oy1 — 2192 — — (rf - 2) ,

202 5o 2
1
Ha(p, v, y) = *5*33(93),
0
34 o 2 x% yf y% 1
o522 o J2) 2 23
Ha(,2.) = o +u<x1 2o BB LRy), 23)
1
H5(u7xay) = IU‘R3(I) - %R5($)7
5 3 NZ 2 2 1
He(p, z,y) = 2001° + ) (yi +v3) + pRa(x) — %Rs(x)
and, foroc = 7,8,...
1—(=1)7+! " 1
Ho(p,7,y) = %(o +2)05 7P u 4 pRy_o(x) — 5 Reo(@). (24)

Remark 2. We point out that the parameter 1 in Hamiltonian (21) can be thought of —rather than a parameter— as the action of a
3-degree of freedom Hamiltonian that does not depend explicitly on the conjugate angle, € (which is then a cyclic coordinate).
Hence, one can adapt the reduction in [28], that led to a suspension of the Sokol’skii normal form around a 1:—1 resonant
periodic orbit (see [36], and also chap. 10 in [24] and references therein). That justifies the double weight of the “action’
coordinate —the parameter ;. in the problem at hand- in the definition of adapted degree (7).

[l

3.3. Linear reduction

3.3.1. The (real) linear normal form. The study of the canonical reduction for linear Hamiltonian systems goes back to the three
seminal papers of J. Williamson ([40], [41], [42]). A constructive approach to the subject, giving a method for finding canonical
forms for both, Hamiltonian (infinitesimally symplectic) and symplectic matrices, can be found in [21] (see references therein
for an account of other relevant contributions). Lemma 1 below gives an explicit canonical change to cast the quadratic part Ho
of Hamiltonian (22) —see the first equation in (23)- to its Williamson normal form. This Lemma corresponds, for Hamiltonian
matrices, to the result stated in Appendix D of [6] for the symplectic ones.

Lemma 1. Let A € sp(4, R) with
Spec(A) = {\y = +iw}, dimker(A — A3 Iy) =1,
wE€R, @ > 0; zy,wy € C* be the geometric and the generalized eigenvectors respectively of A, = i, i.e.,
Az = Ayizy, (A= il )wy = Az

Let A, € and o be the quantities defined by,

T -
w, Jowy;

_ . i
A=z Ly, € 1= sign(A), a= o

and uy, us,v1,vs € R? the vectors

[ 2 [ 2
Uy = wReer, Ug = EIIHZ+7

2
vy = €| —(—almz; + Rew,), vy =€ E(aReer—i—Imuq).

Then,
(i) AeR, aeR
(ii) u1,usg,v1,ve form a symplectic basis, so S = (uq|uz|v1|ve) € Sp(4,R).

(iii) The linear symplectic change z = U(C) := S¢; ¢ = (£,m), z = (x,y) with &, 1, x, y € R?; transforms:



(iii.1) The linear Hamiltonian system

2= Az,
to its normal form -
¢=A¢
with
A=57148 = < @] el ) e sp(4,R), 2= ( 0 “).
0| £ —w 0
(iii.2) The quadratic Hamiltonian,
Hale,y) = —32 T JaAz
to its normal form
Ky(&,m) = —%CT«&AC = % (i +13) + @(mé& — ). (25)

PROOF. All the statements of the Lemma can be checked out straightforward from the very basic definitions of symplectic and
Hamiltonian matrices and their properties.

3.3.2. Complexification of the Hamiltonian. To simplify the solution of the homological equations that give, both the successive
reducing changes and the resonant terms, it is useful to introduce complex coordinates of type:

_ QP2 G tp2 _ P2t 0 _ 22— m

73 §o = vz m 73 Q_ﬁ

that define a linear symplectic change ( = V(w) := Lw with

&1 (26)

1/vV2 0 0 —-1/v2

- - _|ive o 0 V2
w—(%P)a C—(fﬂ?)7 L= 0 1/\/5 1/\/5 0
0 i/V2 —i/V2 0

3.3.3. Effective linear reduction of H. In the case at hand, explicit computations show that the composition of the linear change
U and the complexification V in (26), defines the linear symplectic change z = = (w) := Muw, being

—iAV10  —AV2 ~Av2  —iAV10
5Av2 iAvV/10 —iAV10 —5AV2
—10Bv2 —7iBv10 7iBv10 10Bv2 |’

2iBV10  7BV?2 7Bv2  2iBy10

w:(qap)a Z:(I,y), M=SL= 27)

A = 35/6/15, B = 3/6/20. Still, to take into account the dependence on 1 of the Hamiltonian (22), we define the
transformation (p,z) = x(p,w) := (u, =(w)). Therefore # := H o x is the complexified Hamiltonian. Then, the
expansion (22) now casts

H (W, q,p) = K1, q, ) + H3(1, g, p) + -+ + A5 (1, q,p) + - - (28)
with 2, € E,[u, ¢, p]; particularly,
Hs(1,q,p) = ap+iw (q1p1 + q2p2) + g2p1- (29)

Remark 3. Here we stress that,

@) 77%4—1]% = 2¢qop1 and 1 &2 —12&1 = i(q1p1+¢2p2) and, when the change (27) is applied to the particular Hamiltonian (22)
then, & = 25/8, w = /5/3, and ¢ = 1.

(i1) Substitution of (27) in the recurrence relations (16) gives the expansion (28). Thus, if R, := R, o x; then
Ro(qvp) = 17

35/6 35/6 35/6 35/6
Ri(q,p) = iTE)\/ECh + 175\/5(12 + T5\/§p1 +i—15 V10 pa,

Ro+1(¢:p) = 2R1(q,p) Ro(q,p) — 0*(4.p) Ro—1(q,p) + %ﬂ (=R1(q,p) Ro(q,p) + 0*(¢,p) Ro—1(q: D)) ,



oc=1,2,...;with p = po =, thatis

8 8 . 16 . 8 16 . -
o(q,p) = I 3237 + 2% 13235 pips — = 13%/3v/5 gapy — 532/3(11]32 - %132/3\/5%271
8 o273 2, 8 493 8 . ,2/3 8 h2/3. 2, 8 42/3 2
753 g3 + 253 Q2p1+2513 \/5(]1(]2 753 P+ 153 p3.

(iii) As pointed out, if the power series K (u,z) € Cl[u,z,y]] has real coefficients, its complexification F'(u,w) =
Kox(v,w) = K (u, Z(w)) satisfies the reality condition, i.e., F'(1,w) € CS[[u, q, p]]. Conversely, if F' € CS[[u, g, p]],
then F (1,271(2)) € C[[u,z,y]] is a power series with real coefficients. Notably we remark that Poisson bracket
preserves the S-invariance. More precisely, if ', G € CS[[u, ¢, p]], then {F, G} € C®[[u, g, p]]. (See for example [13],
[28], Remark 3.4 or [35]).

3.4. Nonlinear reduction. Homological equations

Here we describe the process of reducing the Hamiltonian (2) to its normal form at the 1:—1 resonant equilibrium Lo. We
show how effective computations can be performed up to any arbitrary order s > 3.

So, starting from Hamiltonian (28) and naming (¢(*), p(®)) = (g, p) to the original (complex) coordinates, the normalization
is carried out degreewise by successive composition of the symplectic changes (¢ =3, p(@=3)) = 7,8 (1, ¢(=2) p(o=2)),
foro = 3,4,..., where ’Té:l is the flux of G at time ¢ = 1 (see notation in section 3.1).

Thus, the first step consists in finding a pair G'3, Z3 € E3[u, ¢*), p1)] that fulfills the equation,

Lz,Gs+ Z3 = %’(0)7 (30)

with Zy = 74, %g,,(o) = Jf3; then, the change generated by Gs, (¢(©,p(®) = 7,3 (¢, p(1)), transforms the Hamilto-
nian (28) to its 3" order (degree) reduced form, which reads

AW (11,¢D, pDY = O (1, TE (11,4, pM)) = Za(pt, ), pV) + Zs (1, ¢V, pD) + 5 (1,4, pM) + ...
R ‘%i'(l)(lu‘,q(l)ap(l)) + ...

Thus, proceeding inductively, foroc = 4,5,...,uptoo = s,

A (1, D, pl7 ) = A (1, TS (1,02, ) = Za(p, g7 D)+ Zs (1, 002 D)
R Zg(M,Q(J_Q),p(U_Q)) + %(11*2) (M) q(a—2)7p(0'—2)) + %(12*2) <M7 q(O'—Q))p(O'—Q)) ¥ (31)

provided G, Z, € By [u, "=, plo=2)] satisfy

L7,Gy+ Zg = A7), (32)
Equations (30) and (32) are the homological equations corresponding to the order (degree) 3 and o = 4, ..., s, respectively;
hence, at each fixed (adapted) degree o = 3,4, ..., s, to solve (32) one tries to find a generating function, GG, such that

Lz,G, = L%%(U*g). If this can be done, then on can set Z, = 0; otherwise it must be added a complementary (or resonant)
term Z, to make the equation be valid.

Thus, assume that at the (o — 2)™ step, the corresponding G, and Z,, have been determined from (32). To go on with
the next iteration, one needs to transform the current Hamiltonian, 7 (”’3), by the time-1 flow of the Hamiltonian G,,. This
transformation is carried out through the successive application of Poisson brackets,

1

1
(6=2) — gp(0-3) 4 — (e=3) 4 ...
H = + 1!LG"% +-+ i

Lt 3 4
Remark 4. Therefore, since the Poisson parentheses preserve the S-symmetries, it follows that all of the successive transformed
Hamiltonians will also be S-invariants, as long as each of the generating functions G, is, 0 = 3,4, . ..

In practice, there are several useful algorithms to perform this computation in an effective way. For example, once the
homological equations (32) are solved and G, is found, one can use Algorithm 1 above (see [17] for the corresponding
software implementation) to compute the terms of the transformed Hamiltonian, .5 (=2) from the current (adapted) degree o,
up to the given degree s to which the normal form is computed; more precisely, it outputs,

%(0—2) = Z,, %(11—2)’ o ’%(0—2)' (33)

We note that, as the successive changes applied are near-identity transformations (see Remark 5 below), the first ¢ — 2 terms,
Z3, 73, ..., Zy_1 of #(°=3) remain the same in .##(°~2) (as can be noted in (31)).



Algorithm 1: Computation of 27> = Z, 7% ..., #77? (in [17)).

1: fori < s,0,—1do > ¢ from s to o by —1
2 k+0

3 l+1

4 U+ H(i—0o+2)

5: for j < i,s5,0 —2do >j fromitosbyo—2
6 k+—k+1

7 Il 1xk

8 U+ {U,G(0)}

9 H(j) + H(G) + U/l

10: end for

11: end for

Remark 5. The transformation generated by G5 are given by,

D=l (0 oo {{{006) o) )+

1 1
pEO) :Pgl) + {pz(l)aGB} + E {{PEU;G?)} >G3} + ? {{{Pgl); G3} 7G3} 7G3} + ... ’
i = 1,2; where (¢(?), p{?) are the original coordinates and (¢(!), p(1)) are the new ones. This can be repeated to get explicitly
the symplectic changes generated by G4, G, ... and so on, up to the required degree. Of course, a similar algorithm to
Algorithm 1 can be applied coordinatewise to mechanize the computations (again, see [17] for details).

Proceeding in this way up to order s > 4, the final Hamiltonian, 7’ (5=2) s the sum 2 = Z(s) I, s, where
728 = Zo+ Zy+ Zo+ -+ Zs
is the normal form (up to degree s), made up of resonant terms; whilst
oy = AT + AP+

is the remainder, that holds higher order terms.

The normal form at 1:—1 non semisimple resonant equilibrium point in a family of Hamiltonian systems has been
investigated in many papers, here we quote: [33], [38], [39]. The same resonance can take place in a family of periodic orbits
(see [15], [27], [28], [29], [30]), and in a family of lower dimensional invariant tori (see [7]). Whatever the algorithm to perform
the transformations is, the key point of the reduction to normal form lies in the solvability of the homological equations (32)
(see the quoted references for an outlook of the different approaches). In the context of the periodic Hopf bifurcation,
this is tackled in [28], Proposition 4.1, which we adapt here to the special case of a 3-degree of freedom (complexified)
Hamiltonian (28), depending on the normal coordinates q,p € C?, an “action” ;1 € C (originally, the real parameter of the
family of Hamiltonians), but not explicitly on its conjugate angle.

Remark 6. In what follows we shall denote the subspaces
Eolp, g2, p ], B3 (1, ¢ 2,072, Bonrnlu, g7 ,p ], and Efyy(u, q7 >, p" 2]

just by E,, Ef , Egpsnv and E?M N Tespectively, without specifying the coordinates i, q(“_Q), p("_2). On the other hand,
we shall also stop using the super-indices (“~2) (or the corresponding ones) on the positions ¢ = (g1, g2) and momenta
p = (p1, p2). In both cases, it should be clear which coordinates are being used at each step.

Proposition 1. Let us consider 74 in (29), the decomposition of E, into E, = Eg @ Ej with

0
E; = @ Eenm, Ef = @ Eemn,
242M=c 24 M+N=0c
(M#£N)

so that EY = {0} if o is odd. Given %(0_3), o > 3, we splitit as
AN = 08 L p0=8) 03 e RBY 207 e B
Then, we have:

(a) There exists a unique G € EX; such that Lz,G} = A7 Moreover, Gt e ES.
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(b) If o is even, there is a real coefficients homogeneous polynomial Z,(u,v,w) of standard degree o /2, which is uniquely
defined in terms of %(073), such that if we set

Zo(11,q,p) = Zo(ps 12, i(@1p1 + q2p2)/2), (34
then Z, € BEY NES and there is G € E verifying Lz,G% + Z, = A7 Moreover, GY can be chosen so that

GY € ES.
Therefore, if the degree o is odd G, = G} and Z, := 0 solve equation (32) in ]Ef; otherwise, if o is even so does

G, = Gf +GY and Z, given by (34).

Remark 7. Of course, one might expand the Hamiltonian (28) with respect to the (¢, p) coordinates only, letting the coefficients
depend on u. Proceeding in that way, the coefficients of the normal form terms and of the generating functions —given, at
each step, by the solutions of (32)— would now be rational functions of the parameter ;. Thus, the higher the degree, the more
intricate the expressions. This results to be a very expensive way to compute the normal form. Hence, the approach we present
here of expanding in the parameter (we recall that it is assumed to be a small quantity), seems fairly more suitable.

Remark 8. In some situations, such as when we approximate the solutions of the original Hamiltonian system using the
solutions of its normal form or when we look for the “optimal” degree s up to what the normal form has to be computed to
minimize the size of the remainder, we have to find explicitly the generating functions G, Gy, . .. At this regard, we stress
that the proof of Proposition 1 we give below, not only shows the structure of the reduced Hamiltonian in this case at point, but
also provides explicit formulas for its coefficients and the coefficients of the generating functions up to any required degree.

The Examples 1, 2, 3, and 4 that come up along the proof of Proposition 1 below illustrate the practical implementation of
the normalization process for the particular Hamiltonian of the CP problem. Notably, the fourth order normal form Z4) of the
Hamiltonian (28) (and the generating functions G5 and G ) follow from the Examples 3, and 4. We remark that the proof of
Proposition 1 is more complete and detailed than the one given in [28].

PROOF OF PROPOSITION 1. Let us consider a monomial o = pq™p", with 20 4 |m|,+|n|1= o, i.e., of adapted degree
o > 3. The action of the operator Lz, on « gives,

Lz,a= (Q+m1Q2 _n2p1> a, (35
a1 D2
being Q@ = Q,,, |n|, := iw(|m[1—[n|1), and where it assumed that the quotient g2 /¢y is not present when m; = 0 (the same

convention applies for the quotient p; /ps when ng = 0).

Remark 9 (on the values of £). We note here that no linear terms in the coordinates (g, p) can appear in any of the new
transformed Hamiltonians, since for any i, the origin (¢, p) = (0, 0) is an equilibrium point and, in the reduction process to
normal form all the changes that we made are close to the identity. Therefore, |m|;-+|n|1 cannot be one at any of the successive
transformed Hamiltonians along the reduction process, so the equilibrium point remains at the origin at each step. Thus, at the
homogeneous polynomials

o— o—2 m,.n
AL = E AL Dty
20+|m|1+|n|1=k
of (adapted) degree k = o,0+1, ..., s (see (33)), the index £ can vary only in therange £ = 0,...,3|x/2| —k (0 = 3,4, ...),
where | -] stands for the integer part.

If follows from (35) that Lz, leaves each subspace E;prn C E, invariant. Therefore, we can fix £, M, N € Ny and focus
on solving the projections of equations (32) onto the subspace E;;n; we mean, given F' € Eyp;n, we look for G, Z € Eppyn
such that the homological equation

L;,G+Z=F (36)

holds. It turns out that, when Q # 0 (i.e., when M # N) then F' € Range Ly, |IEWN and we can set Z = 0 in equation above.
Otherwise, when €2 = 0 (i.e., when M = N), then resonant monomials appear generically. We analyze both cases below.

Remark 10. Prior to continuing with our analysis, let us point out that, actually, when one writes the equation (36) explicitly,
the term 1.* appears as a product at both sides, and can be simplified. Hence, abusing notation, this factor has been omitted in
the expansions of the polynomials in E;ps .

The case Q # 0 (M # N). Let U € Egprn, with £, M, N, fixed, then

_ mi ma, N1, N2 __ m, M—m, N—n_n

U= § Uemimaninaqy "d2 "P1 P2~ = E U, m,M—m,N—n,nq1 92 P D2,
|m|1=M 0<m<M
[n]1=N 0<n<N

(the factor ,uf is omitted, as Remark 10 warns). Thus, we can set ty,, 1= Ugm,M—m,N—n,n for 0 <m < M, 0 < n < Nj so,
for every / fixed, any monomial in U is specified by just a pair of indices. Now, let u € M ps41)x(n+1),1(C) be the array
holding the coefficients u,,, ordered as follows: Uy < Um/n/ (Umn precedes Uy, ) if m > m’ or, when m = m/, if n > n’.
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Example 1. For instance, if M = 3 and N = 2; then
U32 < U371 < U0 < U2 X U21 < U0 <X UL2 <UL]T < ULE < U2 = U1 < U,0- >
Yet we can define the block-array u ' = (ups upr—1 -+~ ug) € CNFTL x CNH x ... x CN*HL, with
u;r = (Uj,N, Uj,N—1,---,Ujp0) € chN+t

forj = M, M —1,...,0. Therefore, to find the solution of (36) we set Zyp;ny = 0 and solve a linear system Ag = f; with
Ae Musiyxv+1)(C); frg € CM+1)x(N+1): which, using the notation just described, can be written blockwise and looks

Dy gM fu
Eyvy Dy gM—1 fy—1
Ey—1 Dy gMm—2 fy—2
=1 |, 37)
E, Dy g1 fi
E, Dy 9o fo

where Ej = j[N-‘rl S MN+1((C), L,j=M,M—1,...,1; Dy = QIN_;,_l — Py € MN+1((C) with (PN)i,j =N-—-i+2
ifi=j+1forj=1,...,N,or(Py), ;=0 otherwise. From the band structure of A, we see that it is a lower triangular
matrix with all the elements on its diagonal equal to 2 # 0, so the linear system (37) has exactly one solution.

Remark 11 (Reality conditions). It is straightforward to show that G¢ m amr—m N—nn = (—1)" " G0 n N—n,M—m,m, for

0<m<M,0<n<N,20+M+ N =o. Hence G} € ES.
Example 2. If, as in Example 1, we take M = 3, N = 2; then Q = iw(3 — 2) = iw and

00 0 iw j %
Po=(2 0 0], Dy=|-2 iw , E;j= ,j=1,2,3, A=|"3 D
01 0 -1 iw 2

£y D,
Therefore, for this case in point, the system (37) is written as

iw g3.2 fa2
-2 iw g3.1 VER
-1 iw 33,0 f3.0
3 0 0 iw 92,2 J2,2
0 3 0 -2 iw 92,1 fa.1
0 0 3 -1 iw 92,0 f2,0
2 0 0 iw g1,2 fi2
0o 2 0 -2 iw g1,1 fi1
0O 0 2 -1 iw 91,0 J1,0
1 0 0 iw 90,2 fo2
0 1 0 -2 iw go,1 Joa
0 0 1 -1 iw 90,0 fo,0

and it is seen at once —as we stated before for the general case— that det A # 0, so the coefficients of the generating function

are uniquely determined.

Hence, we can write the component G € E} of the generating function G, in the form,

+ o o M—-—m, N-—n 4
Ga (Ma q7p) - § GEJWN - § E gé,m,l\/ffm,an,nqian D1 5 .
20+ M+ N=oc 20+M+N=0c \ 0<m<M
M#N M#N 0<n<N

This completes the proof of the part (a) of Proposition 1.

Example 3 (Computation of G, %(1) and GI). For s = 3, the right hand side of (30) is given by

A (u,q,p) = i

34 4 4 34 9
9% 95/6, /5 (2, — = 35/6,/9 . 35/6,/10 . 35/6,/10 o2 35/6,/3 ;2
+o V2qip > V2 q1gaps +i T35 37 V10 @1gop1 —i = 37°VI0 g3 + o V23
2 4 34 34 4
i 3°/6V/10 up3 — o 3%/5V2 qipipa—i 375 3°/63/10 Q1p§+7*5 3%/5V/2 gop3+1 —— 3°/5V10 gap1po
2 L5/6 2, .34 .56 3 2 .56 2, 2 o576 2 34 5/6. /5 3
= 2 22 35/6,/10 p3 — — 2 = _35/6\/1 - 2 3.
150 fq2p1+12253 0pz = 353 fp1p2+11253 Opip2 = 17553 V2

34
225

2 2
30V10 g7 — 2 3%°V2 0t +1 52 37°V10 0163

12

_ 34
1125

5 2
3/°V245 —1 2 37°V104ips




Then, setting up the homological equations (36) —for £ = 0, taking M =3, N =0, M =2, N=1, M =1, N = 2;
M =0, N = 3, and solving the corresponding linear systems of type (37) one gets Z3 = 0 and G3 = G4 + GY, with

G¥ (uq,p) = 225 35/6f +i —35/6\ﬁq1qQ—%3°/6f 0a3 —15625 35/6/10 ¢3
265 35/6\fqlp2—1125 35/6\ﬁq1p1—154535/6\rq1qw2+%35/6\fq1qw1
13285 35/6\[q2p2—1@35/6\ﬁ%p1+2%3/6\[(11]?2—&-1m35/6\ﬁ(11p1p2
- 13285 35/6\/2 qup? +156535/6qu1727%35/6fqu1pz +1@35/6\ﬁq2p
—%35/6\/51)3—1%35/6\@171293 T 35/6fp1p2+15625 35/5V10 3,

and G$ = 0. Furthermore, as

927 11 16 56 6 14
AL (n,q,p) = == 32/ 2_732/3 2—1*32/3\/5;“11(12+%32/3/@+g32/3uq1p2+1%32/3\/5uq1p1

32 15
11 16 56
32/ _73 2/3 _2tgs 2 O aas O q2/3 2
4 o V5 j1gapo o 37/ maapy — 12 3% ppl —i o V5 pp1pa + = 3°/° upd
208 a5 4 268 o 86 .23 268 .5/ s 203 oy
3 23 32/3\/5 3
~ g3 d iy Voaie + g5 G Tigge Voags - s B
268 812 172 268 268
32/3 32/3 32/3 _ 32/3 _ 32/3 2
+ 995 @1p2 +1i—r 1125 V5 aipr +i 375 V5 g1 a2 375 G2P— 5 q193D2
172

. 812 268 86 268
- 323V qigap — i - 33V g3pe + ——- 3% g3p1 — 732/3 a3 — f32/3\/5qu1p2

'1875 5625 5625 75 375
406 8 344 268 406
32/3 ¢2p? 32/3, /5 2 32/3 32/3 20 5273 22
+ 3o 3 it — i V5 q1gop3 + —o 375 Q@12 +i o V5 qrgop? + 372 37 ap)
268 86 172 268
+itgs 3%3V5 g3pipa — 1875 3%/3 ¢2p? 4 208 5o 08 3273 4, Py +is— 375 32/3\fq1p1p2 37E 3%/3 q1p3ps
812 812 268 268
_ 32/3 32/3 32/3 2 32/3 32/3
i eeor \f(hpl +i170r V5 qop — 37 3 aopips — i 1875 V5 qopips + —— o
203 L 86 203
_ W gaym 4 32/3 32/3 )2 32/3 32/3 1,
225° P27 1125 Vop 375 5625 Vot T 5625
application of Algorithm 1 yields,
Y = A + = w“” G} + 5 {{22, Gs},Gs)
1 1 1 1 1
= f%ﬂz(,o?o + 1%01,2,0 + '%pl(J,l + %,072 + %74,0 + %€3?1 + %(,2?2 + %(,1?3 + %(,034
with 7\ € Eoprn. Explicitly,
27
%(,é?o(%qap) =3 343 12, (38)
(1) _ _E 2/3 2 2/3 90 ,9/3
Hz0(10,p) = =75 3% nat - 25 0 5238 pgugn + 2 5 05213 g2,
6 51
‘%(,Bl(,uv q,p) = 5 328 ugups +i— 5 32/3[#%171 +io 5 32/3[#@21’2 % 323 pgopn, (39)
11 ., . 56
A (1, q,p) = — 5 3t~ 32/3\/5up1p2 + 7— 3278 st
(1) _ _4043 2/3 4 . 2/3 1474 2/3 2 e 2/3 4453 2/3 4
Ho,400,4:P) = ~geoe 377 a1~ 28125 53V aln + g 31050 @92t 140625 3*V5 018 + 115625 3
ALY (s q,p) = AT6 5/5 g8y 11 2008 5278 /5 g 11 228 5208 /5 2gapy — D2 3203 200
0,3,13% %> 1125 ! 5625 ! 9375 ! 375 !
724 15308 11572 L 231
27 32/3 _ 32/3 32/3 29710 52/3 3
+ 575 Qe3P2 ~ 1 e Voagp +i 140625 \[ t 0620 RPv
638 7832
A (1, 4,p) = 65 32/3 p5 +1i 32/3[(112?11)2 - 3795 3%3 g2pt +1 32/‘3\fq1q2p2 + 9375 3%2 q1qap1pa
196 55 638 o3 2 196 53 1946, )5
_ 22 = il 40
+1i 625 3 \[(J1QQP1 3195 3 5 +i 625 3%3V5 g3pips — 15695 323 g3p3, (40)
476 428 724 11572
jf(l) _ 32/3 32/3 32/3 32/3./5 ¢ 3
010 0:0) = T1ox 3 @pd +1 e 3PVE qupipl + 5 37 e +1 Lo 3Y V5 apd
1084 332 15308 23116
32/3 e 32/3 _ 32/3 5 2 32/3
ieoon V5 qop3 G @2p1p3 — i 16575 V5 qopips + oaas 3 ert,
) 4043 p5 4 3916y 1474 2/, T48 o5 4453 o5 4
H0,0,4l1:4:P) = = 5aoe 377 P — i gggos 3 Vopips + 315 3 PiP3 i 70635 3 Vo * Taoeo5 0 P
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Thus, as for s = 3, we can state the homological equations, now for ¢ = 1, taking M =2, N = 0; M = 0, N = 2; and for
{=0,taking M =4, N=0M =3, N=1,M =1, N =3; M =0, N = 4. As before, form the linear systems of
type (37) that follow from those equations, the component G of the generating functions are derived at once. Actually,

+_ ot + T + + +
Gy =Glo0+ G2t Goa0t+Gos1+Gois+ Gooas

with,
Giap *1*32/3\[ 32/?’#%(12—1232/3\/3%1@,
Gloa=— i 50 32/3\/5MP2 50 3 213 i1 s +1 32/3[

G0 = 347()5%30 3?83 37 algr — 26550802030 #/*VBata % SR i% FV5a,
GS_,S,l =—i 1283785 aip1 + 351)32 323 @ qops + i 15563295 3%/3V/5 ¢} qom

i1 = 1875 - ﬁ 9% i - 312; V5 v + % PP awt

33775 3 aapf 125563295 V5 s + 3?;223 3 aawips +1 2132;;?5 VB gt

Gloa ="~ :;17054030 8%°V5p; ?7’583 8 pp} 26550802030 3255 pip} — % 3273 pipy — i % 32/3/5 pt

Analysis of the case 2 = 0 (M = N). Let F € Eyppr; it is readily seen that its expansion can be re-arranged in the
following way

M M M M—i
F=>">"fidia"'py" 70b = (ap2)" Y fru—jiei(@p)™ ™ (g2p2)’
=0 j=0 =0 7=0
M M—1
+) (@) > farmiegg (@)™ (g2p2) (41)
i=1 j=0
(the same Remark 10 applies here). The polynomials,
- ~ ~ i 1
&1 = q1pa, &2 = gap1, =35 (@1p1 + q2p2) 5 &= (Q1p1 — Gap2) - (42)

form a Hilbert basis of C[g, p]Sl, the algebra polynomials in (g, p) that are invariant under the S! action generated by the flow
of the Hamiltonian vector field X A (see [12], chap. I and IV). Particularly Eyprps C Clg, p]Sl. It turns out that,

qip2 = &1, @p1 = &2, Q1 = —i& + &, Gop2 = —i&3 — &4,

so substitution of these products into (41) leads to

M M M—m
F=%% fydiea"'m)" ’p} 251 Z Frun €377 7TED + Zfz > Fun & 43)
=0 j=0 m=0 n=0
with,
M—m
o = (=DM N C(M = m — by kyn) far gk, for 0<n < M—m, 0<m< M, (44)
k=0
" M—m
frn = (=DM N C(M = m =k, ko) far—mkg, for 0Sn< M —m, 1<m< M, (45)
k=0

being the coefficients
min(n,k)
C(r,k,n) := Z ( ><I;>, for 0<r,k,n<M—-—m, 0<m< M, (46)
j=max(0,n—r)

where we use the notation introduced in the analysis of the prev10us case, now with N = M; i.e., as £ and M are assumed
ﬁxed thenfl] fle\/[ i, M— j]’f0r0<l<M0<J<M fmn fl,m,lbffm,an,n,forOSnSM_m,OSmSM;
and fmn fe’m7M,m7M,n7n, for0<n<M-m,1<m< M.
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{giagj} gl 52 g& 54 gj
& 0 24 0 &
& 2, 0 0 —2%
& 0 0 0 0
3 —& & 0 0
&

Table 1: Structure matrix for the Poisson bracket {él, éj }, i, =1,2,3,4.

Remark 12. If we hold m fixed, 0 < m < M, and define
J?(ZL) ‘= Foums f(;:') = fM—k,m+k; J?(;n) = foms Q(Zn') = fM—m—k ks A%ﬂ) =C(M —m —k,k,n),
for 0 < n,k < M — m, then equations (44), (45) can be written in matrix form as,
J?(?) _ AE;/:L)f(Z%)7 }T(Zz) _ ASZ)f(Zl)a
respectively; and it is clear that they correspond to the change of components of F as the basis changes from the canonical
basis of Egpsps to the basis generated by &1, &o, €3 and €4 in (42).

Lemma 2. IfFEEfMM, thecomponentsfmn(ﬂgngM—m,OSmSM}andfmn O<n<M-m1<m<M)
in (44) and (45) are real.

PROOEF. It is enough to check that S (5;) = éz-, 1=1,2,3,4, i.e., that the basis (42) satisfies the S-symmetries.

To solve the homological equations (36) in the basis generated by (42), we first see that the quadratic part of the Hamiltonian,
Zs, is given by
25 2V5

Zo(p, &1, 2,83, &) = 3 H + 753 +&;

next, taking into account that, for any u = u (&1, £, €3, &4), v = v(€1, €2, €3, €4), their Poisson bracket is computed using the
formula

4

{’LL ’U}(gla§25537£4 = Z

52753754) {g’ugj} ag (51752753754)
J

=Vu g 2753’64) va(£15527£3754)?

where the brackets {&, 5]} are given in Table 1. Therefore .S is the matrix with components S;; = {fi, fj }, fori,j =1,2,3,4.
Now the relations

Lz,6 = {51,Z2} =26y, Lz&= {52, Zz} =0, Lz&= {537 Zz} =0, Lzé&= {54,Z2} =&,
follow at once. Moreover,
Ly, (Er8 "8 ) = —amér @ =gt 4 ndp 1@ g

— —27’77,5 fé\/[ m— ’rLgTH-l n 'rn lgé\f m— nf <£§+£z>

— _(2m 4 n) '1mf é\/lfm n n+1 nf M m—n+2 & 4 , (47)
for m > 1, and where we have used that ~ ~ o
&+ =-&é&. (48)
Analogously, forn > 1,
(52 géw m— n§4> _ wn—i—lgéw—m—n NZL—l' (49)
So we seek for polynomials G, Z € Eypsas, that fulfill the homological equations (36); with
M B M—m M—m ~ _
G=> "> Gmnls "+ Z & Gnn&d e (50)
m=1 n=0 m=0 n=0

and Z holding the resonant terms that belong to a complementary space of Range Lz, .
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Remark 13. We note that the sums in (50) are arranged differently that those in (43); this is suggested by the action of Lz, on
the monomials f & cM—m—necn 7 and 5 & cM—m=ncn 7 shown in (47) and in (49) respectively.

Hence, assuming M > 3, the homological equation (36) in the current polynomial basis, §~1, 52, §~3, 54, looks as

—2MGaro M TV — (2M — 2) Gar 1060 26560 — (2M — 1) Gar 10 EMT2ET — G101 EMT2ER

M-3 M—m—2
- Z {g”“'l 16T+ Z {@m+n+1D)Gmiin1+ (04 DFmrrnn} x &7
m=0 n=1

+ (M 4 m) Grntr—m2 EETT™ L (M A m 4 1) Gt ar—mo1 E7™| x €1

M—-—m

+Z€2 Z +1) G 1n+1§3 e n£4 +7Z

n=0

= o0&+ fro10 T G froia EMTYE A fr—20 €M TR 4 Far—oa £ 72636
M—-—m-—2

+.]?M—2,2£1 §4+ Z |:me€]»1 m_|_ Z fmngM m n§4

+me m—1EEMT™ 1+fm,M7mgz]1V[7m x &

M
+ Z ~£n Z ]\4 m— n§47 (51)

m=1 n=0

so comparison of coefficients leads, on the one hand, to the linear system,

—2M gnro = Far-ia, (52)
—(2M = 2) Grr—1.0 = fr—21, (53)
—2M - 1) gym-11 = Fri-az, (54)
_(2m +n+ 1) /g\m+1,n71 - (n + 1)/g\m+1,n+1 = J/C\mru 1<n<M-m-—2,
—(M + m) §m+1,JVI—er—2 = fm,]M—m—h ;, 0<m<M-3 (55

—(M+m+1)gmt1,M—m—1 = J?m,Mfma

M+ D Gmtmis = fms,  0<n<M-m, 1<m<M (56)

(in fact, the last equation (56), holds also for M =1 and M = 2). For 0 < m < M > 3, M > 3 fixed, the linear system (55)
is determinate compatible (it is a lower triangular system with no zeros at the diagonal).

Therefore, for M > 3, the components Gimn» Gmn, 0 < n < M —m, 0 < m < M, of the generating function (50) are
obtained solving the equations (52)-(56), except the terms g, o (for 0 < m < M) that, due to the action of Lz, (see (49)),
do not appear in Lz, G. Consequently, they are not determined by the homological equations (they are “responsible for the
non-uniqueness of (G”’), and can be set arbitrarily. As in [28], we fix them to 0. Furthermore, if F' € Ef s the right hand side
of the system (52)-(56) is real (Lemma 2). Besides, as the choice g,, 0 = 0 (for 0 < m < M) preserves the S-symmetries, it
follows that G € EZ ;-

Resonant terms. For every M fixed, we see that the component g;_1,1 is determined by the equation (54) and gy,41,1
(0 <m < M — 3) appear at left hand side of the first equatlon of (55) for n = 2, so these components are also determined
once the system is solved. Therefore, the terms gM 1 151 53 and — G411 51 53 ™ (for 0 < m < M — 3) cannot be
used to remove the corresponding terms fM_gp &M 1 53 and fm70§ &3 cM=m that are present at the right hand side of (51).
Thus, all these terms —together with fMp §~ M, fM_Ll §~ {V[ _1%— must be included (the former ones, with opposite sign and
their corresponding values substituted) in Z, at the left hand side of (51), so

M-—2
Z = Z Frno &8+ Gmara E0E Z ZnEredtm, (57)
m=0 m=0

where the components g,,,11,1 are given by the solution of equations (52)-(55). Since all the coefficients in Z are real, and
S(&) =&,i=1,2,3,4, wesee that Z € £,
On the other hand for M = 1, the working space of S-symmetric homogeneous polynomials is ]E‘zm, with ¢ =
1,...3|0/2] — o, for o = 4,5,... Then, according to (43) and (50),

F= J?l,o 51 + J?l,o 52 + J?O,o 53 + 1?0,1 547 G=01,0 51 + 91,0 52 + 90,0 53 + go,1 §~47
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and Lz,G = go,1 52 — 2010 54, so the homological equation (36) is solved taking

1= J?1,07 g1,0 = —f;’l-
The coefficient gy o is not determined but, as we pointed out before, it can be set to 0, so we take gy o = 0 and then
_ fo 1 sz oz
G=—"226+ fiok, Z=fro0é+ fo0és (58)

and clearly, F, G € IEE 11- Finally, for M = 2,

F= J?l,l &164+ J?z,o &+ fl,o €263 + fl,l abs + ﬁ),l €3€s + J/‘B,z &+ J?z,o &+ ]?1,0 &1és+ J/‘B,o £,
and, o o ~ ~ o ~ o o ~
G=0106&+ 01168+ G208 + 90,085 + Go1 &30+ o2& + 91,0628 + 1,1 &28a + G20 65,
so the homological equation (36) takes the form,
—4G2,06180 + 51163 + G021 &2& + 2002628 — 201068 — G118 — 311 &G + 2
= ]?1,1 €164 + f2,0€3 + fr,0Eabs + fl,l €2€s + ﬁ),l E3€a + ]?0,2 &+ J?z,o &+ J?l,o &6+ ﬁ),o & (59

and fixes the coefficients

~ ~ ~ ~

fii ~ :_f0,1 ~ :_fo,z ~ :f ~ :J'; ~ :f1,1
1 91,0 5 91,1 3 91,1 2,05 go,1 1,0, 90,2 B

of G. Again there the undetermined coefficients, and yet again they are set to 0, i.e., go,0 = g1,0 = g2,0 = 0. This gives rise to

for: - f02 f11 f11

G20 = — (60)

+f20§2§4 (61)

whereas the components ]?170, .}?2,0 cannot be removed. Neither does ﬁw, since in this last case gy 1 is first exacted by
the homological equation (59) to g11 = 7}%72 /3 (see (60)), s0 —g1 1 5% cannot be used to remove the term f070 5% on the
right hand side of (59), and both them (the former with its opposite sign and its value substituted) must be present in Z.
Consequently,

o~

f f;f) E+ fiobibs+ fro 2. (62)

Z=foo&+ fr0&&s+ o0&l + 01,165 = ( ,

Thus, we have shown that the normal form, Z,, depends only on p, 51 = q1p2 and §~3 = %(ql P1 + g2p2). More precisely
that, when o is even (and o > 4) then Z,(u,q,p) = 2, (u, &, 55), being Z,(u,v,w) a polynomial of standard degree

o /2 with real coefficients. Furthermore, it is clear that the normal is given by (34). This closes the proof of statement (b) of
Proposition 1. (]

Example 4 (Computation of G$ and Z,). We use (44) and (45) to express the components of Z, G in (58), and Z, G in (61)
and (62) as linear combinations of the components of .%”1(1)1 and %0(;)2 with respect to the standard basis of E¢psar. These
components are shown in Table 1, so

%SGI)M: E %(rlrzM m,M— nnqinqé\/[ Tyt py (63)

m,n=0
corresponds to %”1(%)1 in (39) for / = 1 and M = 1, whereas it matches %”0(212) in (40) when £ = 0 and M = 2. Therefore,
() for M =1(£=1),
foo==i(fro+ for) = (%(1)0 1,0 T L) 0,1,0, 1) = % 32/34/5,
fo 1= f1,0— fo1 =74 1)0 1.0 %”1%)’1’04 =0, (S-symmetries)
fro=fi1= 1(1)0011932/37

o1
flo—fo 0 —<%01()’1’1,0 ?532/37
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(€3]
4 mi mo ny %) L%ﬂemlanlnz

1 1 0o o0 1 &3
1 1 0 1 0 i35/
1 0 1 o0 1 1323/

1 0 1 1 0 -—53%¥

0 2 0 0 2 23

0o 2 0 1 1 i 52 3%/35

0 2 0 2 0 -—538323

2 12
o 1 1 0 2 12 3%/3/5

7832
o 1 1 1 1 82323

o 1 1 2 0 119632/3,/5

0o 0 2 0 2 283

+ 196
o 0 2 1 1 1496 32/3,/5

0 0 2 2 0 -—{5538

Table 2: Coefficients of homogeneous polynomials (of adapted degree 2/ 4+ 2M = 4) ';g)l(ll)l in (39) and %( 12)2 in (40), where J‘fz(Ml)M is given by the
sum (63).

@ii)) for M =2 (¢ =0),

N 1 1 4004

foo=—=(f20+ fia+ foz) = - (%(,20,2,0 + A+ %(,0?2,0,2) = ~0378 3%,

N ; (1) (1) 24 a2/3 /5

fro=—1(fan + fr2) = —i (%,2,0,1,1 + %,1,1,0,2) =~ 625 3 5,

Joq = —=2i(fa0 — fo2) = —2i (%(,20,2,0 - %’6(,(1)?2,0,2) =0, (S-symmetries)
-~ 1 14

fo.0=fa2= %(,2?0,0’2 = o 32/3,

J?lvl =fi2—foa = %(,20,1,1 - %’6(&?1,0,2 =0, (S-symmetries)
N 1 2332

for = foo = fra+ for = Hozono — Ao than + Hoos = "l

x . . 392

fio=—=1(f10+ fon) = —1i (%(&?1,2,0 + '%’6(,(1)?2,1,1) = 25 3%/3\/5,

fii=fio—for= %(211270 - «%’6%?2,1’1 =0, (S-symmetries)

B 1 4946
J2,0 = foo = %(,0?2,270 ~ 15625 32/37

(we have tagged the terms that cancel due to the reality conditions). Substitution of these coefficients in (58), (61) and (62)
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yields,

~ 51
G1 1,1 = %01(,%)?1,1,0/154 =795 32/3 £4a

Zii1 = %(,?0,0,1/151 —1i (%,1?0,1,0 + %%?1,0,1) u{ 32/3#5 + 32/3[#5&

sdadlydy

1 1 1 = . 1 y oz
Go 227 73 (%(2)0 2,0 % 11,11 T %(0)2 0 2) &é—1i (%,1,1,2,0 + %,0,2,1,1) E36a + a%‘f)(,o?z,z}ofzle

2332 32/3¢ 2/3 2/37
— 23 _ 4946
5625 §1ca o 625 V5 &t 15625 Eata,
1 1 1 e . 1 1 z z 1 It
Zo22 = — <%(,2?0,2,0 + %(1)1 11+ %(0)2 0,2> &—i (%(,2?0,1,1 + %&?1,0,2) §163 + %’6(,2?0,0,2 &
_ 392 32/3 ¢ 2/3 2/3 &
T 28125 &+ 5 53 VB&its + 625 3 &

where §~i, i = 1,2,3,4 must be replaced by their definition in terms of (g, p) in (42). Hence, G} = G(f,m + G87272 € EY
and the complete generating function at degree 4, G, is the sum G4 = G + G (we recall that G € E] was found in
Example 3). Besides, the (complex) normal form up to (adapted) degree 4 results to be

25

6 -~ 28 ~
ZW =Zy+ Zogo+ Zi11 + Zopo = HT 3232/3/~L2 +3 \[53 +&+ ¢ 32/3#51 +5 32/3\/5/~L§3
352
~oeps 3G+ 6 L 525 /54, + o8 32/3 &, (64)
being Z> 0,0 = %”2((1))0 = %32/3u2. This corresponds to the trivial case M = 0, see (38). >

The normal form transformation. Now, let )V be the complexification (26) and ¢/ the normalizing transformation of the
quadratic part of the Hamiltonian stated in Lemma 1. Proceeding as in [28] (see Proposition 7.1 there), it can be shown that,
for any integer s > 3 fixed, and any x, > 1 given, there exists s > 0 such that the symplectic transformation

~ —1 —1 —1 —1 -1 -1
lelng:iou oV Otngiou oV o_noﬁgslou oV , (65)

is a real analytic diffeomorphism defined in the polydisk Zx_, with T (25) € %, r, 0 < R < R,. Thus, Proposition 2 below
follows then from these last considerations and from Proposition 1.

Proposition 2 (Sokol’skii’s normal form). Consider the 2D of freedom real analytic Hamiltonian H in (22), depending on
a parameter i € R, which has no linear terms in (x,y), so the origin O: (z,y) = (0,0) is an equilibrium point for every
L. Assume that, for some . < 0, u* > 0, its quadratic part, Ho, is a center for p,. < p < 0, has a non semi-simple 1:—1
resonance for | = 0 (i.e., its characteristic exponents are pure imaginary with algebraic multiplicity two and geometric
multiplicity one), and a complex-saddle for 0 < p < p*. Then, given s € N, s > 4 even, there exists g, 0 < po <
min{|p.|, u*}, such that: (i) for every p, |u|< po, the symplectic transformation (65), (Z,9) — (z,y) = ’%(u, Z,9), is a real
analytic diffeomorphism defined in a neighborhood of O: (Z,7) = (0,0), and (ii) the transformed Hamiltonian

HED (0,7, 5) =H (u, ’ﬂw@@)

s/2
2K ~ -
=ap+ 5 5 (2/1 +33) + w(fid2 — fodr) + E E ggu),u (122 — Goin)’ (3 +Iz) +Hss(p, T,7), (66)
k=2 (+it+j=kK

is also real analytic in that neighborhood. The Hamiltonian (66) is the sum, 7?[(572) = 22 + 24 +---+ Zs + 7-L>5, of

(1) an integrable part, the normal form, 7 = 22 + 24 + 26 4+ -+ ZS, with a quadratic (with respect to the adapted
degree) term given by

~ - 6 ~ - - - - -
Zo(p,w,y) = ap+ = (07 + 53) + @(1Z2 — G2id),

2
being € = sign(A) (with A defined in Lemma 1), and higher order terms 24, 26, ce ZS, that are polynomials in p,
1% — Poi1, T3 + 72 of (ordinary) degree k = 2,3, . .., 5/2 —so homogeneous polynomials of even (adapted) degree
oc=4,6,...,sinpu, x, y— We write,
Zs (1, 2,9) = Z Zgg”) (132 — Goi1) (73 + 372)] )
L+itj=0/2

(2) and the non normalized part, the remainder, 7:2>S, that begins with terms of degree > s.

Remark 14. We note that the normal form in the above proposition is slightly different from the one that appears in [36], [37],
but coincides with that in [24], [33] and [39].
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4. Stability of the Rydberg’s electron at the Hamiltonian Hopf bifurcation

Here, we discuss the stability of the equilibrium O: (z,y) = (0, 0) of the Hamiltonian (22) —and hence, of the equilibrium
Lo: (2,9, pz,py) = (6,0,0,9), with 6 = §(u) given in (20), of the Hamiltonian (2) corresponding to the CP problem, the
Rydberg’s atom—. Next, we claim in Theorem 1) that, at the equilibrium O of Hamiltonian (66) (correspondingly, at the
equilibrium Ly of Hamiltonian (2)), it takes place a supercritical Hamiltonian Hopf bifurcation as y (X) moves from p < 0
(K < Kerig) to > 0 (K > Kpyt), crossing the critical value p = 0 (K = K,,;). Finally, we describe the quasiperiodic
bifurcation phenomena that take place around both, the Liapunov elliptic periodic orbits (for ;4 < 0) and the bifurcated elliptic
periodic orbits (for o > 0). These items are summarized in Proposition 3.

The computations carried out in Examples 3 and 4 yield, after changing back to real coordinates using the inverse of the
complexification (26), that is,

g =01 oo Bl py = i pp = _T1tiE2
\/§ ’ \/E ’ \/i ] \/5 )

to the reduced real analytic Hamiltonian HE) (1, Z,9) = AC) (1, &, 7))+ ﬁ>4 (1, &, §), where the fourth-degree normal form,
2(4), looks as

(67)

~ o 5 ~ 1,. 5 o o e(p) . N
Z0 (2, 9) = ap+ B + 5 (57 +55) +w(p) (4172 — Gaiin) — % (7% + 73)
- o2 . O\ e~ ~ . . .
+A(F +33) 4 B (2 4+ 33) (132 — §2F1) + C (132 — Go#1)”, (68)
with coefficients,
25 ~ 2T 5 14 .
- _ 20 _ 2l q2/3 5 — —-32/3/5
a 8 ) /8 32 ) ’Y 25 \/77
V5 3 6,
w =", w(p) = @+, e(u) = £ 3*7°n, (69)
7 6 88
A= _" 323 B—__> 32/3 — __%° gq2/3
1250 3% 625 PV, ¢ 28125 3
and the corresponding Hamiltonian system is
& =029 (n, &,7), j=—0:2"(u,2,7). (70)

Regarding the linear stability of the origin, it is checked at once that the characteristic exponents (the eigenvalues of the
Jacobian matrix of system (70)) are

ax = =% (i + Ve()) + Olw), B =+ (iw = Ve(W)) + O(w). (71

Hence, as it was already mentioned in Section 3.2, for ;1 < 0 the equilibrium O: (,7) = (0, 0) of the Hamiltonian (66) is a
center, so its characteristic exponents are pure imaginary; for ;1 = 0 the characteristic exponents collide on the imaginary axis
and leave off, pairwise, the imaginary axis to the complex plane for 1+ > 0. Therefore, the stability of the point 9] changes
from a center to a complex saddle through a degenerate (in fact, a non semisimple) center.

(Nonlinear) Stability of the equilibrium. The stability of the equilibrium O is determined by the signs of the parameter (,
the coefficient A and the fourth-degree normal form (68) —we recall, see (69), that in the current case, A = 7 X 32/3 /1250 > 0-.
The discussion of all possible cases can be found, for example, in [22]. Thus, as pointed out there, for A > 0 and p < 0
the characteristic exponents of O are pure imaginary, no low order resonances are present, and the conditions of of Arnold
theorem (see [2], chap. 5) are met, so the equilibrium O is stable. For A > 0 and >0, Oisa complex saddle and, clearly, it
is unstable. For ;1 = 0, O is still elliptic but a 1:—1 non semisimple resonance shows up, and its stability cannot be determined
so straightforward. This issue has had a historically relevant motivation in the field of Celestial Mechanics: the concern about
the Liapunov stability of Lagrange triangular points L4, L5 of the Restricted Circular Three Body Problem for the Routh
critical mass ratio.

The first results in this direction were achieved in [36], proving formal stability of the equilibrium OforA>0 (and its
instability for A < 0). Later, the same author tackled the Liapunov stability for A > 0 in [37] (see the comments in [22] plus
the observations and references at the end of sec. 6 of chap. 13 in [24]). More recent proofs are found in [3] —where the author
uses the Arnold-Neishtadt KAM theorem, suitable for systems with proper degeneracy, when the unperturbed Hamiltonian
depends on some, but not on all the actions and the perturbation removes the degeneracy (see [2], chap. 5)—, [22], and [25].

Bifurcation of periodic orbits. The presence of two families of elliptic periodic orbits, around the origin, for < 0 follows
from the Liapunov center theorem. Moreover, for i = 0, the two families still persist and hold the equilibrium point 0]
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Figure 1: The bifurcated families of periodic orbits. In the horizontal axis is represented the amplitude @ of the orbit and in the vertical axis the period 7.
Continuous line corresponds to the Liapunov families for 4+ < 0. The dashed line represent the two families for ;1 = 0, and the detached family for ;. > 0 is
plotted in thicker line.

while, for ;1 > 0 the two families become one unique family of elliptic periodic orbits that detaches from the origin when
A > 0 (when A < 0 the family no longer exists for o > 0). This last assertion follows from the Theorem 1 below (versioned
from [23] and [24]). Figure 1 (see [24], chap. 11) shows the evolution of the families of periodic orbits with respect to the
parameter y in (@, T') variables, being Q = /7% + &3 the amplitude of the periodic orbit, which is constant in these variables,
and 7T the period.

Theorem 1. If A > 0 then there exists a neighborhood N of 0,a o > 0, an hg > 0, and a two parameter family of periodic
solutions of the Hamiltonian (66), denoted by ¢(t, j1, h), which lie in N for all |u|< po, |h|< ho, h # 0 when p < 0. The
parameter h may be taken as the value of the Hamiltonian. The function ¢(t, u, h) is real analytic in all its arguments in
its domain of definition. For all values of p under consideration the periodic solution ¢(t, u, h) is elliptic. For [i fixed and
—po < i <0, ¢(t, i, h) = 0as h — 0F and the frequency tends to @ + \/e(fi) + O (ji). For i fixed and 0 < ji < pq, the
one parameter family of periodic solutions ¢ (t, [i, h) does not contain the equilibrium 0.

The case A < 0 is also discussed in the quoted references. For a thorough study of the Hamiltonian Hopf Bifurcation the
reader is pointed to [39].

(Quasi) periodic bifurcation. In the literature (see [7]), the bifurcating phenomena described in Theorem 1 are referred to
as the supercritical bifurcation. Thus, the system defined by Hamiltonian (66) undergoes a supercritical Hopf bifurcation at the
equilibrium O, and, consequently, so does the system defined by the initial Hamiltonian (2) at Lo. Thus, all the families of
periodic orbits that evolve and detach are elliptic and it is known that, when the elliptic directions are present in the monodromy
of a periodic orbit then, generically, a Cantor family of quasi-periodic solutions appear “wrapping” that periodic orbit. One
way to see this is singling out an elliptic periodic orbit and take normal form around it (see [10], [11]), then the unfolding of
2D Lagrangian invariant tori follows as a particular case from the results exposed in [7], [18] and [20].

As more than two degrees of freedom are considered, families of elliptic lower dimensional reducible tori (typically KAM
tori) can undergo collisions of characteristic multipliers on the unit circle. Under suitable conditions of non resonance and non
degeneracy, it gives rise to the unfolding of families of tori of higher dimension. For an account of these phenomena, known
globally as quasiperiodic Hopf bifurcation, see [7].

The next proposition follows from the normal form (68), that is gleaned form the computations in the Examples 3 and 4, the
fact that the computed value of the coefficient A is positive (see (69)), and then from the application of the inverse change (67),
the Theorem 1, and the results in [10], [11], [18], [22], [37]. It describes the local behavior of the trajectories traced by
the Rydberg’s electron in a neighborhood in the phase space (z,y, ps, py) of the equilibrium point L, for values of the
polarization parameter, K, close to K ..

Proposition 3. The equilibrium point Lo of Hamiltonian (2) is stable for K < K..;; and unstable for K > K.;;. For
K < Kt there exist two Liapunov families of elliptic periodic orbits that contain the equilibrium point. Both families still
persist for K = K. For K > Kpi; the two families become one unique family of elliptic periodic orbits that no longer
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holds the equilibrium. Moreover, if for some K close to K..;; one singles out an elliptic periodic orbit, then the excitations in
the elliptic directions yield the unfolding of a Cantor family of Lagrangian 2D-tori having that periodic orbit as its fiber.

This justifies that the normal form Z(®) can be used to approximate the dynamics of the Hamiltonian (66) close to the
equilibrium O, and so, to explore the local dynamics of Hamiltonian (2) in a neighborhood of L.

5. Dynamics of the Hamiltonian normal form

In this section we describe in detail the dynamics close to the Hopf bifurcation and the bifurcated invariant objects involved
when g is close to 0 in Hamiltonian (66), that is, when K is near K.;; in the original Hamiltonian (2). For this purpose it is
useful to consider the polar coordinates (), 6 and their canonically-conjugated momentum and action P and .J (see [15]),

J
T1 = Qcosb, glzPCOSH—ésine,
- . _ . J
To = —Qsinb, Yo = —Psinf — acos@.

In the new symplectic coordinates (6, @, J, P), the normal form (68) becomes an (integrable) Hamiltonian, I, with real
coefficients
2, P? J? e(p) 2 4

I(p,Q,J,P) =To(p) +w(p)J +CJ* + - + 207 + (BJ 2) Q*° + AQ%, (72)

with
To(p) = ap+ B,

and the coefficients &, 3, w(p), e(p), A, B, and C those in (69). As I'(, Q, J, P) does not depend explicitly on the angle 0, .J
is a first integral of (72), so I'(u, @, J, P) can be regarded as a 1-degree of freedom Hamiltonian depending on the coordinates
(Q, P), whereas J (and p) will be thought of as parameters. Thus, the difference I' — I'g(u) is a natural Hamiltonian, made up
of the sum of kinetic plus potential energy, i.e., ' — To(1) = P?/2 + V(u, Q, J)/2, being

J2
Vi, Q,J) :=2w(p)J +2CJ* + ot (2BJ — () Q* + 2AQ".
To obtain the phase portraits for different sets of parameters, an easy way to proceed is to obtain the relation

E— V(,LL, Qa J)v (73)

with £ = 2(T'—T'g(u)) and we simply consider the potential curves (Q, V (1, @, J)) for a given value of 1. We plot in Figures
2 and 3 left, the potential curves for y = —0.001 < 0 (similar for ¢ = 0) and ¢ = 0.001 > 0 and taking different values of .J.

We recall that, for any value of i fixed, we have an equilibrium point which is the origin —L» in original variables— for
J=0and E = 0,ie.I' =Ty(n). Now, let us focus on each of the three cases 1 < 0, 4 = 0 and p > 0 and describe the
dynamics in (@, P) variables, when varying F.

e If ;1 < 0 is fixed and small, the origin is a centerx center equilibrium point with characteristic exponents +iw; and
+iws (depending on ).

— For E¥' = 0, we have just the equilibrium point and 2D invariant tori —varying J < 0-.

— Forafixed £ > 0 (FE < 0), we have a stable periodic orbit —associated with the minimum point of the potential
V(u, @, J) for a suitable value of J —surrounded by 2D invariant tori (corresponding to different values of .J). In
the phase portrait in (@), P) variables, they can bee seen respectively as a fixed point (on the () axis) surrounded by
closed curves. See Figure 2.

— Varying E > 0 (similarly F < 0), we obtain a family of periodic orbits —the minimum points of V' (u, @, J) when
varying J > 0 (J < 0)— which are stable. So we obtain two families of periodic orbits, parametrized by the energy,
that are born at the equilibrium point. This is in accordance with the Liapunov center Theorem.

o If 1 = 0, the origin is a degenerated center x center equilibrium point with characteristic exponents £iw; = fiws =
4 iw. Then the two families of periodic orbits, parametrized by the energy F, become one family in the sense that
when the energy E tends to 0, the characteristic multipliers of the periodic orbit tend to the same value 27 /w. As in the
previous case, for a fixed £ > 0 (F < 0), we have a periodic stable orbit surrounded by 2d invariant tori. See Figure 2
(the qualitative plot for (Q, V (u, @, J)) is the same for both ¢ > 0 and p = 0).

o If > 0, the origin is a complex saddle equilibrium point with characteristic exponents +a; 4 ib;. The typical behavior
for a direct Hopf bifurcation can be shown here.
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Figure 2: ;x = —0.001 < 0. Left. Potential curves (Q, V (i, @, J)), J = 0 (thick line), J > 0 (dashed line), J < 0 (continuous line). Right. (Q, P)
variables and £ = 0.003. From outer to inner curves, J = 0.001, 0.0015,0.0017,0.0018.

— A main difference with respect to the two previous cases p > 0, is that, for ' = 0, there exist 2D invariant unstable
and stable manifolds associated with the equilibrium point, W*(0) and W*(0), which are coincident (they will not
be so in original coordinates, of course). Their parametrization is obtained from the level sets E = 0 and J =0
and (73),

W (0) = {(0,Q.0,P) = (0.Q,0,2v/V (1. Q.0)) . 0 € TH0 < Q < VE(u)/2A) |

where the plus sign describes the unstable (outgoing) manifold whereas the minus sign describes the stable
(incoming) one (see Figure 3 middle). Of course, more precise parametrizations can be derived taking normal form
up to a convenient high degree. See [27] for a more detailed account on parametrizations of invariant objects in a
similar context.

— As expected in a supercritical Hopf bifurcation the family of periodic orbits that bifurcates is detached from the
origin (the equilibrium point). This can be easily seen from the potential curves (Q, V (i, @, J)) for E = 0, where
the periodic orbit (a minimum of the potential curve for a suitable J value) has a () > 0 value (see Figure 3 left).
We can follow this family of periodic orbits varying the energy E.

— These bifurcated periodic orbits that appear on the complex unstable side are stable, so they are surrounded by 2D
invariant tori.

— For E' = 0, we can distinguish between two kinds of 2D invariant tori: the internal ones that are born around the
bifurcated periodic orbit and the external KAM tori that already existed for p« < 0 (see Figure 3 middle).

A final important remark is that we have described the dynamics for a fixed value of ¢+ > 0 and p < 0 of I" in (72) which is an
integrable Hamiltonian. Of course this normal form Hamiltonian is just an approximation of the original one, which is non
integrable. So the “integrable” part of the dynamics described so far is valid only as an approximation of the real dynamics
of the original Hamiltonian for a local neighborhood both of the equilibrium point (the origin in (Q, P) variables and Lo in
original ones) and values of u close to 0 (for Hamiltonian (72)), that is, values of K near K ..

The next step is to describe the dynamics of the original Hamiltonian and the consequences of the Hopf bifurcation. Our
approach is to consider not only a neighborhood of the equilibrium point but a large region of the phase space configuration.
We will take values of K in an interval (not necessarily small) containing K,.;;. We will also show that the periodic stable
orbits and the invariant manifolds (of Lo and of the Liapunov periodic orbits) are invariant objects that become relevant for the
dynamics.

Before focusing on the original Hamiltonian, and in order to have a self contained paper, we include a short Section devoted
to the numerical methodology used to compute such relevant invariant objects.

6. Numerical computation of the invariant objects involved

We will be focused on Poincaré section plots (PSP), equilibrium points, periodic orbits and their manifolds.
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Figure 3: = 0.001 > 0. Left. (Q,V (1, Q, J)) for three values of J: J = 0.0001 (dashed line), J = 0 (thick line), J = —0.0001 (continuous line).
Middle. (@, P) coordinates at the level set £ = 0. The 2D Lagrangian tori with J < 0 are drawn in continuous line. For J = 0, the thick line represents
the pinched torus, i.e., the union of the equilibrium point with its stable and unstable manifolds (note that these manifold coincide, for the normal form is
integrable) and, in continuous line, the 2D Lagrangian tori around the detached bifurcated elliptic periodic orbit with J > 0). Right. Same line width code for
E = —0.00005.

6.1. Poincaré section plots (PSP)

For a given K and H = h, being H the original Hamiltonian (2), we consider the original system of ODE (3) and the Poincaré
section ¥ : 2’ = p, +y = 0. We will call the Poincaré section plot (PSP) the plot obtained with the intersection of a given
solution —or many solutions— (in this level of energy h and integrated for a range of time) with X such that y’ = p, — 2 < 0.
Actually the PSP will the plot with the (x,y) projection of such intersection points.

6.2. Equilibrium points and 2D associated manifolds

Once K is given, in order to find the equilibrium points, we simply solve the polynomial equation of third degree (11). So L;
is obtained with coordinates (xy,,0,0,zy,), fori = 1, 2.

Next, for K > K., in order to compute the 2D unstable/stable manifold of Lo, Wuls (Ls), we will take a set of initial
conditions on it. For each initial condition we will compute the corresponding orbit integrating the system of ODE —forward in
time for W*(L2) and backwards in time for W*(Ls)- and checking that the Hamiltonian value k(L) remains constant along
the integration for all the range of time considered.

To find such a set of initial conditions we can proceed following two different approaches:

(1) Either we take the set of initial conditions from the fourth order normal form, that is, for ;> 0 small given, we consider
(Q, P,0,J) with (Q, P) in a neighborhood of the origin and satisfying (73), 8 € [0,27], p > 0 small and J = 0
(see Figure 3), we apply the normalizing change of variables that reduces the Hamiltonian (2) to the form (66) —see
Remark 5—, we obtain a value of /' and an approximation of the initial conditions in the original variables (x, y, pz, py)
of Hamiltonian (2).

(i1) Or we take a set of initial conditions, using directly the original variables, on the linear approximation of the manifold,
that is on its tangent plane. More precisely: we consider the Jacobian matrix of system of ODE (3), its eigenvalues
A2 =a; £iby, A34 = —a; £1ib; witha > 0. Let us denote u; & ius and us £ iuy the associated eigenvectors.

To compute the unstable manifold W*(L,), we take the orthonormal basis v, vo (obtained from w4, us and generating
the same plane through L2) and a circle (centered at Lo and radius £ > 0 small, typically £ = 1.d — 6) of initial
conditions given by

Lo + &(cos svy + sin svg), s €10, 2m]. (74)

For the computation of the stable manifold (L), we proceed similarly taking into account ug and u,4.
We have implemented both methods achieving the same results. Of course, the first approach can be applied only for values of

K very close to K,.;; (i.e. > 0 small), whereas the second one works for any K.

6.3. Periodic orbits, stability and 2D associated manifolds

To compute families of periodic orbits (PO), a standard methodology consists in solving the nonlinear system of equations
(using a predictor-corrector method)

H(z)—h=0,
g(2) =0, (75)
(I)T(Z) —zZ= Oa
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Figure 4: (z, y) projection of the PSP for W% (La), W#(L2). Top. Left. K = 0.1157. Right. K = 0.12, just W*(L2). Bottom. Left. A zoom close to
L. Right. A zoom with both W*(L2) and W*(Lo).

where ®,(z) is the ¢t-time flow of the ODE system (3), z is an initial condition of the PO, T is its period (P (z) = 2) and
g(z) = 0 s a suitable Poincaré section (a hypersurface in R%).

To do so we need a seed for the (approximation of the) initial condition of a PO. Once we have one PO we proceed with
the continuation of a family.

Since we will focus mainly on the bifurcated periodic orbits with H = h(Lz) (it is the value of h where the manifolds
Ww5(Ly) exist), varying K > K..;1, to get a seed for an initial condition of a PO, we can proceed again in two different ways:

(i) Either we take the initial conditions from the fourth order normal form, that is, for i+ > 0 small given, we consider
(Q, P,05,J) with P =0, E =01in (73), 8 = 0, and (Q, J) is a minimum of V' (u, 8, J) i.e., a solution of the system

ov
Vip,@,J) =0, — (1 Q,J)=0
(1, @, J) ag @)
(see Figure 3), we apply the composition of the successive changes of coordinates that lead to the normal form (as
above), we obtain a value of K and the corresponding (approximation of the) initial conditions on the original variables

(z,Y, pz, py) of the PO.

(ii) Or, we fix K > K.+ and H = h(L2). We consider a set of different initial conditions of type (z, 0,0, p,), with
y' = py —x <0, varying z (v’ is obtained from the Hamiltonian) in a suitable interval; for each initial condition we
integrate the original system (3) and obtain the corresponding solution for a big enough range of time, and we save just
the points belonging to the Poincaré section plot (PSP). In the PSP obtained (see for example Figure 6 middle left), we
zoom the area around the bifurcated stable PO (surrounded by invariant curves) and we have an approximation of = (and
py) of the initial condition of the required PO.
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We have implemented both strategies to get a seed and both have become satisfactory —again the first one only valid for K very
close (and bigger than) to K,;;— We have implemented Newton’s method for the correction to solve system (75) to refine the
seed and obtain the bifurcated PO for H = h(Ls) when varying K > K_..;; (see next Section). The absolute tolerance to stop
Newton iterates in the solution has been typically 10711

Given a PO, in order to determine its (linear) stability, we have integrated both the system of ODE (3) together with its first
variational equations to obtain the monodromy matrix M after a period. We recall that the value of the stability parameter
k = Tr M — 2 decides the stability character of a PO: it is stable (elliptic) if |k|< 2, and unstable (hyperbolic) if &k € R\ [-2, 2]
(see for example [8] for details).

As will be shown in the next Section, the 2D invariant manifolds of the Liapunov orbits around L1, ol;, will also play a role
on the description of the global dynamics. Such orbits (for the values of K and & considered) are unstable (the monodromy
matrix has as eigenvalues 1,1,A > land 1/A < 1,i. e. kK € R\ [—2,2]). In order to generate the unstable manifold W*(ol; )
such that z is an initial condition of the ol; and v is a unitary eigenvector associated with A > 1, we consider a set of initial
conditions on the linear approximation of the manifold given by

p(0) +&v(®),  0€l0,2n],
where £ > 0 or < 0 to obtain the two branches that compose the manifold, small (typically |¢|= 10~°) and
P(0) = Do p(20),  v(0) = \"D® o 1(20)v

are a parametrization of the PO and the eigenvector of the associated monodromy matrix corresponding to the point ©(6)
respectively (see [4]). For each initial condition, we obtain the corresponding solution integrating forward in time system (3)
and checking that the Hamiltonian remains constant along the integration. We proceed similarly to obtain the stable manifold
W#(oly) taking into account A < 1 and integrating backwards in time.

7. Description of the dynamics of the original system

The purpose of this Section is to describe the Hopf bifurcation effect on the dynamics of the original non-integrable
Hamiltonian system for which the fourth order integrable normal form taken into account is just an approximation (and of
course valid just in a tiny neighborhood of the equilibrium point Ly and a small interval around K,;;). So, in the previous
Sections, we considered the dynamics of the electron from a very local point of view. Now, numerical simulations applied to
the original system allow to describe the dynamics in large regions in the (z,y) plane and any value of K. We will distinguish
two cases: K > K.z and K < K. (recall that K..;; = 37%/3/2 ~ 0.11556021).

Case 1. K > K_,;;. We fix the energy value h = h(Ls) and we discuss different aspects of the dynamics when varying K,
that can be graphically illustrated through the Poincaré section plots (PSP).

e [Invariant manifolds of Lo. When K is very close to K., the stable and unstable 2D manifolds, W*(Ls) and
W*#(Ly), are almost coincident (they do coincide for the integrable normal form, but they do not for the original
non integrable Hamiltonian giving rise to the splitting of separatrices). See Figure 4 top left, where the PSP of the
manifolds are plotted for K = 0.1157 very close to K..;;. As far as K increases, the typical homoclinic tangle is
more visible, see Figure 4, and for bigger K, the manifolds become very intricate, see Figure 6 top left. We also
remark that for K near K., the size of the manifolds is small, i.e. the orbits on the manifolds visit a small region
in the (z,y) plane. See the PSP of the manifolds in Figure 5 middle where the manifolds are confined by external
2D tori (invariant curves on the PSP). Whereas when K increases, the size of the manifolds becomes larger and
there are some orbits on the manifolds that go tremendously far away from Lo or even escape. Such orbits provide
a mechanism for ionization of the electron. See Figure 6 middle left.

e Existence of bifurcated periodic orbits and tori. As foreseen by the NF description, for a given K bigger and close
to K.rit, there exists a detached family of periodic orbits when varying b, in a neighborhood of h(Ls), which are
stable (for h near h(Ls)). For the particular fixed value of h(Ls), the corresponding bifurcated periodic orbit will
be surrounded by invariant 2D tori, which will be located inside the region enclosed by the invariant manifolds of
Lo, if K is very close to K,;;, see Figure 5 middle left for K = 0.1157 where the detached periodic orbit (a fixed
point on the PSP) and the surrounding 2D tori (invariant curves) are shown. We remark, on the one hand, that the
continuous family of tori inside the coinciding manifolds (Figure 3) obtained from the NF now becomes a Cantor
family of tori (for the original Hamiltonian system) as far as K is very close to K.;;. On the other hand, the
destruction of many such tori is also visible when K increases and the existence of chaos is much more apparent,
although the stable periodic orbit persists, see Figure 6 top for K = 0.13.
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overlapped (in red). Bottom: 2D KAM tori around the bifurcated stable periodic orbit for o > h(Lz2) (left) and h < h(L2) (right).
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o Confinement due to the invariant manifolds. Although the appearance of the splitting phenomenon (not present
for the NF Hamiltonian) for any K > K,;;, the manifolds somewhat enclose a confinement region, more visible
as far as K is close to K..;+. See Figure 5 middle. Therefore there exist points inside this region giving rise
to confined solutions, the confinement size determined by the size of the manifolds. We want to mention the
remarkable different sizes of confinement regions comparing those (smaller) delimited by the invariant manifolds
of Ly and those (bigger) delimited by the 2D KAM external tori. See Figure 5 middle left for K’ = 0.1157. When
K increases, the external tori disappear and there is a dramatic change in the intricate shape of the manifolds of Lo,
see Figure 6 top and middle for K = 0.13.

o Confinement due to the bifurcated elliptic periodic orbits. As already mentioned, when K increases, the manifolds
of Ly are very complicated and the visited region (in (z, y)) is very big. However, as far as the bifurcated periodic
orbit is stable, there will be still a small region of confinement for all time, due to the existence of surrounding
2D tori. So an important effect of the Hopf bifurcated orbit is to delimit, among a chaotic sea, a region where the
electron will remain confined for ever. We show this behavior on the PSP of Figure 6 (b) top right for K = 0.13.

o Stability of the bifurcated periodic orbits. We have computed the family of bifurcated periodic orbits when varying
K. In Figure 7 we plot two curves on the (K, ) plane: for each K, the = value of the equilibrium point L and
the x value of the initial condition (such that y = 2’ = 0, 3y’ < 0) of the bifurcated periodic orbit for that K (and
h = h(Ls)). We can see how the family of periodic orbits is detached from the equilibrium point as far as K
increases from K.;;. The amplitude of the periodic orbits grows with K and we have followed the family until the
orbit passes, for some time, very close to the origin, so a regularization of the system of ODE should be required,
see Figure 7 right. Concerning their linear stability, there is also a change of stability: the elliptic orbits for K
close to K.,;+ become unstable for bigger values of K. We plot in blue the stable periodic orbits and in red the
unstable ones in Figure 7 left.

e Homoclinic orbits. Erratic orbits. Due to the transversal intersections between W*(Ls) and W*(Ls), see for
example Figure 4 bottom right, there exist infinitely many homoclinic orbits to Lo and, as a consequence, it
is well known that the variety of behaviors for the dynamics is very rich (symbolic dynamics may be applied).
Nevertheless, for values of K near K., since the external KAM tori confine the invariant manifolds, the latter do
not play any role in escape (ionization of the electron). See Figure 5 middle left. But, for bigger values of K, the
KAM tori are destroyed and there is a second effect which is the growth of the manifolds, see Figure 6 middle
left. Therefore, from the behavior of W*(Ls) and W#(Ls), there will coexist confined motion, some escaping
orbits and some erratic “to and fro” orbits, that is, orbits that make several excursions, close to and far from Lo
(reaching different large distances), in an erratic way. Such orbits —also called multi-bump orbits— may remain
confined or finally escape. In the latter case, the electron experiments a slow ionization. In Figure 8, some orbits
on W*(Ly) are plotted to show such different behaviors. See also [26] for a specific study of the to and fro motion
for successive excursions of the electron close to the nucleus.

e Global picture. As a summary and taking into account the different invariant objects involved, we describe the
dynamics of the PSP from a global point of view. We should distinguish four different regions:

— A region near the origin. A first global property to remark, and independent of the Hopf bifurcation phe-
nomenon, is the existence of the retrograde periodic stable orbit close to the origin; this orbit together with the
invariant surrounding 2d tori confine a clear region for the electron. See Figures 5 and 6. This was already
observed in [5] for very small values of K < K.

— The invariant manifolds of ol;. Regardless the value of K, for h = h(Ls), there is the unstable periodic orbit
around L4, oly, and their invariant manifolds which play a clear role on the dynamics. As exhibited in [5]
these manifolds visit a small (z, y) region for 0 < K < K.;; small, but we have just shown that they become
more complex (and their homoclinic tangles as well) as K grows visiting large regions in the (x,y) plane, see
Figures 5 top and 6 middle and bottom.

— The region influenced by the Hopf bifurcation. When K is bigger and close to K.;+, and for h = h(Ls),
the dynamics of the Hopf bifurcation is very local in the sense that W*(Ls), W*(Ls), the bifurcated stable
periodic orbit and the surrounding invariant 2D tori are confined by the external KAM tori, so they do not play
a significant role in the dynamics. See Figure 5 middle for K = 0.1157. Nevertheless, as far as K increases,
these KAM tori disappear and both manifolds —those of ol; and those of Lo— are mixed, giving rise to many
different kinds of orbits and chaos. Relevant to say (and as mentioned above) is that, among this chaos, the
stable bifurcated periodic orbit and associated 2D tori, confine a clear region among this chaotic sea. See
Figure 6 top for K = 0.13. However, for bigger values of K such that the periodic bifurcated orbit is unstable,
we obtain the same kind of PSP but there is no confinement around the periodic orbit at all.
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— Fast escaping orbits. Finally and concerning the white region of the PSP (roughly speaking), if we take initial
conditions in such regions we obtain fast escaping orbits, with a typical spiral behavior. See Figures 5 middle
right and 6 bottom right, where we consider K = 0.1157 and K = 0.13 and plot two escaping spiraling orbits
and the corresponding PSP overlapped.

Let us finally remark that for h close to and different from h (L), the PSP are similar to the PSP for h = h(L2) except
that the neither the equilibrium point nor the invariant manifolds exist. We show in Figure 5 a neighborhood of the
bifurcated stable periodic orbit and the 2D tori that persist for K = 0.1157.

Case 2. K < K, ;+. This case was already studied in [5] but, for completeness, we just consider K = 0.115 very close to
Kt and h near h(Ls). As in Case 1, there is the big stable region close to the origin due to the retrograde o, orbit and
the intricate invariant manifolds associated with the periodic orbit ol; that cover a big chaotic region in the (x, y) plane.
For h = h(Ls), we have the equilibrium point Ly which is stable, whereas for increasing/decreasing h we obtain the
corresponding family of stable Liapunov periodic orbits surrounded by 2D tori. This is clearly shown in Figure 9. Of
course, this dynamics is in accordance with the theoretical results obtained in Sections 4 and 5.

8. Conclusions

In the current work we have explored the CP problem for values of the energy close to (L) and varying K in an interval
containing K.,;;. We have distinguished two different parts: the analytical study and the numerical one.

Concerning the analytical part, since a main goal was to analyze the Hopf bifurcation appearing close to the equilibrium
point Lo, a first remarkable step done was the computation of the normal form (NF) starting from the given Hamiltonian of the
CP problem (not an academic theoretical Hamiltonian with a suitable expression useful to carry out the normal form, as is
typically done in papers that study the Hamiltonian Hopf bifurcation). Moreover, the steps for the computation of the resonant
normal form, up to any given order, have been explained in a constructive manner. The results of the analysis of the NF are
summarized in Proposition 3, which enables us to describe the Hopf bifurcation and the local behavior of the dynamics in a
neighborhood of the equilibrium Ly for the original Hamiltonian.

From the numerical point of view, we have described the dynamics of the electron, focusing on the Hopf bifurcation when
h = h(Ls). Our conclusions, drawn from the obtained Poincaré section plots (PSP), are the following: For values of K very
close to K, the unstable/stable manifolds of the complex saddle point Lo, W™ (Ls), do not essentially play any role, since
they cover a very tiny region in the plane (x, y) and are surrounded by 2D invariant tori that act as a barrier of motion. However
for bigger values of K, the tiny and local effect becomes dramatic: the 2d surrounding tori disappear and now W"**(Ly)
are very intricate and fill a very big region of the plane (x,y). Actually, all kinds of orbits, to and fro, erratic, fast and slow
ionizing orbits, are observed belonging to these manifolds. However, the bifurcating stable orbits are robust since even for
bigger values of K, there is a small region of 2D tori around the bifurcated elliptic periodic orbits that persist. Clearly shown
on the PSP, the electron would remain for ever confined there, in the middle of a huge chaotic area.

Finally, in order to describe possible global behaviors of the electron for / close to h(Lz), from the obtained PSP, we can
conclude that, for any value of K ranging from (bigger than) 0 to K > K,,;;, the dynamics is mainly organized by: (i) the
stable retrograde periodic orbit (around the proton) surrounded by 2D tori which compose a robust region of confinement; and
(i) the unstable/stable manifolds of the Liapunov periodic orbit oly, W**(ol; ), that exist for b > h(Lq), and whose intricate
homoclinic tangle, gives rise to all kind of orbits, including multi-bump, erratic and escaping orbits (and therefore these
manifolds provide a mechanism for ionization). It is worth mentioning that, for K > K,.;+, and h = h(Ls), the manifolds of
Lo, W™#(Ly) also play a role and the both intricate W**(Ls), and W™ *(ol;) get mixed altogether filling a bigger chaotic
region in the (x, y) plane.
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