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We consider a Hamiltonian of three degrees of freedom and a family of
periodic orbits with a transition from stability to complex instability, such
that there is an irrational collision of the Floquet mulipliers of opposite sign.
We analyze the local dynamics and the bifurcation phenomena linked to this
transition. We study the resulting Hamiltonian Hopf-like bifurcation from
an analytical point of view by means of normal forms. The existence of a
bifurcating family of 2D tori is derived and both cases (direct and inverse
bifurcation) are described.
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1. INTRODUCTION

Let us consider a Hamiltonian with three degrees of freedom and a fam-
ily of periodic orbits with a transition from stability to complex instability.
That is, we assume there is a periodic orbit for which two pairs of charac-
teristic multipliers collide on the unit circle at an irrational point (i.e. the
multipliers are 1, 1, A = p, 1/A = 1/p and A = exp(:6), § = 2wp with p
irrational). From now on we call such orbit a critical periodic orbit with
irrational collision (CPO).

Actually, complex instability is a typical phenomenon of periodic orbits
in Hamiltonian systems with three or more degrees of freedom, and several
papers have been devoted to describe it. From a numerical point of view,
some studies have been done both for 4D symplectic mappings (see [4],
[8] and [13]) and for some particular applications in celestial and galactic
dynamics context (see for example [5], [9], [10], [14], [15] and [11] -and
references therein-)
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Concerning analytical studies, Van der Meer ([16] described the orig-
inally called Hamiltonian Hopf bifurcation. Such bifurcation refers to a
Hamiltonian with two degrees of freedom having a family of equilibrium
points with a transition from stability to complex instability and bifurcat-
ing periodic orbits. When a Hamiltonian with three degrees of freedom and
a critical periodic orbit with irrational collision are considered, a Hopf-like
bifurcation takes place but with bifurcating 2-dimensional invariant tori:
see [6], where the author uses the Hamiltonian itself but with a previous
isoenergetic reduction and a normal form up to order six; and [3], where
they consider a nonlinear 4D symplectic map, and use the normal form
derived in [2] in order to simplify the map. We remark that the theory for
the existence and stability of periodic orbits in the unfolding of a rational
collision is analyzed in [1].

Our contribution in this paper is to present a constructive method (that
can be implemented numerically, from a practical point of view) to compute
the normal form around a critical periodic orbit with irrational collision,
up to an arbitrary high order. The truncated normal form allows to obtain
a good approximation of the relevant invariant objects (periodic orbits, 2D
and 3D tori and invariant manifolds) that describe the dynamics close to
the critical orbit.

Finally we remark that, along this paper, we will focus our attention on
giving the main ideas about this problem and we refer the interested reader
to [12] for the details and proofs.

2. FORMULATION OF THE PROBLEM AND
METHODOLOGY

Let H(¢) with ¢ = (&,7n), be a real three degree of freedom analytic
Hamiltonian, with its associated Hamiltonian system

(= JVH((), (1)

where J; is the matrix of the standard canonical 2-form of R® and ¢ =
d¢/dt. We assume that this Hamiltonian system has a non degenerate
family of periodic orbits with a transition from stability to complex insta-
bility, that is, there exists a CPO. we denote its period by Ty = 27 /wy and
by (o (8) a 2m-periodic parametrization of this critical orbit.

Our analytical approach is twofold: on one hand, we compute the (for-
mal) normal form, around the critical periodic orbit, up to an arbitrarily
high order. For this computation, we carry out the following process:

e We change the system of coordinates to a suitable one, by means of a
symplectic transformation;
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e we apply a canonical Floquet transformation to reduce the normal
variational equations of the orbit to constant coefficients;

e we complexify the Hamiltonian;

e we describe how to compute, in a some tricky and constructive way,
the normal form.

On the other hand, we deal with the truncated normal form itself and
the differential equations associated to it (we call them truncated ODE),
in order to describe the dynamics near the transition. More precisely,

e we derive the existence of two families of invariant 2D tori which bi-
furcate from the critical orbit,

o we identify the coefficient that determines the unfolding type and the
stability of the bifurcating 2D-tori. We obtain again a classical Hopf bifur-
cation: stable 2D-tori for the direct case and unstable bifurcating 2D-tori
for the inverse case.

e We describe the evolution of the 2D-tori when varying the two integrals
of the truncated ODE.

In the following section we present the explicit version of these results.

3. NORMAL FORM PROCESS
3.1. The Jordan structure of the monodromy matrix

Let us consider the critical periodic orbit (CPO) of period Ty, the 2«
parametrization (o (f) and and the monodromy matrix (fundamental solu-
tion -after one period- of the variational differential system) Mo (27). Its
Jordan normal form will have a double eigenvalue equal to 1 forming a non-
trivial Jordan block (in the generic non degenerate sense), and two double

complex eigenvalues A # £1, 1/X = X again in a two nontrivial blocks.
Thus we have the following

PROPOSITION 1. (i) There ezists a symplectic complez basis {u1, uz, vy, vz,
wy,ws }, with respect to the canonical 2-form, such that

1.

O =
-

M() (27[')

| <U1,U2,V1,V2,W1,W2>

S >

i/x 0
—1/X 1/A
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2.1f we define

j@r 1
T, T
y Y1
0 L
B- , ®
—ZT—O 0
_1 ;&
To To
with A = e~ @1/To = /=1, then B verifies M0(27r)|<v1,v2,w1,w2> = eBTo,

i. e. B is the Floquet matriz of the normal variational equations.

(ii) Let us define

U1 — W2 x _ U1+ w2 w*_vz+w1 P

U1—Ta UZ_Wa L= TR wz—w- (4)

Then we have that {uy,us,v],vs,w;,ws} is a symplectic real basis that
reduces My (27) to its “real Jordan” normal form

1la
01
Mo(2m)| . - e e s = coswy  sinwy cosw sinby |
U1,2,V7 2,W1 2> —sinw; cosw; —sinw; cosw;
0 0 cosw; sinw;
0 0 —sinw; cosw;

Moreover, in this basis the matrix B becomes:

0 #lm 0
—@r 9| 0 L
B = To TO (6)
0 olo %
0 0[-%2 0

3.2. The quadratic part of the Hamiltonian in the adapted
coordinates

Before starting the normal form process, it is convenient to perform some
canonical changes of coordinates in order to have a suitable expression of
the quadratic terms of the Hamiltonian. So, we assume that we can intro-
duce a suitable system of canonical coordinates ([7]) in order to translate
the CPO to the origin. This adapted system of coordinates has to con-
tain an angular variable 6 to parametrize the whole periodic orbit, and its
canonical conjugate variable I (that parametrizes the family of periodic
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orbits). Moreover, we have to introduce other four Cartesian coordinates
to describe the normal behavior of the orbit. As we have shown in the pre-
vious section, these normal coordinates can be chosen (real or complex) in
such a way that the normal variational equations of the orbit are reduced
to a constant coefficient system with matrix B. Let us remark that as it
has been done in [7], these coordinates can be found explicitly, in some
cases, in a practical implementation of this normal form methodology.

We denote by (g,p) = (g1, g2, 1, p2) the complex normal variables intro-
duced before, and we use the following notation: given an analytic function
f (0,(11,Q2,I,P1,P2), we expand it as

f (aaqlanaIaplaPZ) = Z fl,m1,m2,n1,n2 (G)Ilq;nlq;nzp;hpgza

l,my,mg,nq,ng

with I,m1,ma,n1,n2 € N and where fi .., ,uy.n;,.,(0) are analytic and 27
functions, that may also be expanded as

Frimymanna (0) = Z Ji;ma ma,ni na k exp(iko)
kez

We also introduce the following definition of degree for a given monomial
fi;myma,na e (G)Il‘ﬁn1 qgnzp?lpgz,

deg(I'q]" g5 py*p5?) = 21 + my + ma + ny + no,

we have that, in the (0, g, I, p) variables ((g, p) suitably scaled), the quadratic
part of the Hamiltonian takes the form:

Hy(0,q1,92,I,p1,p2) = wol + w1 (g1p1 + ¢2p02) + ¢2p1, (7)

where w; = @0, /Ty and the CPO is given by I =0, g =p = 0.

If in equation (7) we use the real Floquet variables (z1,2,y1,y2), ob-
tained from the change of basis given in (4), then the quadratic part of the
Hamiltonian becomes

(vi+v3), (8

DN | =

Hy(0,z1,22,1,p1,p2) = wol + wi (T1y2 — Z291) +

where the variables (z1, 22, y1, y2) are related with the complex ones, (g1, g2, p1, p2)
by

1 — i.’tz _ Y1 — iyz _ Y1 +iy2 _ _$1 +7:$2

111—7, Q@ T, p1 T, p2 = T

relations which follow immediately from (4). In particular,

» (9)

g1 = —p2, D1 =42, G2 =p1, D2=—q.
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The symmetries above imply that if we consider the following expansion of
the Hamiltonian,

H (0,(11,Q2,I,P1,P2) = Z hl,m1,mz,nl,nz,keikoIZq;nlqsnzp;hpgza

I,my,ma,nq,n2,k

then we have the following symmetries coming from the complexification

’_l _ (_1)m1+n2 h
I,m1,mz2,n1,n2,k — l,n2,n1,m2,m1,—k>

where the bar stands for complex conjugation.

4. NORMAL FORM AT HIGHER ORDER

The Hamiltonian with the quadratic part given by (7) is suitable to
start the normal form process. Actually we carry out this process up to
any (high) order. This computation is based on the following

PROPOSITION 2. Let us assume that the frequencies wy and wy are ra-
tionally independendent, that is, w -k = kowo + kiwy # 0, for all ko,
k1 € Z — {0}; then the (formal) normal form A of the Hamiltonian H, in
the complex variables introduced in the last section, takes the form

A(0,q,1,p) = wol +iwi (q1p1 + @2p2) + @2p1 + N (L, q1p2, i (@1p1 + @2p2))
(10)
where N'(A, B,C) is a real formal power series in the variables (A, B, C)

which begins with terms of second degree.

Proof. The proof of this proposition uses the Lie series method to
remove in an increasing order the “non-resonant terms” of the Hamiltonian.
The sketch of the proof consists of the following process:

1. The homological equation to be solved in any step of the normal form
process takes the form:

{H2,G} +R=N, (11)

where R contains the terms to be removed (of a given degree s) by a suitable
G, while N stands for the non-removable terms.
2. If F is a monomial like F = a; , n xe*0 I'q* g5 **p}* p32, then

Ly, F = — {Hy, F} = (thmg,m,%k + mlg—i — nzi—;> F, (12)

where we have defined

Qm,n,k = le,mg,nl,nz,k = iwok + iw1 (m1 + mog — N1 — ng) . (13)
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As in addition, the frequencies wy and w; are rationally independent, it
can be shown that the necessary conditions for a monomial to be resonant
are

k=0 and (Qm,no=0< mi+me=n1+ns). (14)

By discussing the structure of the equation (11), we can see that if the
above resonance conditions are not fulfilled by the monomial F, one can
remove the corresponding term in the homological equations giving the
adequate value to the coeflicients a; 1 Of the generating function G.

3. By a more careful analysis of the algebraic structure of equation (11),
one can see that the possible non-removable terms in the normal form are
the ones given by

f= Z Z flyml,M*mlyM*nzy’ﬂzIlq;nlqé\l_mlpiw_nngz' (15)

1,M 0<mq,ng<M

Introducing the new variables,

X = qip2, Y = qp1, } (16)
Q =i(qip1 + @2p2), P = (q1p1 — @2p2)

(note that X, Y, @ and P are real variables), it can be proved (see [12]
for details) that the terms in (15) which cannot be removed, written in the
variables (16) are

M
NN g I XmQM, (17)

I,M n=0

with g; n,m—n € R. Thus, the normal form is a formal power series in the
variables I, q1p2 and i (q1p1 + g2p2), with real coefficients. |l

5. THE RESONANT NORMAL FORM

As stated in proposition 2 the resonant normal form around the critical
periodic orbit is given by (10) where N'(4, B, C) is a real formal power series
expansion, beginning at degree 2 with respect to (4, B, C). Nevertheless,
in what follows we will discuss the properties of N as if it were a real
analytic function, defined around A = B = C = 0. In fact, if Diophantine
conditions are assumed, this is so if A is truncated at some finite order, as
usual in practical computations involving normal forms.

In order to simplify the Hamiltonian equations associated to A, we will
introduce the following system of canonical coordinates (r, pr, ¢, p,), given
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a1 = /rexp (ip),
_ v XD (ip)
@2 = Vrexp (ip)p, 2y PP

_ i exp (—ip)
p1 = Vrexp(—ip)pr + 2igr Do

p2 = —+/rexp(—iyp),

where ¢ € S, and where we remark that r > 0, p,. and p, are real
variables. We can write them as:

r = —qip2,

QP — P2
2r ’

Pe = i(@p1 + @2p2).

br =

The expression of A in these new coordinates becomes (we denote it by A
again)
2

D
A(0,<p,r, Iaptpapr) =wol + w1py, + Tp,% + ﬁ +N(Ia _Taptp)'

The corresponding Hamiltonian equations are:

é = Wo +61N(Ia _Tap<;7)a
p = UJ1+%+83N(I, _Tapcp)a
r = 2rp,,
I =0,
pcp =0,
p2
i’r = _p?- + £ + a2-/\/‘(Ia _Taptp)‘

4r2

We have that I and p, are first integrals of the differential equations
associated to the resonant normal form. Hence, by taking fixed values of
I =1°and p, = pg, we can reduce the A to a one degree-of-freedom
Hamiltonian system, given by
(p3)’
4r

AO(Tap‘l“) = Tp?- + +N(Ioa _Tapg)'

We can compute:
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(i) 2-dimensional tori of A as fixed points of Ag.
(ii) 3-dimensional tori of A as periodic orbits of Ao.

We will focus our attention on the 2-D tori of Ag. The equilibrium points
of such reduced system are given by p, = 0, and r as a solution of

(»9)?
472

+ 8, N(I°, —r,p)) = 0. (18)

In order to parametrize the solutions of (18), we introduce a new (depen-
dent) variable N defined as

N =N (I,—r,p,).

and from equation (18) we have to restrict N < 0 and r > 0. Thus, we
can parametrize the solutions of (18) as

p5(r,N) = £2rv/-N, (19)
pr(r,N) =0,
N = ON(I*(r,N),—r, £2rvV/—N), (20)

where I+ as function of (r, N) are obtained from the implicit function
theorem if we assume that

851N (0,0,0) # 0.

Remark 3. It seems as if we had two different families of fixed points of
Ao from (20), and hence, two different families of “bifurcated” 2-dimensional
tori from A, but we remark that when we put N = 0, then I (r,0) =
I=(r,0). In fact the sign + is only associated to the choice of the sign of

Py in (19).

Finally, the frequencies of the quasi-periodic motion on the 2-dimensional
tori computed are given by

f = OF =wy + (NI (r,N), —r,+2rv/—N),
¢ = Of =wi £ V=N + N (I*(r,N), —r,£2rv/=N).
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Stable tori

19<0

0
19<0 1°>0

R*>0

R>0

N

FIG. 1. Direct case. The stable tori unfold on the unstable
side. The hyperbolas obtained from (19) and (20) show families
of 2D tori with a fixed value of p, = pJ, (p > 0 in this plot),
whereas each “vertical” curve corresponds to a fixed I = I°.
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6. UNFOLDING AND STABILITY OF THE BIFURCATED
2-DIMENSIONAL TORI

The eigenvalues of the linearized system of Ag around the equilibrium
points computed before are:

ﬂ:\/4N — 2102 2N (I%(r,N), —r, £2rv/—N).

so two cases have to be distinguished:

- If 8, 2N(0,0,0) > 0, then the eigenvalues are purely imaginary for small
values of r > 0 and N < 0, both not simultaneously zero (case of a direct
bifurcation).

- If 8, 5N (0,0,0) < 0, then we have a transition from stability to instability
characterized by:

4N — 2r0y o N (I*(r, N), —r, £2rv/—N) = 0,

(case of an inverse bifurcation). This expression allows to write r as func-
tion of N:

r = r¥(N), with r¥(0) = 0.

Both cases are illustrated in figures 1 and 2. The plots therein are ob-
tained taking only the terms of degree two in A (fourth order in the Hamil-
tonian). In both figures, the vertical axis corresponds to p, = 0 (stable tori
in the direct bifurcation and unstable in the inverse case); and the horizon-
tal axis contains the periodic orbits, r = 0 (stable if I < 0 and unstable if
I>0.

Remark 4. Of course, the dynamics described in the last two sections
corresponds to the dynamics of the truncated normal form, that is with
N(I,—r,p,) as a polynomial of finite (arbitrarily high) degreee. Actually
the Hamiltonian consists of this truncated normal form plus a remainder.
Bounds on this remainder as well as the existence of the bifurcated 2D-tori
(in Cantor sets) for the complete (non-integrable) Hamiltonian wil be the
purpose of a future paper ([12]).
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Unstable tori R°>0

R>0

Stable tori
1°<0

1°<0

1°<0

R°>0

FIG. 2. Inverse case. The unstable tori unfold on the stable
side. The curves represent families of 2D-tori for different values
of p, = p) (p > 0 in this plot) and I = I°. The “transversal
line” separates the unstable an stable tori region.
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