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ABSTRACT. This paper deals with the dynamics of time-reversible Hamil-
tonian vector fields with 2 and 3 degrees of freedom around an elliptic
equilibrium point in presence of symplectic involutions. The main re-
sults discuss the existence of one-parameter families of reversible peri-
odic solutions terminating at the equilibrium. The main techniques used
are Birkhoff and Belitskii normal forms combined with the Liapunov-
Schmidt reduction.

1. INTRODUCTION

The resemblance of dynamics between reversible and Hamiltonian con-
texts, probably first noticed by Poincaré and Birkhoff, has caught much
attention since the sixties of the twentieth century. Since then many im-
portant results, e.g. KAM theory, Liapunov center theorems, etc, holding
in the Hamiltonian context have been carried over to the reversible one (see
[10, 17] and reference therein).

The concept of reversibility is linked with an involution R, i. e., a map
R :RY — RY such that RoR = Id. Let X be a smooth vector field on RV .
The vector field is called R-reversible if the following relation is satisfied

X(R(z)) = —DRy.X (z).

Reversibility means that z(¢) is a solution of X if and only if Rx(—t) is also
a solution. The set Fiz(R) = {z € RY : R(z) = z} plays an important
role in the reversible systems. We say that a singular point p is symmetric
if p € Fiz(R), and analogously we say that an orbit « is symmetric if
R(7) =~.

Many dynamical systems that arise in the context of applications possess
robust structural properties, such as for instance symmetries or Hamiltonian
structure. In order to understand the typical dynamics of such systems, their
structure need to be taken into account, leading one to study phenomena
that are generic among dynamical systems with the same structure. In
the last decade there has been a surging interest in the study of systems
with time-reversal symmetries (see [15] and [8]). Symmetry properties arise
naturally and frequently in dynamical systems. In recent years, a lot of
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attention has been devoted to understand and use the interplay between
dynamics and symmetry properties. It is worthwhile to mention that one of
the characteristic properties of Hamiltonian and reversible systems is that
minimal sets appear in one-parameter families. So a number of natural
questions can be formulated, such as: (i) how do branches of such minimal
sets terminate or originate?; (ii) can one branch of minimal sets bifurcate
from another such branch?; (iii) how persistent is such branching process
when the original system is slightly perturbed? Recently, there has been a
surging interest in the study of systems with time-reversal symmetries and
we refer [11] for a survey in reversible systems and related problems.

Our main concern, in this article, is to find conditions for the existence
of one-parameter families of periodic orbits terminating at the equilibrium.

We present some relevant historical facts. In 1895 Liapunov published
his celebrated center theorem, see Abraham and Marsden [1] p 498. This
theorem, for analytic Hamiltonians with n degrees of freedom, states that
if the eigenfrequencies of the linearized Hamiltonian are independent over
Z, near a stable equilibrium point, then there exists n families of periodic
solutions filling up smooth 2-dimensional manifolds going through the equi-
librium point. Devaney [5] proved a time-reversible version of the Liapunov
center theorem. Recently this center theorem has been generalized to equi-
variant systems, by Golubitsky, Krupa and Lim [6] in the time-reversible
case, and by Montaldi, Roberts and Stewart [13] in the Hamiltonian case.
We recall that in [6] the Devaney’s theorem was extended and some extra
symmetries were considered. Contrasting Devaney’s geometrical approach,
they used Liapunov-Schmidt reduction, adapting an alternative proof of the
reversible Liapunov center theorem given by Vanderbauwhede [16]. In [13]
the existence of families of periodic orbits around an elliptic semi-simple
equilibrium is analyzed. Systems with symmetry, including time-reversal
symmetry, which are anti-symplectic are studied. Their approach is a con-
tinuation of the work of Vanderbauwhede, in [16], where the families of
periodic solutions correspond bijectively to solutions of a variational prob-
lem.

Recently Buzzi and Teixeira in [3] have analyzed the dynamics of time-
reversible Hamiltonian vector fields with 2 degrees of freedom around an
elliptic equilibrium point in presence of 1 : —1 resonance. Such systems ap-
pear generically inside a class of Hamiltonian vector fields in which the sym-
plectic structure is assumed to have some symmetric properties. Roughly
speaking, the main result says that under certain conditions the original
Hamiltonian H is formally equivalent to another Hamiltonian H such that
the corresponding Hamiltonian vector field X7 has two Liapunov families
of symmetric periodic solutions terminating at the equilibrium. It is worth
to say that all the systems considered there have been derived from the
expression of Birkhoff normal form.
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In this paper we address the problem to systems with 2 and 3 degrees of
freedom. Physical models of such systems were exhibited in [4, 9]. As usual
the main proofs are based on a combined use of normal form theory and the
Liapunov-Schmidt Reduction. It is important to mention that our results
concerning the existence of Liapunov families generalize those ones in [3].
As a matter of fact we deal with C'°° Hamiltonian vector fields and not only
with systems written in Birkhoff normal form.

We begin in Section 2 with an introduction of the terminology and ba-
sic concepts for the formulation of our results. In Section 3 the Belitskii
normal form is discussed. In Section 4 the Liapunov-Schmidt reduction is
presented. In Section 5 the usefulness of Birkhoff normal form in our ap-
proach is pointed. In Section 6 we study the Hamiltonian with 2 degrees of
freedom denoted by Q°, and we generalize some results presented in [3] by
proving Theorem A. Theorem A says that there exists an open set 4% C QO,
in the C*-topology, such that (a) U° is determined by the 3-jet of the
vector fields; and (b) each X € U possesses two 1-parameter families of
periodic solutions terminating at the equilibrium. In section 7 we study the
Hamiltonian with 3 degrees of freedom, and we prove Theorems B and C.
In Theorem B we consider the involution associated to the system satisfy-
ing dim(Fixz(R)) = 2, and in Theorem C satisfying dim(Fiz(R)) = 4. We
denote these spaces of reversible Hamiltonian vector fields by Q! and 02,
respectively. The conclusions are the following: In Theorem B there exists
an open set U C Q! in the C*™-topology, such that (a) U! is determined
by the 2-jet of the vector fields, and (b) for each X € U! there is no pe-
riodic orbit arbitrarily close to the equilibrium. In Theorem C there exists
an open set U? C 2, in the C*®-topology, such that (a) U? is determined
by the 2-jet of the vector fields, and (b) each X € U? has infinitely many
one—parameter family of periodic solutions terminating at an equilibrium
with the periods tending to 27 /«.

2. PRELIMINARIES

Now we introduce some of the terminology and basic concepts for the
formulation of our results.

We consider (germs of) smooth functions H : R?*" 0 — R having the
origin as a equilibrium point. The corresponding Hamiltonian vector field,
to be denoted by Xy, has the origin as an equilibrium or singular point. We
recall that dH = w(Xp, -), where w = dz1 Adys +dzo Adys + - - - + dxy, Adyy
denotes the standard 2-form on R?”. In coordinates Xy is expressed as:

. 0H

T

J— _aH.
- ayz7 yZ_ 8xi7

1=1,---,n.
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In R we have

7 01 0 0 0 0 37;
i -1 0 0 0 0 0 aul
.l oo o0 1 0 o0 :
[ oo -10 0 0 oir
o3 00 0 0 0 1 9z,
y3 00 0 0 -1 0 o
Here,

01 0 0 0 0

-10 0 0 0 0

sl 000 100

00 -10 0 0

00 0 0 0 1

0 0 0 0 -1 0
is the symplectic structure associated with the 2-form w given above.

We say that an involution is symplectic when it satisfies the equation
w(DRy(vp), DRy(wp)) = w(vp,wp). If the involution R is linear then this
definition is equivalent to JR = RTJ, where J is the symplectic structure
and R” is the transpose matrix of R.

The next proposition exhibits normal forms for linear symplectic involu-
tions on RS.

Proposition 2.1. Fized the symplectic structure w and given an involution
R there exists a symplectic change of coordinates that transforms R in one
of the following normal forms

(1) Ry = 1d,

(2) Ro(x1,y1,%2,Y2,23,y3) = (T1,Y1, T2, Y2, — T3, —Y3),

(3) Ro(x1,y1,%2,Y2,23,y3) = (T1,Y1, —T2, —Y2, —T3, —Y3),
(4) Ry = —Id.

Before the proof we observe that the mapping v = (1/2)(R + L), where
L = DR(0), is a symplectic conjugacy between R and L, i. e., Roy = 1o L.
So we may and do assume, without lost of generality, that the involution R
is linear.

Lemma 2.2. If R is a linear symplectic involution, then we have that R® =
Fix(R) ® Fix(—R) and w(Fix(R),Fix(—R)) = 0.

Proof: For every u € R®, we can write u = ((u+ R(u))/2) + ((u — R(u))/2).
Notice that (u + R(u))/2 € Fix(R) and (u — R(u))/2 € Fix(—R). Now, let
u € Fix(R) and v € Fix(—R), so we have that w(u,v) = w(R(u), —R(v)).
By using that R is symplectic and R is linear, i. e, w(R(u), R(v)) = w(u,v).
So —w(u,v) = w(u,v), and we have proved that w(Fix(R), Fix(—R)) = 0. O

A linear subspace U € RS is symplectic if w is non-degenerate in U, i. e,
if w(u,v) =0 for all uw € U then v = 0.
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Lemma 2.3. Fix(R) and Fix(—R) are symplectic subspace.

Proof: Suppose u € Fix(R) and u # 0 such that w(u, R(u)) = 0. By using
Lemma 2.2, we have w(Fix(R), Fix(—R)) = 0, so w(u, Fix(—R)) = 0. Again
by Lemma 2.2 (R® = Fix(R) @ Fix(—R)) we have w(u,R%) = 0 and so w is
degenerate in R® which is not true. Then Fix(R) is a symplectic subspace.
The proof for Fix(—R) is analogous. O

Proof of Proposition 2.1: Let R : RS — RS be a linear involution and w be a
fixed symplectic structure. From Lemma 2.2, RS = Fix(R) @ Fix(—R) and
as Fix(R) is a symplectic subspace, then dim Fix(R) = 0,2, 4, or 6.

o if dimFix(R) = 0, then we can find a coordinate system such that

Ry = —1d;
e if dimFix(R) = 6, then we can find a coordinate system such that
Ry = Id,;

e if dim Fix(R) = 4, consider the bases 3; = {e1, ea, €3, €4} for Fix(R)

and By = {fi1, fo} for Fix(—R). So 8 = {e1,ea,€3,e4, f1, f2} is a
basis for R®. Let’s show that 3 can be chosen such that [w]z = J

1 0 00 O 0
01 00 O 0
0010 O 0
and [Rlg=Fo=114 0 9 1 0 o
00 0O0 -1 0
00 O0O0 0O -1
Note that w(e;, e;) = 0and w(fj, fj) =0,i=1,2,3,4and j =1,2.

By the Lemma 2.2 w(e;, fj) = 0,7 =1,2,3,4 and j = 1,2. And as
w is alternative, then w(f1, fo) = 1 and w(fo, f1) = —1.

Define w(e;, e;) for i # j. From Darboux’s Theorem there exists a
coordinate system around 0 such that w|g, in this coordinate system
is the symplectic structure J.

e if dim Fix(R) = 2, in the same way as above, we get

10 0 0 0 0
01 0 0 0 0
00 -1 0 0 O
Fo=[Rls=10909 0o -1 0 o
00 0 0O -1 0
00 0 O 0 -1

Following Proposition 2.1 the following cases will be considered:
i) the associated involution is Rj(x1,y1,x2, Y2, 23,y3) = (21, y1, —T2,
—y2, —3, —y3) (called the 6 : 2—case); and

ii) the associated involution is Ra(x1,y1, %2, Y2, 23,Yy3) = (1, Y1, T2, Y2,
—x3, —y3) (called the 6 : 4—case).
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2.1. Linear part of a R;—reversible Hamiltonian vector field in RS,
Denote by Q7 the space of all Rj-reversible Hamiltonian vector field Xp;,
in RS with 3-degrees freedom where H. ; denotes the associate Hamiltonian.
Fix the coordinate system (x1,v1, 2, y2,3,y3) € R®,0, j = 1,2. We endow
V with the C*~topology.

The symplectic structure given by J is:

0 1. 0 0 0 O
-10 0 0 0 O
J— 0 0 0 1 0 O
0 0 -1 0 0 O
0 0 0o 0 0 1
0 0 0 0 -1 0

Observe that the involution R; is symplectic, i.e, J.R; — R;*-F.J =0,j=1,2.

As the involution is symplectic, then the vector field is Rj—reversible if
and only if the Hamiltonian function H; is R;—anti-invariant, j = 1,2. This
is equivalent to say that H; o R; = —Hj. (See [3])

Define Hj(z1,y1, 2, Y2, 23,y3) = ao1®] + ao2®1y1 + ao3x122 + aoaz1y2 +
057173 + apsT1Y3 + ao7y + A0sY1T2 + AooY1Y2 + a10Y173 + A11Y1Y3 + a1273 +
132y + A14T2L3 + A15L2Y3 + A16Y5 + a17Y223 + A18Y2Y3 + A1923 + a20T3Y3 +

2
a21Y3 + h.o.t.

First of all we impose the Rj-reversibility on our Hamiltonian system,
j=1,2. So:

a) case 6 : 2

10 0 0 0 0
01 0 0 0 0
00 -1 0 0 0
B=1090 0 -1 0 o
00 0 0 -1 0

o0 0 0 0 -1

From H, o Ry = —H;, we have

Hy = ap3z172 + apa1y2 + aosr123 + apsr1y3+
ap’T2y1 + ao9y1y2 + alor3yr + a11y1ys + h.o.t.,

with ags, a4, ags, o, s, oy, a1g € R. Then, the linear part of Hamil-
tonian vector field Xy, is

0 0 a b ¢ d

0 0 e f g h

A — —f b 0 0 0 O
'] ¢ —a 000 0
—h d 0 0 0 O

g —c 0 0 0 O
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Just to simplify the notation we replace ags, aos, ags, aos, aos, o9,
aig, a11 by a, b, ¢, d, —e, —f, —g, —h respectively. Note that A; is
R;—reversible (i. e, R1.A; + A;.R; = 0). The eigenvalues of A; are
{0,0,++/be — af + dg — ch, +v/be — af + dg — ch}. We restrict our
attention to those systems satisfying the inequality:

(2.1) be —af +dg—ch <O0.

We shall use the Jordan canonical form from A;. So we stay, for
while, away from the original symplectic structure. We call a =
V/—=be + af —dg + ch, and so the transformation matrix is

—d _
0 0 dg_hcha 0 dg_ccha 0
df —bh cf—bg 0 —df+bh 0 —cf+bg
Pl = be—af be—af dg—ch dg—ch
—de+ah  —cetag 0 de—ah 0 ce—ag
be—af be—af dg—ch dg—ch
0 1 0 0 1
1 0 0 1 0 0
So
00 0 0 0 O
00 0 0 0 O
-~ _ 00 O 0 0
A=P A= 00 0 0 ol
00 0 0 0 «
00 0 0 —a O

where P l'is the inverse matrix. Moreover, in this way, }/2\1 =
P !.Ry.P takes the form

-1 0
-1

o O o

Ry

I
coocoo
cooco
coorooO

= L
orrocococo
coocoo

b) case 6: 4

We proceed in the same way as in the previous case. The involu-
tion is

Ry =

OO OO
OO OO
OO O oo

0 0
and the Hamiltonian functio

5 coocoor~ oo
P cor~rococo

in this case has the form:
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Hy = agsx123 + aya4x0w3 + a1023y1 + a1723y2+
apex1Y3 + a15T2Y3 + a11y1y3 + a1gy2ys + h.o.t.

Then, the linear part of Hamiltonian vector field X, is expressed

by:
0O 0 O 0 a b
0O 0 0 0 ¢ d
A, — 0 0 0 0 e f
271 0 0 0 0 g h
—-d b —-h f 00
c —a g —e 00

Again we change the notation. The eigenvalues of As are given by
{0,0,+£+/bc — ad + fg — eh,+v/bc —ad + fg — eh}. We consider the
case

(2.2) bc —ad+ fg —eh <0.

We call a = \/—bc+ ad — fg + eh and consider the transforma-
tion matrix

be—af  —bg+ah 0 —b 0 =@

e i )

bc—ad bc—ad « «
p=| O 1o Lo

1 0 0 =2 o0 =2

0 0 0o 0 1 0

0 0 1 0 0 0

and the Jordan canonical form of A, is:

00 0 0 0 O
00 0 0 0 O
-~ 1 00 0 o 0 O
00 0 0 0 «
00 0 0 —a O

Moreover, in this way, ]/%\2 =Py ! Ry.P, takes the form

10 0 0 0 0
01 0 0 0 0
—~ 00 —1 0 0 0
Be=1490 01 0 0
00 0 0 —1 0
00 0 0 0 1
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3. BELITSKII NORMAL FORM

In this section we present the Belitskii Normal Form. When a vector
field is in this normal form we can write explicitly the resultant equation of
Liapunov—Schmitd reduction.

Consider a formal vector field expressed by

X(z)=Az+ > X® ()
E>2

where X (*) is the homogeneous part of degree k. Let us look for a “simple”
form of the formal vector field Y = ¢* X by means of formal transformation

b=zt o (a)
k

The proof of the next theorem is in [2].

Theorem 3.1. Given a formal vector field

X(z)=Az+ > x®(2),
k>2

there is a formal transformation 95(33) =z + ... bringing X to the form
(¢px X)(x) = Az + h(x) where h is a formal vector field with zero linear part
commuting with AT, i.e

ATh(z) = W (x)ATz,
where AT is the transposed matriz.

Here we call the normal form (¢, X)(z) = Az + h(x) the Belitskii normal
form. By abuse of the terminology, call Xy = A + h.

4. LIAPUNOV—SCHMIDT REDUCTION

In this section we recall the main features of the Liapunov—Schmidt re-
duction. As a matter of fact, we adapt the setting presented in [18] into our
approach. In this way consider the R-reversible system expressed by

(4.3) &= Xpg(z); z€RO

satisfying X (Rz) = —RXp(z) with R a linear involution in R®. Assume
that Xy (0) = 0 and consider

(4.4) A=D1 Xy(0),

the Jacobian matrix of Xy in the origin.

In our case the linear part of vector field has the following eigenvalues: 0
with the algebraic and geometric multiplicity 2, and +«z, also with algebraic
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and geometric multiplicity 2, a € R. Performing a time rescaling we may
take o = 1. We write the real form of the linear part of the vector field X;:

00 0 0 0 O

00 0 0 0 O
00 0 1 0 O
A= 00 -1 0 0 O
00 0 0 0 1
00 0 0 —-10

Let C9_the Banach space of de 27 —periodic continuous mappings = : R —
R® and CJ_ the corresponding C!—subspace. We define an inner product
on CY_ by

1 27
(21, 2) = %/o < (), aa(t) > dt

where < -,- > denotes an inner product in RS.

The main aim is to find all small periodic solutions of (4.3) with period
near 2m.

Define the map F : C3. x R — C3_ by
Fa,0)(t) = (1 + 0)i(t) — Xu(2(t)).

Note that if (9, 00) € C3. x R is such that
(4.5) F(JZQ, 00) = 0,
then Z(t) := zo((1 + 00)t) is a 27/(1 + o¢)—periodic solution of (4.3).

Our task now is to find the zeroes of F'. Clearly, (zo,00) = (0,0) is one
solution of F(zg,09) = 0. Let L := D,F(0,0) : C3_ — C9., explicitly L is
given by

Lx(t) = &(t) — Ax(t).

Consider the unique (S-N)-decomposition of A, A = S + N. Recall that
in our case A is semi-simple, i. e, A = S. Define the subspace N of C3_ as

N = {gq(t)=S5qt)} =
{g; q(t) = exp(tS)z; = € R%}.

Observe that ' C C4_ and the solution’s base of ¢ = Sq is given by the set
{(1,0,0,0,0,0), (0,1,0,0,0,0), (0,0, cos(t),sin(t),0,0), (0,0, —sin(t), cos(t),
0,0), (0,0,0,0, cos(t),sin(t)), (0,0,0,0,—sin(t), cos(t))}.

In order to study certain properties of the operator L we introduce N C
C3 and the following definitions and notations.

We will put the solution of F(zg,09) = 0 in one-to-one correspondence
with the solutions of an appropriate equation in A. Define the subspaces

X, ={zeC} : (z,N)=0}
and
Yi={yeC:(yN)=0}
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as the orthogonal complements of V' in C4_and C9_, respectively.

Let (Q17QZ7€I37Q47‘]5,(16) with qi = exp(ts)ul where ug, © = 1,...,6, is a
basis for R6. Then we define a projection

Pl i,
by
P = Z qz ql € ‘C C27r)

with ¢ (z) = (gi, x).

We have Im(P) = N and Ker(P) = Y;. Hence,

Cy.=X10N, C3. =Y10N.
Now we consider
F(z,0) =F(q+ z1,0) =: F(q,xl,a); qgeN, 1 € X;.
The proof of next result can be found in [7].

Lemma 4.1. (Fredholm’s Alternative) Let A(t) be a matriz in C$ and
let f be in Cr. Here C% is the space of the matrices with entrances contin-
wous and T—periodic, and Cr is the set of T-periodic maps from R to R™.
Then the equation & = A(t)z + f(t) has a solution in Cp if, and only if,

T
/ <y(t),g(t) > dt =0
0
for all solution y of the adjoint equation

g =—yA(t)
such that yt € Op

As L(N) C N this lemma implies the following:
Lemma 4.2. The mapping L= L|x, : X1 — Y1 is bijective.

Let’s study the solutions of F (¢,x1,0) = 0. These solutions are equiva-
lents to the solutions of the system
(I =P)oF(g21,0) =0,
Po F(q,z1,0) =0.

With the Lemma 4.2 and the Implicit Function Theorem we can solve the
first equation as z1 = x7(q, o). Then, (4.5) is reduced to

F(q,0) := P o F(g,7}(g,0),0) = 0.
This equation is solved if, and only if,

q:(ﬁ(q,ﬁ(qm),o—):o, i=1,---,6.
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Notice that (u, o) is a solution of (4.5) provided that
(4.6) B(u,0) =0
with B : N x R — RS defined by

1
B(u,0) = By

2m
/ exp(—tS)F(z* (u,0),0)dt
0
and
2" (u,0) := exp(tS)u + x7(exp(tS)u, o).
Let’s present some properties of the mapping B.
The proof of next lemma can be found in [10].

Lemma 4.3. It holds
i) s4B(u,0) = B(spu,0);
ii) RB(u,0) = —B(Ru,0), where sy is the S'—action in R® defined by
Seu = exp(—pSo)u.

Observe that under the above condition i) the mapping B is S'— equivari-
ant whereas condition ii) states that the mapping B is R— anti-equivariant,
i. e, B inherits the anti-symmetric properties of Xp.

Assume that (4.3) is in Belitskii normal form truncated at the order p.
So Xg(x) = Az + h(z) + r(z) where 7(z) = O(||  ||P*'). The proof of next
result is in [18].

Theorem 4.4. It holds
i) a*(u,0) = exp(tS)u+ O(|| = ||"*),
ii) B(u,0) = (1+0)Su—Au—h(u)+O(| = |P*1) for o near the origin.

If (u, o) is a solution of (4.6) then x = x*(u, o) corresponds to a 27/(1+0)-
periodic solution of (4.5).

Recall that the periodic solution of (4.6) is R-symmetric if and only if it
intersects Fix(R) in exactly two points. In conclusion, we obtain all small
symmetric periodic solutions of (4.6) by solving the equation

(4.7) G(u,0) = B(u,0) |pix(r)= 0.

5. BIRKHOFF NORMAL FORM

In this section we briefly discuss some points concerning the Birkhoff
normal form that will be useful in the sequel. The Belitskii normal form is
useful it preserves the simplectic structure. In our cases if the vector field is
in the Birkhoff normal form then it is in the Belitskii normal form, and so
we can apply Theorem 4.4.

The function {f,g} = w(Xy,X,) is called the Poisson bracket of the
smooth functions f and g. Let H,, be the set of all homogeneous polynomials
of degree n. The application adjoint Adpy, : H,, — Hy, is defined by
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(5.8) AdHZ(H) = {HQ,H} = w(XHQ,XH) =< —XH2,VH > .

The Birkhoff Normal Form Theorem [14] states that if we have a Hamil-
tonian H = Hy 4+ Hs + Hy + ---, where H; € H; is the homogeneous
part of degree i, and G; C H,; satisfies G; @ Range(Adp,) = H;, then
there exists a fognal symplectic power series transformation ® such that
Hod® = Hy+ H3 + Hy + --- where H; € G; (i = 3,4,...). In particu-
lar, if Adp, is semi-simple, as in our case, then Ker(Adp,) complements
Range(Adm,).

As R; is symplectic, the change of coordinates ® can be chosen in such
a way that H o ® satisfies H o ® o R = —H o ®. In order to see this,
we can split H; = H;” & H;, where HY = {H € H; : Ho R; = H} and
H; ={H € H;: HoR; = —H}. If R; is symplectic, then Adg,(Hy) = HJ.
In this case, if H; = G; @ Adpy,(H;), then H; = (G NH; ) ® Adw,(H]).
Now we can perform the change of coordinates restricted to H,; . It implies
that all monomial terms in the image of the adjoint restrict to H, can
be removed and it will remain only monomials in the kernel of the adjoint

restrict to H,; . And so, the normal form is also R;-reversible.

6. TWO DEGREES OF FREEDOM

In [3] a Birkhoff normal form for each X € QU is derived and the following
result is obtained:

Theorem 6.1. Assume H is a Hamiltonian that is anti-invariant with re-
spect to the involution and the associated vector field Xg has an elliptical
equilibrium point. Then there exists another Hamiltonian H, formally C*—
equivalent to H, such that the vector field X5 has two one-parameter fam-
ilies of symmetric periodic solutions, with period near 2mw/v/ad — bc, as in
the Liapunov’s Theorem, going through the equilibrium point.

Let Q0 be the space of the C® Ry-reversible Hamiltonian vector fields
with two degrees of freedom in R* and fix the coordinate system (1, y1, Z2, y2) €
R*. We endow Q° with the C*~topology. In this work we prove the follow-
ing result, which generalizes the previous one.

Theorem A: There exists an open set UY C Q° such that

(a) U° is determined by the 3—jet of the vector fields.
(b) each X € U° possesses 2-families of symmetric periodic solutions
terminating at the equilibrium point.
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Proof: Fix on R* a symplectic structure as in the Proposition 2.1. So the
normal form of an involution has one of the following form: Idps or —Idpa

10 0 O
or Ry = 8 (1) _01 8 . We work just with Ry—reversible vector fields.
00 0 -1

As in the cases in R% we have that by the hypothesis the Hamiltonian H
satisfy H o Ry = —H, so the linear part of the vector field X is given by

0 0 a b

0 0 ¢ d
(6.9) A=l Zqa b 00|

c —a 0 O

and their eigenvalues are {£+v/bc — ad, =v/bc — ad}. We are interested in the
case with be—ad < 0. We call @« = vVad — bc and consider the transformation
matrix

0 20 3

0 =¢ o =

P: o «

0O 0 1 O

1 0 0 O

So
0O a 0 O
o | —a 0 0 o0
A=prar=| "0 o o o |

0O 0 —a O

where P~! is the inverse matrix. Moreover, in this way, ]/%\g = P~ L.Ry.P
takes the form

Performing a time rescaling we can assume that o = 1. We write the
canonical real Jordan form of A as

0 1 0 O
A -1 0 0 O
A= 0 0 0 1
0 0 -1 0

First we obtain the Belitskii normal form of Xy, by considering h : R* —
R* until 3rd order, which is given by Xz (21,91, T2, y2) = Az, y1, T2, y2] +
h(z1,y1,T2,y2). And after we impose that the Belitskii normal form is
R\o—reversible, i. e, X HI/%B = —R\OX g. Then the system obtained is given
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Z1 = y1+ (ez1yr + easya) (2 + yi) + esov2(3 + 43)
+(e16x1 + e2a2) (Y172 — T1Y2) + eay2 (122 + Y1Y2),
Y1 = —x1+ (—eax1 — ezxa)(a? + yd) — esoza(ad + 3)
+(616y1 + e24y2)(y19€2 — 21Y2) — exx2(x122 + Y1Y2),
Lo = Yo+ (—disyr — daoy2) (27 + 7) — (daoy1 + daoya) (23 + 3)
—(di7y1 + dasyo) (x122 + Y192),
Yo = —x2+ (d15CE1 + d22$2)($% + y%) + (d20$1 + d29372)(x% + y%)
+(di71 + dosw2) (122 + Y12).

Now we apply the Birkhoff normal form. First of all we observe that the
canonical symplectic matrix

0 1 0 0
-1 0 0 O
J= o 0 o 1)’
0 0 -1 0
after the linear change of coordinates P, is transformed in
00 -1 0
~ i _| 00 0 -1
J=PJP = 10 0 0
01 0 O

We take a general Hamiltonian function H : R* — R of 4" order, compute
the kernel of Ady, defined on (5.8), where Hs is the homogeneous part of
degree 2 of H, and impose that H satisfies H o ]/%\0 = —H. The Birkhoff
normal form until 3" order is given by hy(z) = J - VH(z) and its expression
is

1= y1+ a1y (@} +93) + aa(2z12291 — 23Y2 + Y3 Y0)
+a3(3x3y1 — 2x12210 + Y133),

th = —x1+ (agyr + 2a3y2)(z2y1 — 2192) — 1 (a1 (23 + y?)
tag(r122 + Yy192) + az(x3 + y3)),

Ty = yo+ (20131 + agxo)(—xay1 + T1y2) + y2(ar (a1 + 47)
+az(z122 + Y1y2) + az(z3 + v3)),

Yo = —x2+ (2a1y1 + agy2)(—x2y1 + T1Yy2) — $2(a1($% + y%)
taz(z122 + Y192) + as(z3 + y3)).

Observe that the Birkhoff normal form (6.11) is also in Belitskii normal
form (6.10) and so we can apply the Theorem 4.4.

(6.11)

The Liapunov-Schmidt reduction gives us all small ]/-'i\o—symmetric periodic
solutions by solving the equation

B(z,0)| =0,

z€Fix(Ro)
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with
B(x,0) = (14 0)Sz — Az — hy(z), = € R?,
S is the semi-simple part of (unique) S — N—decomposition of A. (See [12]).

In our case, A is semi-simple and Fix(}/%?)) = {(0,41,0,92); y1,y2 € R}.
Recall that the reduced equation of the Liapunov-Schmidt, B(z,0), is de-
fined in V' xR, where N = {exp(At)x;z € V} € C3_and V = ger{ei, ez, e3,e4} =
R4,

G(y1,y2,0) = B(I’U)|xeFix(ﬁg) — [ fg,((ggfﬁ)) ] =
(6.12)

_ —y1(a1y% + agy1y2 + a3y§ —0)+---

N —y2(a1y% + agy1y2 + a3y§ —0)+--- } '

K,
Notice that K,(0,0) = 0

(0 0) = o # 0, so there exists a

neighborhood V of y; = 0 and an umque function y2 = a,(y1) with a,(0) =
0 such that K, (y1, as(y1)) = 0. Moreover, we derive directly that o/ (0) =
a(0) = 0 and a,(y1) = O(3). Now we put y2 = a,(y1) in the first equation
of (6.12) and consider a; # 0. So

~ o
F(y1,0) =y} — ;lyl + O(4).

From the Singularity Theory we get that, 1f — > 0 then the equation F=0

has two non zero solutions, y; and ;. And the equation (6.12) has two
non zero solutions (y1, o, (y1)) and (y1, ax(y1)). Analogously, if as # 0 and

o
— > 0, then equation (6.12) has two non zero solutions.
as

Given X € Q0 denote by X* its corresponding Birkhoff normal form at
0.

We define U° = U NUY where

{ X €Q% the canonical form of DX (0) satisfies ad — bc >0 }
and
{ X € Q0% the coefficients of X* satisfies a? +a3 #0 }.

In U’ = UV NUY C QY the equation G(y1,y2,0) = 0 has two solutions
non zero that tend to zero when ¢ tends to zero. So, in the original problem
we have two one parameter families of periodic solutions terminating in the
origin (when o — 0). [
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7. THREE DEGREES OF FREEDOM

As in previous Section, let Q' (respec. 02) be the space of the C™
Rj-reversible (respec. Ra-reversible) Hamiltonian vector fields with three
degrees of freedom in R® and fix a coordinate system (21, y1, T2, y2, 23, 93) €
RS. We endow Q! and Q2 with the C*~topology.

7.1. Case 6:2.

Theorem B: There exists an open set U1 C Q' such that

(a) U' is determined by the 2-jet of the vector fields.
(b) for each X € U" there is no symmetric periodic orbit arbitrarily close
to the equilibrium point.

Proof: First we obtain the Belitskii normal form of Xg, by considering
h : RS — RS until 27¢ order, and after we impose that the Belitskii normal
form is ]/*Z\l—reversible, i. e, XH}/%\l = —]/*Z\lXH. After that we obtain the
Birkhoff normal form. The new symplectic structure is J = PlJP;, where
P, is the linear matrix that brings the linear part of the vector field to the
Jordan canonical form. The Birkhoff normal form is obtained by taking a
general Hamiltonian function H : R — R of 3"% order, computing the kernel
of Adpy, and imposing that H satisfies H o }?1 = — H. The Birkhoff normal
form until 2"¢ order is given by hy(z) = J - VH(z). Finally, the Liapunov-
Schmidt reduction gives us all small }/%Efsymmetric periodic solutions by
solving the equation

B(z,0)| =0,

z€Fix(Ry)
with
B(z,0) = (1+0)Sz — Az — hy(z), = € RS,
and S is the semi-simple part of (unique) S — N—decomposition of 1/4\1
(See [12]). We observe here that, as in the R* case, the Birkhoff nor-
mal form is also in the Belitskii normal form and so we can use the ex-
pression above for B(z,s). In our case, A; is semi-simple and Fix(R;) =
{(0,0,22,0,23,0); ,z2,z3 € R}. We recall that the reduced equation of the
Liapunov-Schmidt, B(z, o), is defined in /' x R, where N' = {exp(;flt):c; x €
V} e Cl and V = ger{es,es, €3, ¢4, €5, €6} = RO.
We derive the following expression
G(z2,23,0) = B(z,0))|

xEFiX(I/%:)

(7.13) bl$% + x3(boxg + bgxs) + - -
byx3 + x3(bswg + bexs) + - -
xo(—0+6)+---
x3(—o+ )+

Observe that the equation blx% + boxroxs + bgl‘% = 0, generically, has the
solution (x2,z3) = (0,0) or has a pair of straight lines of solutions given
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by (c1z2 + d173)(coaza + daxs) = 0. The equation byz3 + bsxozs + bers = 0
is analogous. We can conclude that if the two first components of (7.13)
has no comom factor of the form cxs + drg then we have just the solution
(x2,x3) = (0,0) for the two previous equations.

We define the following open sets:
Ut = { X €Ql;  the canonical form of DX(0) satisfies (2.1) },

Lyl — X € Q' the 2-jet of the two first equations of (7.13)
2= have no common factor :

Let U' = Ui NU3 be an open set in Q.
The pair (z2,23) = (0,0) is the unique solution of the equation G = 0.
So, near the origin there are no symmetric periodic orbits for this case. |

7.2. Case 6:4.

Theorem C: There exists an open set U? C Q? such that

(a) U? is determined by the 2—jet of the vector fields.

(b) each X € U? has one 2-parameter family of periodic solutions VoA
with o € (—¢,€) and X € [0,27], such that, for each Ao, limy—o Yo, =
0 and the periods tend to 27 /o when o — 0.

Proof: First of all we derive the reversible Belitskii normal form of X g until
2nd order. We observe that it coincides with the reversible Birkhoff normal
form and is given by:

b(xsys — woys)a® ]

g

a(zsys — £U2y3)042

g

(7.14) X*

(—axy —by1)y2 + ays
xa(azy + byr) — xacv

(—axy — by1)ys + ays

| x3(axi + by1) — z30¢0
Finally the Liapunov-Schmidt reduction gives us all small ]/%\gfsymmetric
periodic solutions by solving the equation

B(z,0)| =0,

2€Fix(Ra)
with
B(z,0) = (1+0)Sx — Asx — hy(z), = € RO,
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As before S is the semi-simple part of (unique) S — N—decomposition of
As. (See [12]). In our case, Ay is semi-simple and Fix(}/%\g) = {(z1,91,0,92,0,y3);
x1,Y1,Y2,y3 € R}. We recall that the reduced equation of the Liapunov-
Schmidt, B(z, o), is defined in N x R, where N = {exp(Agt)z;2 € V} € CL
and V = ger{ey, es, €3, ¢4, €5, €6} = RO.

We derive the following expression

G(xhylay?a y370) = B($, J)’IEFiX(E) =

(7.15)
Fo (21,91, 92, y3) } _ { y2(0 + ar121 + agyr) + -+ }
K0<x17y17y27y3) y3(0+a1$1+a2y1)+"' '

Af, Ko) = o2 # 0.
(y2,v3) (0,0,0,0)

Then, there exist a neighborhood V' of (z1,y1) = (0,0) and an unique func-
tion yo = &s(x1,91) and y3 = 0y(z1,y1) in V such that (F,, K;)(z1, y1,

Notice that (Fy, K,)(0,0,0,0) = 0 and

Fo, Ky o
&x(T1,11), 0o(x1,91)) = (0,0) and OFs, Ko) = 0. This implies that
d(x1,y1) (0,0,0,0)
0, 00) . : : .
the derivative gggg is bounded in a neighborhood of the origin. For each
L1, 91

o we consider v, : (x1,y1) — (21,91, {o (21, Y1), d5(21,y1)). Now we take the
parametrization (z1,y1) — (ac,bo) and v, : (ac,bo) — (ao, bo, &, (a0, bo),
ds(ao,bo)) where Ao = a/b. Then, there exists a 2-parameter family of pe-
riodic orbits 7, such that for each A\g € R, the family of periodic orbits vy,
is a Liapunov family; i. e, lim,_v,), = 0 and the period tends to 27/cv.

We define an open set in Q2

U*= { X €Q?% the canonical form of DX (0) satisfies (2.2) }.
[
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