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ABSTRACT. In this work, our target is to analyze the dynamics around the
1 : —1 resonance which appears when a family of periodic orbits of a real
analytic three-degree of freedom Hamiltonian system changes its stability from
elliptic to a complex hyperbolic saddle passing through degenerate elliptic. Our
analytical approach consists of computing, up to some given arbitrary order,
the normal form around that resonant (or critical) periodic orbit.

Hence, dealing with the normal form itself and the differential equations
related to it, we derive the generic existence of a two-parameter family of in-
variant 2D tori which bifurcate from the critical periodic orbit. Moreover, the
coefficient of the normal form that determines the stability of the bifurcated
tori is identified. This allows us to show the Hopf-like character of the un-
folding: elliptic tori unfold “around” hyperbolic periodic orbits (case of direct
bifurcation) while normal hyperbolic tori appear “around” elliptic periodic or-
bits (case of inverse bifurcation). Further, the parametrization of the main
invariant objects as well as a global description of the dynamics of the normal
form are also given.

1. Introduction. In this paper, the main topic is the study of the dynamics close
to 1 : —1 resonant periodic orbits of three-degree of freedom Hamiltonian systems.
To be more precise: we consider a one-parameter family of periodic orbits of a real
analytic three-degree of freedom Hamiltonian system, and assume that the orbits of
the family are first linearly stable, for a critical value of the parameter the nontri-
vial (i. e., those different from one) characteristic multipliers of the corresponding
periodic orbit collide on the unit circle (Krein collision, see appendix 29 of [2] and
references therein) and then, if certain generic conditions are met, the characteristic
multipliers leave out the unit circle to the complex plane. Hence the family looses
its (linear) stability and the periodic orbits become complex unstable. In other
words, the family changes from stable to complex-unstable by means of a passage
through a critical, 1 : —1 resonant or simply resonant periodic orbit.

These transitions can be found in several fields of science, from astronomy —in
galactic dynamics [17], planetary theory [8]- to particle accelerators [10]; and not
only in three degrees of freedom Hamiltonian systems, but also in higher dimen-
sional problems (see [14]). This same mechanism of instabilization takes place in
families of symplectic maps where a fixed point undergoes Krein collisions of its
eigenvalues for some (critical) value of the parameter (see [3|, 11}, [19]).

2000 Mathematics Subject Classification. 37G05, 37G15.
Key words and phrases. Bifurcations, Normal forms.

799



800 M. OLLE, J.R. PACHA AND J. VILLANUEVA

The outcome of this work can be summarized as follows: we rely on normal
forms as the key tool of our approach, deriving up to any (arbitrary) order, a versal
normal form of the Hamiltonian around the resonant periodic orbit. This involves
the following steps: (i) we assume the Hamiltonian given in a suitable system of
canonical coordinates which are adapted to the resonant periodic orbit; (ii) apply
a canonical Floquet transformation to reduce the normal variational equations of
the orbit to constant coefficients and (iii) proceed with the nonlinear reduction.

Hence, dealing with the normal form itself (i. e., we compute the normal form
up to a given order and we skip the remainder) we show the generic unfolding
of a two-parameter family of 2D-invariant tori (Hamiltonian Hopf bifurcation) and
identify the coefficients which govern not only the bifurcation, but also its character:
direct or inverse. In the case of direct bifurcation, there appear elliptic tori around
complex-unstable periodic orbits, while in the case of inverse bifurcation, hyperbolic
tori (but also parabolic and elliptic tori) unfold around stable periodic orbits. This
study is completed with a description of the global dynamics of the normal form. We
remark that this is not a merely qualitative (i. e., formal) process for, in addition,
accurate parametrizations of the families of invariant tori and even of the invariant
manifolds of the hyperbolic periodic orbits and hyperbolic tori are derived in this
way. A numerical study of the above explained phenomenology has been recently
done (for a direct bifurcation in the RTBP) in [15].

Indeed, as these invariant tori are obtained using an integrable approximation,
the proof of their persistence (on Cantor sets) for the complete Hamiltonian involves
the use of KAM techniques and is beyond the scope of the present paper. See the
introduction of section |3/ for more comments.

The contents of this paper are organized as follows. Section 2| tackles the com-
putation of the normal form around the critical periodic orbit. The main result
of this part, which is the normal form itself, is stated in theorem 2.1. Section I3
is devoted to the analysis of the dynamics of the normal form. In particular,
theorem [3.1] establishes the unfolding of a two-parameter family of 2D invariant
tori and proposition 3.1/ states the normal stability of the bifurcated tori.

2. Analytic approach. The purpose of this section is to describe briefly the main
steps of the normal form process around the critical periodic orbit. A complete and
constructive description of the process can be found in [16} [18]. In section 2.1l we
give a precise formulation of the problem and state the “normalization theorem” in
which the normal form is described (see theorem 2.1)). In section 2.2l we introduce
(local) adapted coordinates around the resonant periodic orbit. The purpose of
this change is to separate the dynamics along the periodic orbit (described now by
an angular variable and its conjugate action), from the movement in the “normal
directions”. Next, in section 2.3, a symplectic Floquet change is applied. The final
goal is to arrive —through a symplectic 27-periodic linear change—, to a “clean”
Hamiltonian whose quadratic part is in Williamson’s normal form with respect to its
normal directions (see [1]). Later, the linearly reduced Hamiltonian is complexified
(section 2.4) to simplify the structure of the homological equations arising in the
nonlinear normalization process, which begins in section 2.5l

2.1. Formulation of the problem. Let H({) with ¢* = (&1,&2,8&3,m1,72,13),
be a real three degree of freedom analytic Hamiltonian (asterisk will denote the
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transpose of a vector or a matrix) and consider its associated Hamiltonian system

¢ = JagradH (). (1)

Henceforth, J,, will denote the matrix of the standard canonical n-form in R2",

0 I,

being I,, the n X n identity matrix.

Suppose that this system has a one-parameter family of nondegenerate periodic
orbits, {Mg}, g, such that for o = 0 the corresponding orbit My (from now on,
the critical or resonant periodic orbit) has an irrational (see definition 2.1) collision
of its nontrivial Floquet (characteristic) multipliers. We recall that in Hamiltonian
systems periodic orbits appear generically as one-parameter families parametrized
by the energy (see [20]). For instance, we suppose that for o < 0 the nontrivial
multipliers of M, lie on the unit circle, they approach pairwise as ¢ goes to o = 0,
for this value they collide and separate towards the complex plane when o > 0.

DEFINITION 2.1. Let Ay # 1 be a (double) nontrivial characteristic multiplier of the
resonant periodic orbit My and let p = 2wk be its principal characteristic exponent
(so Ao = e*). We say that the collision of characteristic multipliers on the unit
circle is irrational if p is not commensurable with 27 or, equivalently, if k € Q.

Moreover, we assume generiticity of the collision, in the following sense.

DEFINITION 2.2. Let M (M) be the monodromy matriz of the resonant periodic
orbit My. Hence, Spec (M (My)) = {1, X0, 1/Xo}. The Krein collision will be called
generic if the Jordan normal form of M(Myg) has the following block structure,

1 0
11

IMmo) = 1 o (2)

% 0
1 1/X

REMARK 1. Thus, one is assuming that none of the Jordan blocks of the monodromy
matrixz at the resonance is trivial (diagonal). In particular, the nontrivial character
of the first block —corresponding to the eigenvalue equal to 1—, follows from the non-
degeneracy of the family of periodic orbits. This is precisely the generic condition
which allows to parametrize the family using the energy as a parameter.

The main result of section 2! is the following normal form theorem.

THEOREM 2.1. Consider the three-degree of freedom Hamiltonian system (1l). Let
{M;}ser be a one-parameter family of periodic orbits of this system with an irra-
tional (so k € Q, see definition(2.1) and generic (see definition 2.2) Krein collision
at 0 = 0; also, let wi denote the angular frequency of My and define ws := Kw; .

Then, given any r > 3, there exists a real analytic symplectic change: (£,m) =
&(01,x,11,y), defined in S' x B (St = R/27Z and B a neighbourhood of the origin
in R®) and taking values in a neighbourhood of My, such that it casts the initial
Hamiltonian into its normal form up to order r,

Ho ¢(01733,I1,y) = Z(T)(xvllvy) + R(T)(ehxvllay)'
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Here, Z") is the normal form up to order v and R\") is the remainder (carrying
higher order terms). The normal form is given by the sum

M = Z st (3)
s=2
with 1
5 Wi +v3),
where the sign + in Zs is a characteristic of the collision. For s > 3, Z; =0 if s

is odd and, when s is even, it is an homogeneous polynomial of degree s/2 in

Jo = w11 + wz(y1:€2 - y2$1) +

5@? +3), L, Y172 — yar1.

Although it is not pointed out in theorem 2.1, the change (¢,7) = ¢(61,, I1,y)
yielding the normal form, depends on the order 7.

We also remark that the detailed development of the reduction to the normal
form given by (3) is lengthy and involved, due to the non semi-simple character of
the nontrivial characteristic multipliers of the colision orbit. However, the method
and main ideas are standard in normal form techniques. Of course, the full devel-
opment is important if one is interested in the explicit (numerical) computation of
the normal form (see [13] for the case of an elliptic periodic orbit) or in quantitative
estimates (see introduction of section [3). As we focus our attention on the dynam-
ics from the (truncated) normal form, we just recall the main steps and results and
omit all the proofs. We refer the interested reader to [18] for all the details.

2.2. Suitable coordinates around the critical periodic orbit. As a first step,
we shall introduce (local) adapted coordinates around the critical periodic orbit Mg
through an analytic 27-periodic in 6 change of variables,

gizgi(eafvlvﬁ)7 ni:"]i(evélaﬁ)’ (4)
i = 1,2,3 and with & = (51,52), 7* = (M,72). Furthermore, we shall ask the
change (4) to satisfy the following properties (see [5], 6] andreferences therein):

P1. It maps the product set T! x @, where O is a five-dimensional open set
around the origin, onto some (possibly small) neighbourhood U of M. We shall
denote by T" := (R/27Z)", n € N, the standard n-torus. In particular T! = S.

P2. The periodic orbit M is given by f =n=0, I =0and parametrized by
} Moreover, if wy is the angular frequency of My, then the dynamics of 0 on the

orbit is a linear periodic flow, 0= w1.

P3. The change (4)) is symplectic with t9~, §~ and 1, 7 the new conjugate positions
and momenta respectively. So in these coordinates, the system (1) is transformed
into another Hamiltonian system,

(3:8—@, f:fa—}f, Ei:a—f[, ﬁi:fa—ff, i=1,2. (5
o1 00 on; 0&;
For an example with an explicit construction of local canonical coordinates such
like the ones just described, see [13].

The transformed Hamiltonian H , defined in T x O, is analytic and 27-periodic
in 5, so it can be expanded in a convergent Taylor series,

HO,EL7) = > hppm(@IFTm, (6)

k,l,m
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with E* (51,52), 7" = (,172) and the standard multi-index notation glﬁm =
ghelmige | which we shall use throughout the text. The index k, and the
components of I* = (I1,lz), m* = (m1, mg) range over the nonnegative integers,
Z4+ = NU{0}, while the coefficients ﬁklm(g) are analytic 27-periodic functions in
0. If we restrict the system (5)) to the periodic orbit My, and take into account the
expansion (6)), we get

0="p0000(0), wi=hi0000(0), 0=hoe(0), i=1234,

(e; is the i-th unit vector in R*), since by the condition FZ, € = 5 = 0, I = 0
and 0 = wy on the periodic orbit Mg. Then, from equations above, it follows that
hooooo(a) = const., so we can set hooogo =0.

2.3. Linear normalization. The main result of this section states that, beyond
the adapted coordinates, a new symplectic change (a “canonical Floquet” trans-
formation) can be applied to reduce the normal variational equations around the
critical orbit (that is, the linearized system in the normal directions) to a system
with constant coefficients. Throughout the text, we shall refer as the “normal direc-
tions” those normal to the periodic orbit. Clearly, once an angle and its conjugate
action have been introduced to describe the periodic orbit, the normal directions
in the phase space will be the ones associated to the rest of the positions and their
corresponding conjugate momenta.

LEMMA 2.1. Assuming that the monodromy matriz of the resonant periodic orbit
My has the Jordan block structure (2) (and hence generiticity of the Krein collision,
according to definition2.2), the Hamiltonian H(0 { I ,1), obtained after section2.2,
can be transformed by means of a symplectic change into

H(917x7117y):H2($a117y)+"' ) (7)
here (01, x,11,y) are the new symplectic coordinates and Ha is given by,
1
Ha(x, I,y) = w1l + wa(y122 — y2w1) £ = (45 +43) (8)

2
where we = kwy (see theorem[2.1) and the sign £ in the above formula is a charac-
teristic of the collision; in particular we also remark that Ha is free from angular
dependence. The dots mean higher order terms in (x,I1,y). Furthermore, the
canonical transformation is linear in the normal directions z* = (x,y) and 27-
periodic in the angle 61 = ] (Floquet canonical reduction). In this sense, we shall
say that the transformed Hamiltonian (7) is “linearly reduced” (with respect to the
normal directions).

We note that the normal part of Hs (i. e., excluding the “rotor” w; ) agrees with
the quadratic normal form in the classification given in [I] for the non-diagonalizable
case. See [3], 18] for a proof.

REMARK 2. After lemma 2.1l we should deal with two different cases which cor-
respond to the plus or minus sign in (8). However, applying first the symplectic
change,

01 = €b], 1 = ex), xTo = xh,

-[1:6-[{; y1:€y,1, Y2 y/2
to the transformed Hamiltonian H (see (7)) one may get rid of the + in (8) if
further the substitution t «— et (which reverses the sign of the time when ¢ = —1)
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is allowed. In the forthcoming we shall assume that both transformations have been
made so the £ sign will no longer appear (i. e., only the case € =1 is considered).
Moreover, the primes will be dropped and the names H for the linearly reduced
Hamiltonian and Hs for its lower order terms are kept.

In this way, we arrive to a new, linearly reduced (in the sense stated in lemma/2.1))
Hamiltonian, whose complete expansion can be written as,

H(0r, 2, 11,y) = Ha(z, I1,y) + > R (01) T 2™y (9)

(I € Zy,m,n € Z2), where Hs is now (see remark 2 above) given by,
1
Ha(z, I1,y) = wili + w2 (y172 — y21) + 5(3/% +43)- (10)

2.4. Complexification of the Hamiltonian. Before going on with the nonlinear
normalization, and in order to get the homological equations in a simpler form, it
is convenient to introduce the following (complex) coordinates,

_ 01— p2 _q11+Dp2 _G2tm _ 2 mn

T T9 = , , = .
1 \/5 2 i\@ Y1 \@ Y2 i\/i

These last relations define a linear canonical change which transforms the Hamil-
tonian (9) into

(11)

H(917q7-[17p) = HQ(qa-[l?p) + Z hl,m,n(el)liqmpnv (12)
2l+|m|1+|n|1>3

where Hs is (10) expressed in these coordinates (see (13)). As usual, we have put
" = (q1,q2), p* = (p1,p2) and hy m n(61) are analytic 2r-periodic functions.

Also, by direct substitution of (11) in the Hamiltonian (9)), it can be seen that
the quadratic part in (12) is,

Hy = wi Iy +iws(qip1 + q2p2) + q2p1. (13)

This will be the lowest-order term in our normal form. Note that, in the change (11)
x and y will be real provided that ¢ = —p2 and g2 = p;.

REMARK 3. If the above relations are assumed to hold and, as the complex Hamil-
tonian H s the transformed of a real Hamiltonian H, it must be H = H. More
precisely, if we expand H in Poisson (Taylor-Fourier) series,

H(Gla(LIlap): Z hk,l,m,nqumpnexp(ikgl)a (14)

k,l,m,n

with k € Z, then it is readily checked that the inverse change of (11) transforms H
back to the Poisson series of a real function if and only if the relations:

7 _ mi+n
hk7l7m17m21n1an2 = (_1) ! 2h*k,l,n2,n1,m27m1

hold between the coefficients of the expansion of H.
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2.5. Nonlinear normalization. The Hamiltonian with the quadratic part given
by (13) is suitable to start the normal form process. We notice that if this normal-
ization is carried out up to any order, it leads to a generically divergent system (due
to the small divisors involved). So, if we want a convergent Hamiltonian, we have
to stop the normal form after a finite number of steps of the normalizing process.

Now, we sketch this reduction process. The most remarkable fact is that the non
semi-simple character of the monodromy matrix of the critical orbit in the normal
directions (the generic condition of definition 2.2)), give rise to non semi-simple
homological equations in the reduction process, which is not the standard context
in normal forms. However, it is not strongly difficult to identify the removable
and non-removable terms of the system. What is more complicate (than in the
diagonal case) is to compute explicitly the normalizing transformation. Details of
this reduction and a constructive algorithm to perform it are given in [16, [I8].

A very natural way to compute the normalizing (canonical) transformation is to
use the Lie series method to remove in an increasing way, and up to a given finite
order, the “nonresonant” terms of the Hamiltonian. Thus, the generating function
of the transformation is computed degree by degree by solving, at every step, an
homological equation of the form:

{G,Hy} + Z =F, (15)

where F' contains the terms (of a given degree s) to be removed by a suitable G
while Z stands for the non-removable terms (the normal form). Here, {-,-} is the
Poisson bracket. If we denote by € the space of formal Poisson series defined as (14]),
the important point for us is to investigate the action of the linear (Lie) operator

LH2 ¢ — ¢
X = LH2X: {X1H2}7
and to give a complement of Range Ly, in €. Given a monomial g € &, of the form
g = I q™ p" exp(ikb,),
then

q2 D1
Ly,g= (Q + m1(71 - n2p2) g,

where 2 (the small divisors) is introduced as

1= Qk,\mh,lnh = iwrk + iw2(|m|1 - |Tl‘1),

with |m|y = |mq| + |m2| (similarly for |n|;). Since the frequencies w; and ws
are rationally independent, we have that (2 |, |, = 0 if and only if & = 0
and |m|; = |n|i. Then, a careful analysis of the structure of the homological

equation (15) restricted to the monomials with §2 # 0, shows that all of them can
be removed by a suitable choice of G. This means that if there are non-removable
monomials they have to satisfy 2 = 0.

Thus, next step is to discuss the solvability of (15) for the terms for which the
resonant condition 2 = 0 is fulfilled. Those are given by

_ Il my M—mqy _M-—no_no
P = § E Jimy M—my M —no o 1107 G2 51 o)
I,M 0<mq,n2<M

What we have to investigate is the action of Ly, on P, which we denote by L :
P — P. A standard way to compute a complement of Range L in P is to introduce
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an Hermitian product in P. Thus, the following decomposition works,
P = Range L @ Ker LT
where LT is the adjoint operator of L. Given
F=Y Fmallg™p", G=> Gl ¢"p",
if we consider the Hermitian product (see [7]):

<F‘G> = Z m1!m2!n1!n2!Fl,m,mél,m,n7

.
then LT = {-, Hg}, with Hg = q1p2. Next, introducing
&1 =1(q1p1 + q2p2), &2 = q1p2;

we can check that

M
Ker LT = ZZQl,n,M—nI{f{L éw_n
1,M n=0

Hence, theorem 2.1/ follows immediately since if we apply the inverse of (11), we get

. 1
i(gip1 + @2p2) = y1%2 — Yox1, @12 = —i(xf + l’%)a

and therefore, for s > 3 and even, Z; in (3)) depends on the real coordinates I, x,y
in the form stated in the theorem. A careful analysis of the algebraic structure of
the homological equations shows that the symmetries due to the complexification
are preserved by the normal form process, and all the coefficients of Z(") turn out to
be real. Finally, we recall that due to the minus sign in the second of the formulas
above, the coefficients of Z; may differ in a sign when expressed in real or in complex
coordinates. Also, we remark that an additional reversion in the time ¢, t — —t, is
necessary if e = —1 after the linear reduction (see lemma [2.1 and remark [2).

3. Dynamics of the normal form. In this section, the normal form Z(") is
analyzed. Then, after the setting of the Hamiltonian equations corresponding
to Z(" and the discussion of their first integrals (section [3.1) we derive, in sec-
tionl3.2, a parametrization of the family of periodic orbits and discuss their stability
(lemma [3.1)). Next, in section [3.3| we show that —under certain generic conditions
which depend intrinsically on the low order terms of the normal form— there un-
folds, “surrounding” the periodic orbits, a two-parameter family of two dimensional
invariant tori. Furthermore, A study of the normal behaviour of such bifurcating
tori is done, and the results are summarized in proposition [3.1. The global picture
resembles the classical Andronov-Hopf bifurcation, in the sense that unfolded stable
(elliptic) objects (2D-invariant tori in our case) appear around lower dimensional
unstable ones —here, the periodic orbits of the family— (direct case), whereas con-
versely, unstable (hyperbolic) 2D-invariant tori may unfold around stable periodic
orbits (inverse case). Nevertheless, in the current Hamiltonian case, elliptic and
parabolic tori branch off as well (see proposition [3.1). Whether the former or the
latter phenomenon takes place, depends again upon the nature of the low-order
normal form. In the literature —see [21]—, this kind of bifurcation is known as the
Hamiltonian Andronov-Hopf bifurcation. Next, in sections 3.4 and 3.5, we give
parametrizations of the invariant manifolds of the hyperbolic periodic orbits of the
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family and of the bifurcated (hyperbolic) 2D-invariant tori. Section [3.6/ deals with
the 3D-invariant tori branching off the 2D-elliptic tori of proposition 3.1l

However, it is worth realizing that if only a qualitative description is needed,
all these forementioned objects, and the dynamics generated from them, can be
detected using the normal form (16) up to an order four (hence r = 2; see [9]).
Nevertheless, if one looks for accurate parametrizations of those backbone dynami-
cal invariants, then they must be computed from a normal form of higher order and
therefore, our approach describes the (local) dynamics around the non semi-simple
resonant periodic orbit not only qualitatively, but quantitatively as well, in the
sense that allows all these computations effectively and up to any arbitrary order.

The questions related with the effect that the nonintegrable remainder has on
the dynamics of the normal form are not treated here. A very natural one is the
derivation, as a function of the distance to the critical orbit, of the “optimal” order
of the normal form such that it minimizes the size of the remainder in a given
neighbourhood of the resonant periodic orbit. This problem is tackled in [16] [18],
and we only mention that classical exponentially small estimates for the size of the
remainder of the normal form are not obtained in this case.

The most important question is the persistence of the bifurcated invariant tori
detected from the normal form. To do that, one cannot avoid getting involved
with KAM methods (see [4] and references therein for a wide description of these
techniques). What is natural to expect is that these tori persist on Cantor sets for
the parameters, with estimates on the size of the (relative) measure of the destroyed
tori controlled by the size of the nonintegrable remainder (compare with the case
of exponentially small estimates for the remainder of the normal form around an
elliptic torus in [12]). A proof of this fact requires nondegeneracy conditions on
the basic frequencies (see remark 5), and a careful control of the normal frequency
of the 2D-elliptic tori. However, we want to stress that, as we have to deal with
invariant objects that are very close to a degenerate (non semi-simple) orbit, this
fact introduces additional difficulties forcing to modify the standard KAM iterative
methods to achieve the desired estimates for the measure. For a proof in the case of
a direct bifurcation see [18]. We hope to give a complete treatment of the problem
(covering also the inverse case) in a future work.

3.1. Hamiltonian equations of the truncated normal form. From now on
we shall concentrate on the study of the normal form Z("), skipping the remainder
R(") off and working only with real coordinates throughout. Hence, in view of
theorem 2.1, Z(") can be put into the form:

. 1 1
Z(T)(x7—[17y) = WIII +w2y X T+ i‘yg + ZT <2x|§7‘[l7y X fE) ) (16)
with the notation,

@)y = (@ +23)%, Jyla = (7 +93)"*, ¥ x @ = w2y — 2190
and Z,.(u, v, w) being a polynomial of degree |r/2| (we use |z| to denote the integer
part of z € R), beginning with quadratic terms. We shall express it as
1
Z(u,v,w) = §(au2 + b? + cw?) + duv + euw + fow + Fy(u, v, w) (17)

with
Fr(u,v,w) = Z fimmuv™w™, (18)

3<j+m+n<|r/2]
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if » > 6 or zero otherwise.

Actually, the coefficients of the term of degree two are those which will play an
essential role in the dynamics of Z("). It becomes clear throughout the main results
of this section: lemma 3.1, theorem 3.1l and proposition 3.1.

Now, if we define

1
n(‘r7117y) = (255@,[17.0 X 33) )

the corresponding Hamiltonian equations can be written in the form

b = wi+ 022,01,

L = 0,

1 = wama + Y1+ x203Z, 01,

: (19)
To = —woxy1+ Yz — 21052, 01,

1 = woys —x10hZr0on+y2032,. 01,

y2 = —WalYi — l‘g@er on— yla?)ZT on.

where 0; Z, is the partial derivative of the function Z, with respect the i-th variable.
The system above is integrable, since it can be shown that the three functions

1 1
Iy=1, Io=yxxz and Ig:2|y|§—|—ZT(2|x|S,Il,y><x) (20)

are, outside the zero measure set defined by {y; = 0, y» = 0, 012, = 0}, three
functionally independent integrals in involution of the system (19).

3.2. Parametrization of the family of periodic orbits. These Hamiltonian
equations have a one-parameter family of periodic orbits given by

01 = (w1 + 0Z,(0,11,0))t + 69,
MJ : Il =0, (21)
1 =x2=y1 =y2 =0.
This implies that the action I; is a good parameter for the (local) description of
the initial family of periodic orbits. So we can identify o = I; as the parameter
and, in the forthcoming, denote the family by { M, }1,cr.

REMARK 4. With the parametrization (21), the “twist” condition (see [20]) w'(0) #
0, requiring the angular frequency to move with the parameter of the family, can be

expressed as 02.22,(0,0,0) = b # 0.

It turns out that, if the coefficient d in (17) is different from zero (this is a generic
condition that will be assumed in the sequel), the stability of the family { M, }1, er
depends, for |I;| small, on the product dI;. This is stated in the next lemma.

LEMMA 3.1. If the coefficient d of the polynomial Z, given by (17) is d # 0, then
for |I1] small enough, the periodic orbits in { My, }1,er are complez-unstable when
dIl; <0 or (linearly) stable when dI; > 0.

Proof. To compute the characteristic exponents of the periodic orbits, we write
down the variational equations of (19) around My, . Using the parametrization (21)),
one may check that in the normal directions (z,y) these equations are given by the
linear system:

&1 0 oo 1 0 T
$.2 o —02 0 0 1 To
yl —01 0 0 g9 Y1 ’

() 0 —o1 —o2 O Yo
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with o1, 09 defined by,
o1 = 012.(0,11,0) = dI; + O(I}), (22)
oy = wy+832,(0,11,0) = wo + fI1 + O(I7})
and then the characteristic exponents of the periodic orbits are,
af = oy =o1
= i(we + fI + O(I)) + 4/ —dI, + O(I}),
ﬁi = —ioytv—01

= —i(CL)Q + fIL + 0(112)) £ 4/ —dI; + 0(112)

Thus, if |I;] is sufficiently small, the sign of the terms inside the square roots at

the expansions for ai and Blil in the above formulas, depends on the sign of dI;
in the way described by the lemma. O

3.3. An unfolding of a two-parameter family of 2D-invariant tori. Generi-
cally, this collision of characteristic multipliers carries on quasiperiodic bifurcation
phenomena. These may be described using the normal form Z(").

Before, to simplify the identification of the requested solutions, it is convenient
to introduce new coordinates through the change:

I
1= +/2qcosby, Yy = _\/7% sin 62 + pv/2q cos 02,

2 (23)
To = 2gsinfy, ys = ——==cosfy — py/2¢sinbsy,

V2q
with ¢ > 0. Transformation (23) is canonical, for one immediately verifies: df; A
dl; +dx Ady = df A dI 4+ dg A dp and is properly defined and regular except in
the set x1 = 22 = 0. It introduces a second action I, together with its conjugate
angle 65 while ¢ and p are the new normal position and its conjugate momentum
respectively; in these coordinates, the Hamiltonian Z(") takes the form,

12
Z(T)(917927 Q7lla IQap) = wlll + WQIQ + QPQ + IZ + Z’I‘(Q7]1a 12) (24)
Assuming, as in lemma 3.1, d # 0, the Hamiltonian system corresponding to (24)
b = wi+ 022,:(q, 11, I2),
0 = w2+?z+333r(q,11712)7
q = Z2qp,
Y (25)
I, = 0,
. 12
po= 7p2+@7812r(%113-[2)a

has a two-parameter family of bifurcated 2D-invariant tori. Theorem 3.1l sets a
precise formulation of this assertion.

THEOREM 3.1. If the coefficient of d of Z, (see equation (17)) is d # 0 there exists
a real analytic function T : ® C R? — R, ® a neighbourhood of (0,0), defined
implicitly by the equation

n* =012, (£,Z(&n),26n),
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with Z(0,0) = 0 and such that, for (§,n) € D, the two-dimensional torus
Ten ={(0,0,1,p) € T* xRxR* x R:q=¢ I =Z(&,n), I =2n, p=0} (26)

is invariant under the flow of (25) with parallel dynamics determined by the vector
2% = ({, () of intrinsic frequencies:

91(5777) = W +a2ZT<£7I(€777)72€77)7
Q2(£777) = w2+77+832r(£71(5777)72§77)7

moreover, the corresponding invariant tori of (16) are real whenever & > 0.

(27)

Proof. Tt follows directly by substitution in equations (25), whereas the last point
about the real character of the invariant tori follows from (26) and the change (23).
Here we only stress that the condition d # 0 (the non-degeneracy of the transition)
is the necessary hypothesis for the implicit analytic function Z to exist in a neigh-
bourhood of (0,0), since 97 , Z,(0,0,0) = d. Finally, transformation (23) shows the
real character of the (corresponding) tori of (16) for £ > 0. O

Then {Tfﬂl}(g,n)eﬁ with £ > 0 constitutes a two-parameter family of real in-
variant tori filled up with quasiperiodic solutions of the system (25). Whence,
changing back to rectangular (with respect to the normal directions) coordinates
by means of (23), one obtains a family of two-parameter quasiperiodic solutions
winding 2D-real invariant tori of (16)). Explicitly:

01 - Ql(€7n)t+9?5 Il = I(éﬂ?)?
xry = ﬁcos(92(£7n)t+93)» h = _\/ﬁnsnl((b(fan)t—’_ag)?
T2 = — 26 SiH(QQ(é-, 77) + 98)3 Y2 = _\/ﬁnCOS(QQ(& 77)t + 98)

Using the expressions for Z, given by (17) and (18), a formal expansion of the
implicit function Z can easily be derived. Up to second order in &, 17 one gets:

a, 1 2a a? 2e 1
:H&n>d£d(aﬁpp Boo Zf0>£2d£n+dn2+0d§n)@$

and then substitution in (27)) yields, for the frequencies 2y, (2,
n(En) = wit(d-9)¢

+ (‘%bfs,o,o - %fm,o + 20 o104 for0— 2 fio0+ %zfo,g,o &2
+ (2 2f) En+ fn? + Os(m), (29)
(&n) = w2+(€—%)§+n
2
+ <_%f3,0,0 - adefl,Q,O + Z;Tffzm + fo00 — §f111+ ?Tif0271> &2
+ (20* %) &n+ 5 + Os(&,m). (30)

Similarly as in the lemma [3.1 for the stability of periodic orbits, the normal char-
acter (elliptic, hyperbolic) of the unfolded tori has to do with the sign of one of the
coefficients of the polynomial Z,. (see proposition below).

REMARK 5. In view of the expansions (29) and (50) one easily computes det D2 =
d—ab/d+01(&,n) ~with ¢* = (&,n), 2% = ({4, ), so the family of invariant tori
will be nondegenerated (in the Kolmogorov’s sense) under the condition d* # ab.
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(a) a > 0 (direct bifurcation) (b) a < 0 (inverse bifurcation)

FIGURE 1. Qualitative sketch of the size of the 2D bifurcated tori
and their stability in the case d > 0. See the text for details.

PROPOSITION 3.1. With the assumptions of theorem 3.1l —including the reality con-
dition & > 0— and if the coefficient a of the polynomial Z, in (17) is a # 0; the type
of the bifurcation is determined by the sign of the coefficient a.

Case 1. If a > 0; besides the elliptic tori around stable periodic orbits —which
correspond to excitations in their normal elliptic directions— there appear elliptic
tori around complex-unstable periodic orbits.

Case 2. If a < 0, then, hyperbolic invariant tori unfold around stable periodic
orbits. In this case, the family described in theorem 5.1 contains also elliptic tori
(of the same nature than those in the previous case) and parabolic tori.

By analogy with the classical Andronov-Hopf bifurcation, the former and the
latter cases in the proposition are often referred as the “direct” and the “inverse”
bifurcation respectively.

Proof (of proposition/3.1). Consider the system (25) and the family of invariant tori
{Te.n} (&) of theorem [3.1. Around one of these tori, the first variational equations
in the normal directions are given by the linear system,

vy = _[2%+a+8%’,1f7«(§,1(£,77),2£77)]X

whose eigenvalues (the characteristic exponents of the torus) are:

p (&) = £ [~4n* — 2a€ — 2607 F (€, Z(€,m), 2n)] (31)

As €07 | Fr(€,Z(E,m), 26n) is £O1(€, ), at least —in a small neighbourhood of (¢,7) =
(0,0)—, the normal behaviour of the tori is determined by the sign of the first two
terms inside the square root, i. e. by: —4n? — 2a¢. In particular, if the coefficient
a is positive (case 1) then the family only holds the elliptic invariant tori, whilst
for negative values of a (case 2), elliptic and hyperbolic tori will be present, but
parabolic tori will appear as well. Indeed, if one considers the equation: 2n% -+
af + €071 F,(&,Z(€,m),26n) = 0, just the implicit function theorem applied at
(&,m) = (0,0) shows the existence —in the space of parameters (§,n)—, of a path
& = g(n) giving rise to a one-parameter family of parabolic tori. Of course, the
same can be done when a < 0 but then &, as a function of 7, will take locally (i. e.,

1/2
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in a small neighbourhood of the origin) only negative values, against the condition
for real invariant tori.

To discuss the position —relative to the family of periodic orbits— of the bifurcated
invariant tori, one looks at (28) and realizes that for (£,7) given, the action I; of
the corresponding invariant torus can be expressed as

I= =56+ 5 +£01(Em) + Os(&,n):
hence, the sign of dI; is determined locally by the first two terms. In particular,
for a > 0 (case 1) dI; can take positive or negative values so elliptic bifurcated tori
of the first case unfold “around” both stable and unstable periodic orbits. On the
contrary, for a < 0 the sign of dI; is (locally) always positive and therefore, in the
second case, bifurcated hyperbolic, elliptic and parabolic tori appear around —in
the sense just stated— stable periodic orbits of the family. This ends the proof. [

In figure [1I] the bifurcation pattern is sketched in both contexts for d > 0 (the
figures for d < 0 follow straightforward). In these plots complex-unstable periodic
orbits lie on the negative horizontal semiaxis (in dashed lines) and the stable ones
in the positive horizontal semiaxis. In figure |(a)| the shaded area corresponds to
the domain of existence of elliptic invariant tori. In figure (b) the regions shaded
obliquely and horizontally are the domains of the elliptic and hyperbolic tori re-
spectively whilst the separating curve holds parabolic tori. Here p, 0 < p < R,
is defined by p := (23 + 23)V/2 (so p = (2¢)'/2, according to (23)). It can be
thought of as the radius of the invariant torus 7¢, in the normal directions 1,
ZTo. R is the “maximum allowed radius” and is determined by the domain ® of
Z(&,m) (see theorem B.1)). If n is allowed to range in a neighbourhood of n = 0, the
regions shaded in the figures may be derived from (28) setting & = p?/2, i. e. from:
dl, = —ap®/2+n?+ 03(p,n) and the normal character of the tori follows from the
characteristic exponents (31).

3.4. Parametrization of the invariant manifolds of the hyperbolic periodic
orbits. We recall that when oy < 0 in (22) (i. e., when dI; < 0 with |I;| small)
then the orbit M, given by the parametrization (21) is a hyperbolic periodic orbit
of the Hamiltonian equations of the normal form Z("). So, one may use Z(" to get
parametrizations of the stable and unstable invariant manifolds of this orbits. If we
consider a fixed I; such that o7 < 0, then the corresponding stable and unstable
manifolds of M7, are three dimensional and can be obtained by setting the values
of the first integrals in (20) to the ones of My,. If we write Zo and Z3 in the
coordinates (23) we have,

I2
I, = I, %=W+ﬁ+aw5@)
So, the invariant manifolds of M, are defined by
12203 qp2+ZT(Qa~[17O) :ZT(O71170)a

obtaining:

1 1/2 a 1/2
p=+{120.0.0 - 200} =% [-50-dn+0uat)

The choice + corresponds to the unstable manifold and the choice — to the sta-
ble one. Going back to the rectangular coordinates through (23)), we obtain the
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FIGURE 2. Invariant manifolds of the hyperbolic periodic orbits
for three different values of I;: I} < I < I} < 0. Figures |(a)
and |(b), corresponding to a > 0, are the projections of the invariant
manifolds on the planes (¢, p) and (z1, y1) respectively. The same,
but for a < 0 is plotted in figures (c) and |(d).

following parametrization of the manifolds:

T1 = v QQCOSQQ, Y1 = + [2(27(07[1a0) - ZT'(Q7IhO))]1/2 008927
To = —+/2¢sin b, y2 = F[2(Z,(0,1,0) — Zr(q,ll,O))]l/2 sin 6.

Alternatively, the invariant manifolds can be given as graphs:

2 1,5, 12
Yi = ﬂ:xl{M [ZT(O,Il,O) *Zr (2 (iUl +$2) ,I1,O>}}
1/2
= *ux {—%(m%—l—m%)—dh —&-F} )

where I stands for the terms of (adapted) degree at least 3. These parametrizations
are represented in figures2(a)-(d) for three different (negative) values of the action
I, and according to the sign of a (see the details in the caption).

However, the range of available parameters (g, I1) is restricted by the condition
that the expressions inside the square roots must be positive. Introducing F(q, I1)
through

1
F(q7 Il) = g [ZT(O7I17 0) - Z?”(q7—[17 0)] )
clearly, F(g, I;) > 0 must hold and we notice that F(0,0) =0, 61 F(0,0) = —a/2 #

0 and 92F(0,0) = —d # 0. Thus, the boundary of this domain can be (locally)
expressed as function of I or gq.
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3.5. Parametrization of the invariant manifolds of the hyperbolic 2D-
invariant tori. In the inverse case (when a < 0), we have shown that for certain
range of the parameters (£,7) the 2-dimensional bifurcated invariant torus 7Z¢
given in (26) is normally hyperbolic. More precisely, it happens for the values of
& > 0 and 7 such that

An® 42607 1 2,(§,Z(&,n),26n) <0

holds (see theorem 3.1l and proposition 3.1)). For these tori we can also compute
their stable and unstable manifold which, for any given torus, have dimension three.
Again, they are implicitly defined by fixing the values of the first integrals in (20):

=Z(&m), To=2&n, Iz =E&n° + 2.(¢,T(E,m), 26n).

Using the coordinates (23) we obtain the following expression for p:

p = £VF(q,&n) (32)

S {j} [Zr(él(f,nh 261) - 2,0, 266.1),260) + €42 (¢ - j})] }1/2

and the corresponding manifold will be stable if p(¢—¢&) < 0 or unstable if p(¢—¢&) >
0 (see figure 3(a)). Of course, using the expressions (23) we can go back to the
original normal form coordinates. As for the hyperbolic periodic orbits, we can
also see these manifolds as graphs, so that

- 1 1/2
2 2
2@7m + 1 [F <2(5E1 +$2),§,77>} ;

1 2

Y1

1 1/2
y2 = —2n—5—7 2+ i$2{F<2(fU1+x2)fﬂ)] .

Moreover, if we use the equation defining Z(&,n) (see (28)) we can make more clear
the expression of F'(q,£,n). Indeed, we can expand it in powers of ¢ — £, obtaining:

Zr(q7 1(5,77),2577) - ZT(£7I(§?77)72§77) = 772(q - 5)
5000 2,6 (6 m), 26m) g — €

+G(q,&m)(q - €)°,

where G(q, &,n)(q—€)? stands for the complementary term in the Taylor expansion,
and thus
(¢-¢)?

F=—
4q2

9(a,€,m)
with
9(¢,&m) = 4> +2807 1 2.(¢,Z(C), 2m)
+2(q — &) [0712:(&,Z(¢), 26n) + 2¢G(q,C)] -

Using the expression above for F', the condition on the torus 7¢ , to be hyperbolic
appears in a natural form: as in equation (32) we need F(q,&,n) > 0. Thus,
whenever 4n? + 258%71245,1'({,7)),2577) < 0, this condition is fulfilled provided
lg — &| is small. In figure [3| we plot, for some given values of the parameters (£, ),
the invariant manifolds of the hyperbolic tori. The projections are displayed on the
plane (¢, p) —in figure |3(a)- and on the plane (y1,y2) —in figure 3(b)-.

Moreover, if we want to characterize the range of available parameters in (32),
we have to study the solutions of g(q,&,m) = 0. Actually, as ¢(0,0,0) = 0 and
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q
f -9

(2) (b)

FIGURE 3. Invariant manifolds of the hyperbolic invariant tori cor-
responding to (£,7). In figure (b) we set 2o = 0 and > 0
is assumed. The position of the hyperbolic invariant tori is
(g,p) = (£,0) in (a) and (y1,y2) = (0,—1v/2E) in [(b). In both
cases is marked with a dot.

the derivative 91¢(0,0,0) = 2a # 0, we can give the solutions of g(q,&,n) = 0 by
writing ¢ = f(&,n), so that the boundary of values of ¢ in the parameter space of
F is given (locally around (£,7) = (0,0)) as ¢ > f(§,n).

3.6. Computation of 3D-invariant tori. The 3D-invariant tori of the normal
form (16) can be obtained from periodic orbits of the 1-degree of freedom Hamil-
tonian system given by:

12
H(g,p; 1, ) = qp* + ﬁ + Z,:(q, I1, I2), (33)

where I; and I3 have to be treated as parameters (see (24)). Thus, given a couple
of values I and I (fixed), let (g(03),p(f3)) be a 2m-periodic parametrization of a
periodic orbit of (33) such that @3 = &3. Then, the dynamics of the corresponding
3D-invariant torus of (24]) can be obtained by direct integration of the expressions,

01 = wi+ 02 (q@st), I1, L),
: I .
by = 2 9, 2.(q(st), I, ),
2 wo + 23 (Goal) + 032, (q(wst), 11, 1)

being the vector of intrinsic frequencies of this torus @ = (W, @y, ws), with @; and
wo defined by

W = wi+(02Z2-(q(03), 1, I2)),
Wy = w2+<2%23)>+<333r((7(93)711712)>7

where (-) denotes the average with respect to the angle 05 (of course, we need @y,

W and w3 to be independent frequencies in order to have a legitimate 3D-torus).
To discuss the range of parameters for which one obtains periodic orbits of (33),

we point out that these orbits can be obtained implicitly as energy levels of the
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system, {H(q, p; I, I3) = h}, for suitable values of h. The extremal values for the
interval of allowed values of h (for any given I and I5), correspond to the ones of
the critical points of H.
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