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Abstract

We introduce and justify a computational scheme for the continuation of periodic orbits
in systems with one or more first integrals, and in particular in Hamiltonian systems
having several independent symmetries. Our method is based on a generalization of
the concept of a normal periodic orbit as introduced by Sepulchre and MacKay [21].
We illustrate the continuation method on some integrable Hamiltonian systems with
two degrees of freedom and briefly discuss some further applications.

1 Introduction

The topic of this paper is the continuation, both theoretically and computationally, of peri-
odic orbits in conservative systems (i.e. systems having a number of first integrals), and in
particular in Hamiltonian systems having some independent constants of motion. It is well
known that with respect to periodic orbits and their continuation conservative and Hamilto-
nian systems behave quite differently from general dissipative systems — we briefly explain
how.

In dissipative systems periodic orbits are generically isolated, and therefore an external
parameter is required in order to be able to continue such periodic orbits. Computationally
the problem of finding a periodic orbit is formulated as a boundary value problem with the
period as an additional parameter. In order to avoid phase shifts along the same orbit and
ensure uniqueness one has to introduce an appropriate phase condition. So in the dissipative
case the continuation problem presents itself as a boundary value problem for the initial
point, subject to a phase condition, and depending on two parameters, the period and the
external parameter. We refer to section 2 for more details.

This scheme no longer works for Hamiltonian systems or, more generally, for systems having
a first integral. (Also time-reversible systems form an exceptional class, but we will discuss
those systems in a later paper). In conservative systems periodic orbits typically belong
to one-parameter families, parametrized by the value of the first integral (the energy in
the Hamiltonian case). This “internal parameter” is not explicitly available, at least not
directly, and this causes the general continuation scheme to fail. Additional complications
arise for Hamiltonian systems having several independent constants of motion (symmetries):
here periodic orbits belong to families having the dimension of the number of independent
integrals, including the energy, and further “phase conditions” are required in order to
uniquely identify members of such family.

In the literature one can find some basic continuation results for periodic orbits of Hamil-
tonian systems, such as for example the “cylinder theorem”of [17]. The aim of this paper
is to present an approach which not only allows to prove a number of theoretical results
but which can also be implemented directly for the numerical calculation of branches of
periodic orbits. We will concentrate on Hamiltonian systems having several symmetries (i.e.
first integrals). Our starting point will be a generalization of some continuation results of
Sepulchre and MacKay; in their paper [21] these authors discuss the continuation of periodic
orbits in systems having a first integral. They introduce the concept of a normal periodic
orbit and show that such normal periodic orbits belong to one-parameter families of normal



periodic orbits. The key idea of their approach is to embed the conservative equation in a
one-parameter family of dissipative systems by adding a small gradient perturbation term
to the vector field in such a way that a periodic orbit can only exist when the perturbation
is zero. Under appropriate conditions one can then invoke the implicit function theorem to
obtain a continuation result for periodic orbits of the extended system, which by the basic
property of the perturbation means that in fact one obtains a branch of periodic orbits for
the unperturbed conservative system. This idea of adding a dissipative term which is later
forced to be zero is not new; it is for example classically used to prove the Lyapunov Center
Theorem as a special case of a vertical Hopf bifurcation (see e.g. [23]). Numerically the idea
has been used in, for example, the thesis of Zufiria [28], the paper [1] by Aronson et al, and
in several other papers.

In this paper we extend this idea (in a rather obvious way) to the case when there are
k independent first integrals, with & > 1; a continuation result similar to the one in [21]
then leads to a k-parameter family of periodic orbits of the given conservative system. We
also give conditions under which this family can be parametrized by the values of the first
integrals. For numerical computations one prefers to have one-parameter families, so for
k > 2 one has to impose additional conditions (here called “phase conditions”) in order to
make the continuation result suitable for numerical implementation; we show how this can
be done when the system under consideration is Hamiltonian. We also discuss in detail the
application of our results to some simple (integrable) Hamiltonian system with two degrees
of freedom and two constants of motion; we explore in particular the geometrical meaning
of the phase conditions. Other applications will be reported elsewhere.

In section 2 we start with some mathematical preliminaries on continuation and on how these
can be used for the continuation of periodic orbits of autonomous systems. In section 3 we
generalize the results of Sepulchre and MacKay to conservative systems with several first
integrals, in section 5 we specialize to Hamiltonian systems and show how appropriate phase
conditions make the continuation scheme directly suitable for numerical implementation. In
section 6 we consider two particular cases, namely the continuation of relative equilibria and
the case of integrable Hamiltonian systems with two degrees of freedom, where we explain
our continuation results in terms of action-angle variables. In sections 7 and 8 we give two
detailed applications, and we conclude in section 9 with a survey of other applications and
a discussion of possible extensions of our approach.

2 Some preliminaries

The basic tool to obtain (local) continuation results is of course the implicit function theorem.
Stated very briefly, if Gy : R™ — R™ (with m > n) is a smooth mapping, and if o € R™ is
a solution of

such that DG (zo) € L(R™;R") is surjective (i.e. Gy is a submersion at xg), then near zo the
solution set of (2.1) is a smooth (m —n)-dimensional submanifold of R™. More precisely, if U
and V are complementary subspaces of R™ such that dim(V') = n and V NKer (DGq(z)) =
{0}, then the solution set of (2.1) has near z, the form

{z*(u) =20 +u+0v*"(u) | ue U},

2



where v* : U — V is a smooth mapping with v*(0) = 0. Moreover this result is persistent
under small perturbations: if G : R x R — R", (z,¢) — G(z,¢) = G.(x) is a smooth
mapping, and if zy € R™ is such that Gy(xg) = 0 and G is a submersion at z, then for each
sufficiently small e the zero set GZ1({0}) is locally near zy a smooth (m — n)-dimensional
submanifold.

Continuation packages such as AUTO [7] have been developed in order to implement this
result numerically in the case m = n + 1, i.e. when the solution set of (2.1) consists of
a single one-dimensional curve. In such case the so-called pseudo-arclength method [12]
allows the continuation of the solution curve irrespective of the direction of this curve; for
example, one can continue the curve around folds and the method also has no problems
with “vertical” solution branches—something which will be important in our further story.
The same packages can also be used when m > n 4+ 1 on condition that we restrict x to
appropriate subsets of R™, which means that we have to add further equations to (2.1).
Such additional equations can be chosen globally or, more appropriately for many problems
involving dynamical systems, they may be adapted from step to step in the calculation. For
example, still assuming that Go(zg) = 0 and that DGo(xg) is surjective, let A = A,, €
L(R™; R™"~1) be such that

A (Ker (DGy())) = R™ "1, (2.2)
Define G : R™ — R™! = R* x R™~"~! by
G(x) = (Go(z), A(x — x0)); (2.3)

then G(x¢) = 0 and DG(z) € L(R™; R™!) is surjective. Applying the foregoing continua-
tion result to the equation
G(z) =0 (2.4)

gives us locally a single one-dimensional branch of solutions of (2.1) satisfying the additional
condition A(z — zp) = 0. Moreover, this branch can be computed numerically by using the
continuation packages mentioned before. In such general formulation the way to choose A
seems to be rather vague and arbitrary; however, in many applications (such as those in
this paper) one can make a motivated choice for A, based on the particular aspects of the
problem under consideration.

In order to illustrate how this continuation works for periodic orbits of autonomous ordinary
differential equations let us consider a multi-parameter system

= g(u,a), (2.5)

with v € R", @ € RF and g : R" x R¥ — R" smooth. In fact, we consider (2.5) as an
unfolding (a perturbation) of the unperturbed equation

= go(u), with go(u) := g(u, 0). (2.6)

Our aim is to calculate branches of periodic solutions of (2.5), for values of « close to 0, and
starting from a given periodic solution of (2.6). The fact that (2.5) is autonomous leads to
two additional problems:

(i) finding a periodic solution also involves finding its (minimal) period 7" > 0;
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(ii) if u(t) is a periodic solution then so is ug(t) := u(t + ) for each 6 € R; since such
phase-shifted solutions have the same geometrical orbit we should avoid them in our
continuation results or in our numerical calculations.

We will further explain how to deal with (ii); as for (i) we just rescale time and replace (2.5)
by

uw="Tg(u,a). (2.7)
T-periodic solutions of (2.5) correspond to 1-periodic solutions of (2.7), and vice-versa. We
denote by u(t; p, T, a) the solution of (2.7) such that @(0;p, T, «) = p. Finding the 1-periodic
solutions of (2.7) is then equivalent to solving the equation

Go(p, T, ) :==u(L;p, T, ) —p = 0. (2.8)

This is an equation of the form (2.1), with m =n+ 1+ k and z = (p, T, «).

Next let pg € R® and Ty, > 0 be such that zo := (po,70,0) is a solution of (2.8), i.e.
uo(t) := a(t; po, To, 0) is a 1-periodic solution of

i = Togo(u). (2.9)

We tacitly assume that 1 is the minimal period of ug(t); this implies that g(t) # 0 for all
t € R, and in particular go(pg) = Tj '1ip(0) # 0. As a first step in trying to continue this
solution of (2.8) we calculate in detail the derivative DGg(py, o, 0), by considering separately
the partial derivatives of G in the variables p, T and «; we start with D,Go(po, Tp,0) =
Dya(1; po, Ty, 0) — 1.

The matrix function V(t) := D,u(t; po,Tp,0) € L(R™) is a solution of the initial value
problem

V(t) = ToDgo(uo(t)V (),  V(0) =1, (2.10)

i.e. V/(t) is the fundamental matrix of the variational equation

It follows that M := V(1) is the monodromy matrix of the periodic solution ug(t), and the
eigenvalues of M are the Floquet multipliers; also

DpGO(p07T07O) =M —1. (212)

Differentiating the identity o (t) = Togo(uo(t)) shows that g (t) and hence also go(ug(t)) are
1-periodic solutions of the variational equation (2.11); it follows that go(uo(t)) = V(¢)go(po)
and go(po) = go(uo(0)) = go(uo(1)) = V(1)go(po) = Mgo(po), or equivalently

go(po) € Ker (M — I) (2.13)

This shows that 1 is always a multiplier, i.e. an eigenvalue of M. As we will see further on
the geometric multiplicity m, and (to a lesser extend also) the algebraic multiplicity m, of
this eigenvalue will play an important role; the foregoing shows that m, > my > 1.

_oi

or
w(t) = ToDgo(uo(t))w(t) + go(uo(t)), w(0) = 0;

The function w(t) : (t; po, To, 0) satisfies the initial value problem
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the variation-of-constants formula and (2.13) then shows that

0, To,0) = (10 T2,0) = V(1) [ V() gun(s)) ds =M1 [ aulon) ds = (o)

In a similar way one finds
DoGo(po, 1o, 0) = Dy(1; po, Tp, 0) TOM/ )" Dag(uo(s), 0) ds. (2.14)

Combining these results we finally conclude that
DGo(po, To,0) - (p, T, a0) = (M — I)p + T'go(po) + DaGo(po, 1o, 0) - e, (2.15)

with D,Go(po, To,0) given by (2.14). With this explicit expression for DGy(po, To,0) €
L(R"1HF R") at hand we can now try to find conditions which ensure that Gy is a submer-
sion at (po, T, 0); however, before doing so we first solve the phase shift problem mentioned
earlier in this section.

Theorem 1 Using the notation introduced before, let po € R™ and Ty > 0 be such that
Go(po, To, 0) = 0 and Gy is a submersion at (pg, Ty, 0). Define G : R" x Rx RF — R" x R by

G(p,T,a) := (Go(p, T, ), (go(po), p — o)), (2.16)

where (-,-) is any scalar product on R™. Then G(po,Tp,0) = 0, G is a submersion at the
point (po, 1o, 0), and locally near (po, 1o, 0) the solution set of the equation

G(p,T,a) =0 (2.17)
forms a smooth k-dimensional submanifold of R" x R x R¥.

Proof The first statement is obvious, the second follows from the fact that (go(po),0,0) €
Ker (DGy(po, T0,0)) (see (2.13) and (2.15)), and the third from our earlier statements on
submersions and zero sets of mappings. ]

The solutions of equation (2.17) give us the initial points p € R™ of T-periodic solutions of
(2.5), subject to the phase condition

{(90(po), P — po) = 0. (2.18)

Geometrically this means that we are looking for fixed points of the (parametrized) Poincaré
map for (2.5) on the transversal section ¥ := {p € R™ | (go(po),p — po)) = 0} to the orbit
{up(t) | t € R}. This way each periodic orbit corresponds to a unique solution of (2.17).
We have chosen the particular phase condition (2.18) because it is relatively simple and has
a direct geometrical meaning, but of course (2.18) can be replaced by other more involved
conditions such as for example the integral condition used in [21]. An integral condition is
also used as the default phase constraint in AUTO.

Next we turn to conditions on py and Ty which ensure that Gy is a submersion at (pg, T, 0).
It follows from (2.13) that +1 is an eigenvalue of the monodromy matrix M, and go(po)
is an eigenvector. In general systems +1 will typically be a simple eigenvalue of M, i.e.
my = m, = 1; this means that Ker (M — I) = Rgo(po) and R* = Im (M — I) & Rgo(po)-
(We say that ug(t) is a non-degenerate periodic solution). It follows then immediately from
(2.15) that DGo(po, To,0) is surjective; in fact already D, ) Go(po, T, 0) is surjective. This
implies that the k-dimensional solution manifold given by theorem 1 can be parametrized
by o € R¥, giving us the following result.



Theorem 2 Let uo(t) be a 1-periodic solution of (2.9), with Ty > 0 and go(py) # 0 for
po :=up(0). Let V(t) be the fundamental matriz solution of the variational equation (2.11),
and suppose +1 is a simple eigenvalue of M = V(1). Then there exist smooth functions
p* i RFY — R" and T : R¥ — R, with p*(0) = py and T*(0) = Ty, such that for all
sufficiently small o € R* the solution u(t; p*(a), T* (), «) of (2.7) is 1-periodic. Moreover,
up to phase shifts these are the only 1-periodic solutions of (2.7) with T near Ty and with
orbit near Ty := {uo(t) | t € R}.

Remark 3 Geometrically the foregoing result can be explained as follows. For each suffi-
ciently small a the vector field g(-, @) induces a Poincaré map P, on ¥; py is a fixed point
of Py. If up(t) is a non-degenerate periodic solution, then +1 is not an eigenvalue of the
linearization DPy(py), and P, has for each sufficiently small o a unique fixed point p*(«)
close to py. It follows in particular that for each sufficiently small o the periodic orbit
Ty = {a(t;p* (@), T*(a),a) | t € R} of (2.5) is isolated. These periodic orbits can be
obtained by numerical continuation if one restricts to the case k = 1.

In case the multiplier 4+1 is not simple one can in general expect a bifurcation of periodic
orbits at the orbit I'y (such as for example a saddle-node of periodic orbits); here we will
not discuss such bifurcations. There are also several particular classes of dynamical systems
whose periodic orbits will in general not have 41 as a simple multiplier, such as equivariant
systems (with a sufficiently large symmetry group), or time-reversible systems. In this paper
we concentrate on the case of conservative systems, i.e. systems having one or more first
integrals. In the next section we consider such conservative systems in general, in section 5
we then further specialize to hamiltonian systems.

3 Continuation in conservative systems

In this section we generalize the continuation results of Sepulchre and MacKay ([21]) to
conservative systems having several (independent) first integrals. There are two aspects in
which our approach differs from the one in [21], namely

(i) we restrict to finite-dimensional systems and do not work with equations on infinite-
dimensional Banach spaces or Banach manifolds, and

(ii) we do not use the loop space approach of [21]; instead we identify periodic orbits with
the zeros of the mappings Gy or GG introduced in section 2.

As we will see this simplified set-up allows us in particular to give a more transparent and
less technical definition of normal periodic orbits. The reader who wishes to do so should
have no difficulty translating our results to the framework of [21].

Using the notation of section 2 we fix a smooth vector field gy on R” and a non-trivial periodic
orbit I'y = {ug(t) | t € R} of g, with minimal period Ty > 0 and monodromy matrix M; we
denote by m, := dim Ker (M —1I) and m,, := dim Ker ((M —I)") the geometric, respectively
algebraic multiplicity of the multiplier 1. A smooth function F': R” — R is a first integral
of go if

DF(u) - go(u) =0, Yu € R™. (3.1)



(Since our analysis is local near I'y it is in fact sufficient to assume that (3.1) holds in a
neighborhood of I'y). We denote by F the vector space of all first integrals of go.

Next we fix some F' € F; using (3.1) we have then for all (¢, p,T") that

%F(ﬂ(t;p,T,O)) = DF(a(t;p,T,0)) - u(t; p, T,0)
= TDF(u(t;p,T,0)) - go(ult; p,T,0)) = 0,

and therefore

F(u(t;p,T,0)) = F(p),  V(t.pT). (3:2)

So orbits of gy stay on fixed level sets of F'. To see what this implies for our periodic orbit

I'y we set
W :={VF(p) | F € F} and k = dim W. (3.3)

(The gradient VF : R" — R" of a smooth function F': R" — R is defined in the usual way
by the condition that DF(u) - & = (VF(u), @) for all u,7 € R™). We also choose F; € F
(1 < j <k)such that {VF;(po) | 1 <j <k} forms a basis of W, and we set

f() = (fO,l; foyg, ceey fO,k) = (Fl(p0)7 Fg(po), ey Fk(pO)) - Rk (34)

The following heuristic argument then shows why we should expect our periodic orbit I'y to
belong to a k-parameter family of periodic orbits.

Consider the section ¥ = {p € R"™ | (go(po), p—po) = 0} which we introduced before, and the
corresponding Poincaré map P : ¥ — 3. We can foliate 3 by the level sets of the functions
Fj; more precisely, for each f = (f1, fa, ..., fx) € RF we set

Sp={peX|Fip)=1f;, 1<j<k}

It follows from (3.1) that go(po) is orthogonal to W, and therefore locally near py and for f
near fy the set X is a smooth submanifold of codimension k + 1. It follows from (3.2) that
the Poincaré map P leaves this foliation invariant, i.e. P decomposes as a k-parameter family
of mappings Py : ¥y — Yy. For f = f, the mapping Py, has the fixed point py € ¥y,, and one
expects that under “generic conditions” for gy the linearization D Py, (py) will not have +1
as an eigenvalue. When this is indeed the case then Py has for each f near f, a unique fixed
point p*(f) € Xy near py = p*(fo). This gives us a k-parameter family of periodic orbits I'y,
parametrized by the values f = (f1, fa, ..., fi) of the first integrals Fj (1 < j < k). Denoting
the period of I'y by T*(f) we have the identity Go(p*(f),T*(f),0) = 0; differentiating at
f = fo gives then (see (2.15) and (2.13)):

(M —1)Dp*(fo) + go(po) DT*(fo) =0 and (M —I)*Dp*(fo) = 0.

Using the definition of ¥ and the fact that p*(f) € X, one can easily show that the image of
Dp*(fo) € L(RF;R") is a k-dimensional subspace of R™ orthogonal to go(po); the foregoing
relations then prove that Ker ((M —1)?) is at least (k+1)-dimensional (since it contains go(po)
and Im (Dp*(fy))). The conclusion is that the algebraic multiplicity m, of the multiplier +1
is greater than or equal to k + 1, and therefore I'g will be degenerate (at least if £ > 1). In
proposition 8 we will show that the foregoing argument holds true precisely when m, = k+1.



3.1 Normal periodic orbits

To make the foregoing argument rigorous we fix some F' € F and differentiate (3.2) with
respect to the p-variable at the point (¢,p,T) = (¢, po, Tp); this gives

DF(ug(t)) - V(t)p = DF(po) - p, vVt € R, Vp € R"; (3.5)
taking t = 1 then shows that
Im (M —I) C Ker (DF(py)), VF e F, (3.6)
and hence my > k. The definition of a first integral also implies that
90(po) € Ker (DF (po)), VE e F. (3.7)
Combining (3.6) and (3.7) with the definition (3.3) of W we conclude that
Im (M —I) + Rgo(po) € W (3.8)

From this it is easy to see that m, > k + 1; indeed, if my > k + 1 then mq > my > k + 1,
and if m, = k then (3.8) implies that Im (M — I) = W+ and go(po) € Im (M — I), such that
go(po) € Im (M — I)NKer (M —I) and therefore m, > codim (Im((M — I)?)) > k +1. Now
remember that it follows from (2.15) that Im (D, 7Go(po, Tp,0)) = Im (M — I) + Rgo(po);
also, the periodic orbit 'y is non-degenerate if and only if Im (M — I') +Rgo(po) = R", which
is only possible if W = {0}, i.e. when there are no first integrals. This motivates then the
following definition of a “normal” periodic orbit, a definition which was first introduced in
[21] (for the case k < 1) and which generalizes the concept of non-degeneracy to conservative
systems.

Definition 4 We say that the periodic solution wg(t) or the corresponding periodic orbit I'g
is normal if
Im (M — I) 4+ Rgo(po) = W+, (3.9)

As we have already noticed this definition includes the case of a non-degenerate periodic
orbit (when k£ = 0). It is not difficult to prove that the verification of (3.9) is independent
of the choice of the point pg € 'y, i.e. normality is a property of the periodic orbit T'.

The next proposition characterizes normal periodic orbits in terms of the geometric and
algebraic multiplicities m, and m, of the multiplier 41; it also shows that our definition of
normality coincides with the one in [21] when k£ < 1.

Proposition 5 The periodic orbit Ty is normal if and only if either
(i) my =k,

or
(it) mg =k +1 and go(po) & Im (M —I).

In particular, Ty is normal if m, =k + 1.



Proof The condition (3.9) will be satisfied if and only if either Im (M — I) = W+ or
Im (M — I) has codimension 1 in W+ and go(py) & Im (M — I). Because of (3.8) and
dim W = k the condition Im (M — I) = W+ is equivalent to m, = dim Ker (M — I) = k;
similarly, Im (M — I) has codimension 1 in W+ if and only if m, = dim Ker (M —1I) = k+1.
This proves the first part of the proposition.

Next suppose that m, = k + 1; since m, > k it follows that m, < m, + 1 and
R" = Im ((M — I)*) @ Ker (M — I)?), with dim Ker (M —I)?) =m, =k + 1.
Moreover,
Im((M—-1)*)CcIm(M—1)c W+ (3.10)

and
go(po) € Ker (M — )N W+ C Ker (M —1)*)nW+.

A simple dimension argument then shows that
Ker (M —I1)>)nW* = Rgo(po) and Wt =Im (M -1)*)®Rgo(py); (3.11)

in combination with (3.10) this last equality gives W+ = Im (M — I) + Rgo(po), i.e. Ty is
normal. |

We have already observed that m, > k and m, > k + 1; for a typical (“generic”) periodic
orbit in a conservative system one expects these multiplicities to take their lowest possible
values, so my; = k and m, = k4 1. According to proposition 5 such typical periodic orbit is
normal.

3.2 Continuation of normal periodic orbits

Next we will show that normal periodic orbits indeed belong to k-parameter families of
(normal) periodic orbits, as was expected from the heuristic argument given before. To
prove this we will introduce a specific k-parameter unfolding g, of the conservative vector
field gp, constructed in such a way that

(i) the mapping Go(p, T, «) (defined as in (2.8)) is a submersion at (po, 7p,0); and

(ii) the vector field g, can only have periodic orbits near I'g if v = 0.

Using the property (i) we can then apply theorem 1 to obtain a k-parameter family of periodic
orbits, which by property (ii) must be periodic orbits of the original conservative vector field
go- The unfolding we have in mind is motivated by earlier treatments of conservative systems
(see e.g. [23]) and by [21]; it takes the form

k
Ja(u) = g(u, ) := go(u) + Z a;VF;(u), Vu € R", Va = (a1, oo, . .., o) € RF. (3.12)
j=1

Observe that this unfolding is no longer conservative for o # 0; in fact, this is precisely what
allows us to prove that g, has the property (ii) mentioned above.

Lemma 6 With g,(u) given by (3.12), let u(t) be a T-periodic solution of i = go(u), with
p = u(0) sufficiently close to po. Then o =0, and u(t) is a periodic solution of . = go(u).
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Proof Let u(t) be a T-periodic solution of & = g,(u), for some 7" > 0 and some a =
(1,0, .., a;) € RF. Let F(u) := Z?Zl a;F;(u); then FF € F and

a(t) = go(u(t)) + VE(u(t)),  VteR.

It follows that
0=Fwaw—me»:A imewu::A DF(u(t)) - (go(u(t)) + VF(u(t))) dt

— | IvF@@) P

0

which implies that VF (u(t)) = 0 for all ¢ € R. In particular
k
Y a;VE;(p) = VF(p) = VF(u(0)) = 0.
j=1

Since the vectors VFj(py) (1 < j < k) are linearly independent the same will be true for
the vectors VFj(p) (1 < j < k) if p is sufficiently close to py. We conclude that a; = 0 for
1 < 5 <k, and the proof is complete. |

Now we come to our main result which generalizes theorem 4 of [21].

Theorem 7 Let I'y be a normal periodic orbit of the conservative vector field go. Then this
vector field possesses locally near Ty a k-parameter family of normal periodic orbits, where
k is given by (3.3). Moreover, this family persists under smooth conservative perturbations.

Proof We will use theorem 1, which means that we have to show that the mapping
Go(p, T, a) given by (2.8) is a submersion at (po,7p,0). Since I'y is normal we have that
Im (D, 1 Go(po, To, 0)) = W+, and therefore it is sufficient to show that for « € R* the con-
dition DoGo(po, Tp,0) - € W+ implies o = 0; indeed, when this condition is satisfied then
Im (DoGo(po, T, 0)) is a k-dimensional subspace of R™ complementary to W+, and hence
DGy(po, Ty, 0) is surjective.

So we fix some a = (ay, s, ..., a;) € R and suppose that D,Go(po, T, 0) - o € W, Let
F(u) = Z?Zl a; Fj(u); then F € F and D,g(uo(s),0) - a = VF(ue(s)); also VF(py) € W
and therefore DF (po) - DoGo(po, Tp,0) - e = 0. Using (2.14) this last relation takes the form

ﬂ@FmMWAyW$1VNm@D%=&

because of (3.5) and (3.6) this further simplifies to

1 1
/ DF(uy(s)) - VF(uo(s))ds = / |V F (uo(s))]|* ds = 0.
0 0
It follows that VF(ug(s)) = 0 for all s € R; taking s = 0 we find Z?=1 a;VEj(py) =
VF(py) =0, and hence o = 0, since the vectors VFj(py) (1 < j < k) are linearly indepen-
dent. We conclude that DGg(po, Ty, 0) is indeed surjective.
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Theorem 1 then shows that locally near (po,7p,0) the solution set of (2.17) forms a k-
dimensional submanifold of R™ x R x R*. For each (p,T,«) on this submanifold p is the
initial point of a T-periodic solution of @ = g,(u); it follows then from lemma 6 that o = 0,
and so p is the initial point of a T-periodic solution of the conservative equation @ = go(u).
Since p € ¥ we get a k-parameter family of (geometrically different) periodic orbits of the
vector field go. As long as (p,T') stays sufficiently close to (pg, 7o) this periodic solution will
also be normal; this can be seen as follows. With an appropriate choice of the parameter
A € RF we get smooth functions p* : R¥ — ¥ C R® and T* : R¥ — R with p*(0) = py and
T*(0) = Ty, and such that G(p*(\), T*()\),0) = 0 for all (sufficiently small) A\ € R*. For each
such A there will be a monodromy matrix M, and a subspace W, such that

Im (My, — I) + Rgo(p*(N)) € Wi (3.13)

By continuity the codimension of the subspace at the left hand side of (3.13) is at most
equal to k (its value for A = 0), while the dimension of W) is at least equal to k: indeed,
the vectors VF;(p*(\)) (1 < j < k) belong to W, and are linearly independent for small
A. It follows from this dimension argument that we must have equality in (3.13), i.e. p*(})
generates a normal periodic orbit.

Since our arguments are based on the implicit function theorem it is clear that the result will
persist for nearby conservative systems (having £ first integrals Fj close to F; (1 < j < k)).
We leave it to the interested reader to write out the details. ]

It is important to observe that next to the k-parameter family of periodic orbits given by
theorem 7 there may be other periodic orbits near I'y, such as for example branches of
subharmonic solutions (see section 8 for some examples); however such periodic orbits will
have minimal periods which are away from the minimal period Ty of T'y.

Next we turn to the question how we can parametrize the k-parameter family of periodic
orbits given by theorem 7; the argument given at the beginning of this section suggests that
we should try the values f; of the first integrals F; (1 < j < k) along the periodic orbit. The
next proposition shows that this is indeed possible if m, = k + 1.

Proposition 8 Let I'y be a periodic orbit of the conservative vector field go, with minimal
period Ty > 0. Define W, k and fo € R* by (5.3) and (53.4), and assume that m, = k + 1.
Then the vector field go has for each f = (f1, fa- ..., fr) € R sufficiently close to fy a unique
periodic orbit I'y close to Ty, with period Ty close to Ty, and such that F;(p) = f; (1 < j <k)
for each p € I'y.

Proof Consider the unfolding g, of go given by (3.12), and let Gy : R® x R x R¥ — R™ be
the associated map as given by (2.8). Then define G : R” x R x R¥ x R* — R" x R x R¥ by

Gp.T.a f) i= (Golp. T.0). (g0po). P = po)s Fi(p) = fus - Filp) = f) -

Near (po, 1o, 0, fo) the equation é(p, T, «, f) = 0 will only have solutions for &« = 0 (lemma 6);
each such solution (p,T,0, f) then gives us the initial point p € 3 of a T-periodic solution
of & = go(u), and such that F;(p) = f; (1 < j < k). Therefore it is sufficient to show that
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the equation G (p, T, f) = 0 can be solved by the implicit function theorem for (p, T, «) as
a function of f; since G(po, 1o, 0, fo) = 0 this means that we have to show that

D(p,T,oc)é(pO, TOa 07 fO) ' (p7 Ta Oé) =0 (314)

implies (p, T, a) = (0,0,0).

So suppose that (3.14) holds for some (p, T, a) € R™ x R x R*; it follows then from (2.15)
and (3.8) that D,Go(po, Tp,0) -« € W+, and the proof of theorem 7 shows that in that case
we must have v = 0. Taking this into account (3.14) reduces to

(M —1)p+Tgo(po) =0, (go(po);p) =0 and DFj(po) -p=0 (1<j<k). (3.15)

Applying (M —1) to the first of these equations gives (M —1I)*p = 0, such that in combination
with the last equation we can conclude that p € Ker (M —1I)?)NW=. It follows from (3.11)
that p = Ago(po) for some A € R, and bringing this in the second equation of (3.15) gives
A =0 and hence p = 0. The first equation of (3.15) then finally gives T' = 0, and the proof
is complete. [ ]

The examples worked out in sections 7 and 8 show that the conclusion of proposition 8 may
fail when m, > k+ 1. When k = 1 it is also sometimes convenient to parametrize the
one-dimensional branch of periodic orbits given by theorem 7 by the corresponding period
T'; this is possible if m, = 1, as the next proposition shows.

Proposition 9 Let py € R" be a point on a periodic orbit Iy of the conservative vector
field go, with minimal period Ty > 0, dimW = 1 and my, = 1. Then there exists a smooth
mapping p* : R — 3 C R™ with p*(To) = po, such that for each T near Ty the point p*(T')
generates a T-periodic orbit 't of gq.

Proof Since m, = k = 1 the periodic orbit Ty is normal; in fact we have Im (M —1I) = W+
and Ker (M — I') = Rgo(po). Using theorem 7 (with k& = 1) it is then sufficient to show that
the equations

Go(p,T,a) =0  and  (go(po),p — po) =0

(with o € R) can be solved for (p, ) as a function of 7', i.e. we have to prove that for each
(p, &) € R™ x R the conditions

oG
D(p,a)Go(poaTo, 0) (pa) = (M~ I)p+ Oéa—ao(po,To, 0)=0 and (go(po),p) =0 (3.16)

imply (p, ) = (0,0). The same argument as in the proof of proposition 8 shows that the
first equation of (3.16) implies & = 0; but then p € Ker (M — I') = Rgo(po), and the second
equation of (3.16) implies p = 0, as wanted. [ |

Remark 10 Also when k£ > 1 and m,; = k we can use T as one of the parameters for
parametrizing the k-parameter family of periodic orbits given by theorem 7; this follows
from the fact that m, = k£ implies that

oG
7 (20, T, 0) = go(po) € Im (M — I) = Tm (D, Go(po, T, 0)),
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such that the T-variable is not needed in order to make G a submersion at (pg, 7y, 0). This
is no longer the case when m, = k + 1 and go(po) ¢ Im (M — I) (the other alternative
when Iy is normal). Indeed, denote the solutions of G(p, T, ) = 0 as (p*(\),T*()),0) with
A € R* any admissible parameter; differentiating Go(p*(\), T*(\),0) = 0 at A = 0 then gives
(M — I)Dp*(0) + go(po) DT*(0) = 0, which implies DT*(0) = 0 when go(po) & Im (M —I).

When k£ = 1 the foregoing results can be immediately implemented numerically. When
k > 1 one has to impose further conditions in order to obtain one-dimensional branches of
periodic orbits which one could attempt to calculate numerically. For example, under the
conditions of proposition 8 one can look for periodic orbits along which F; = f,; for k — 1
of the k independent first integrals F; (1 < j < k). Of course there are many ways in which
one can impose such additional conditions, none of which however seems to be “natural”.
This situation changes when we restrict to Hamiltonian systems for which the additional
structure provides a natural way to select a one-dimensional subbranch of periodic orbits.
In section 5 we will show how this can be done; in the next section we first give a brief survey
on Hamiltonian systems.

4 A brief survey on Hamiltonian systems and their
symmetries

In Hamiltonian systems there is always an immediate first integral, namely the Hamiltonian
itself. But in many cases there are also other first integrals, usually called “symmetries”
in the Hamiltonian context, because of Noether’s theorem — see theorem 11 below. In
specializing the results of the foregoing section to Hamiltonian systems we will explicitly
use the symplectic structure behind such systems; therefore we give here a very brief survey
of some basic elements of the theory of Hamiltonian systems, emphasizing in particular
the role of first integrals. We restrict to the elementary case of a symplectic vector space
with the standard symplectic form; the extension to general symplectic manifolds should be
straightforward.

We start with an even-dimensional phase space R?" = R" x R", whose elements we denote as
u = (z,y) and on which we use the standard scalar product (u, @) = 2321 u;t;. We denote
by J € L(R?") the standard symplectic matrix given by J(z,y) := (y, —z); observe that .J
is anti-symmetric and such that J? = —I. We define a symplectic (i.e. anti-symmetric and
non-degenerate bilinear) form w : R?" x R** — R by

w(u,w) = (u, Ja), Vu, i € R*". (4.1)

For each smooth function H : R?*" — R we define a corresponding Hamiltonian vector field
Xy : R — R? by

DH(u) i =w(Xg(u),a),  VYu,icR™, (4.2)
or equivalently, by
Xu(u) = JVH(u), Vu € R?". (4.3)
We call
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the Hamiltonian equation with Hamiltonian H; we denote its flow by g (t,u) = ¢k (u) (with
t € R and u € R*). From DH (u) - Xg(u) = w(Xg(u), Xg(u)) = 0 it is immediate that H
is a first integral of (4.4). Differentiating (4.2) once more gives us in combination with the
symmetry of D?H (u) the relation

w(DXy(u) - u,0) =w(DXy(u) - a,u), Vu, i, 7 € R*™. (4.5)

Next we consider symmetries of the Hamiltonian system (4.4); for this we need three ingre-
dients. First there is the concept of a symplectic diffeomorphism, which is a diffeomorphism
U : R?" — R?" such that

w(DY(u) -, DY (u) - a) = w(u, w), Vu, 4, € R*™. (4.6)

In particular, for each ¢t € R the diffeomorphism W(u) := ¢k (u) is symplectic: to see this
just combine (4.5) with the fact that for each u,u € R*" the mapping t — Dy} (u) - u is a
solution of the variational equation

W= DXp(py(u)) - w
to show that

%w (Deg(u) -4, Dof(u)-a) =0 = w(Dyf(u) - @, Dpf(u) - @) = w(i, a).

Second, a symmetry of (4.4) is a symplectic diffeomorphism ¥ : R** — R?" such that the
Hamiltonian H is invariant under ¥: H(¥(u)) = H(u) for all u € R*". Differentiating this
identity and using (4.2) and (4.6) we find then that DV (u) ' Xpy(¥(u)) = Xg(u) for all
u € R* which in turn implies that the flow ¢}, of (4.4) commutes with W:

e (¥(u) = (o5 (u)),  VteER, VueR™

Third, a smooth function F' : R*® — R is a first integral of (4.4) if F(pl (u)) = F(u) for
all (t,u) € R x R?", which means that o}, is for each ¢t € R a symmetry of the Hamiltonian
vector field X, and which is also equivalent to the condition

{F,H}(u) := DF(u) - Xg(u) = w (Xp(u), Xg(u)) =0,  VucR*™.

The smooth function {F, H} : R*® — R, defined as indicated, is called the Poisson bracket
of F' and H; it is obviously anti-symmetric: {F, H} = —{H, F'}, and hence we have the
following result.

Theorem 11 Let F' : R*™ — R and H : R*™ — R be two smooth functions; then the
following properties are equivalent:

(i) {F,H} =0;

(i1) F is a first integral for the Hamiltonian vector field Xy ;
(1ii) H is a first integral for the Hamiltonian vector field Xp;
(iv) 3 is for each s € R a symmetry of Xp;

(v) pk is for each t € R a symmetry of Xp.
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Moreover, each of these properties implies that the flows of Xy and Xp commute:
o (piw) = i (pr(w), Vs eR, YueR™ (4.7)

Under fairly mild conditions (namely that either Xz or Xy has at least one bounded orbit)
also the converse is true: (4.7) implies each of the properties (i)—(v).

Sometimes it is convenient to write Hamiltonian systems in complex coordinates; this can
be done as follows. We identify the phase space R?" = R" x R" with C", via the mapping

(,y) ER" X R" — 2z = (y +ix) € C™

1
V2
observe that this identification means that we consider C" as a real vector space. For each
2,2 € C" we set z- 2 := Z?Zl 2;Z;. One can then directly verify that the scalar product
(-,-) and the symplectic form w(-,-) on R?*" take on C" the respective forms

(2, 2O 1= 0. 23 4 71 @) v 2@ e cn, (4.8)

and
" (2(1) Z(g)) - <z(1) iz(2)> v @ ¢ cn. (4.9)

We identify a real-valued mapping H : C* — R with the mapping H :R" x R" — R given
by H(z,y) := H (1/vV2(y +iz)); in particular, H is smooth if H is smooth. If this is the

case then we have for each z = 1/y/2 (y + iz) and each ¢ = 1/v/2 (n +i€) in C" that

- - o0H aH -
where 3_H :C" — C" and 8_]:] : C" — C" are defined by
0z 0z
o0H 1 - o~ OH 1 . -
55 0= 5 (Vo) = iVl (wy)) and 2(2) = o (VoA () + iV ()

H H
(So aa—( ) is the complex conjugate of aa—(z)) Using (4.8) and (4.9) we see that
Z 2

DH(z)- % = <%—]§(z),2> —w (i%—g(z),z) . Yz iecCm (4.10)

which shows that in this complex setting we should replace V H (u) and Xy (u) by respectively
OH

—(2) and i——(2). In particular, the Hamilton equation corresponding to the Hamiltonian
Z
H(z) takes the form

=i (2), (4.11)

while the Poisson bracket of two smooth functions F,G : C* — R is given by

oG ) (8F oG oF oG ) (4.12)

(.6)e) = DFG) - (152)) =1 (G20 G - G- o)
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5 Continuation in symmetric Hamiltonian systems

Now we return to our discussion of the continuation of periodic orbits, replacing the unper-
turbed vector field go of section 3 by a Hamiltonian vector field Xz (u), with u € R?" and
H € C*(R*";R). The space F then takes the form

Fi={F € C*(R™;R) | {F, H} =0}

in particular we have H € F. As in section 3 we assume that p, € R?" generates a non-trivial
periodic orbit of X, with minimal period 7j > 0. Using the notations introduced before it
is easily seen that

V(t)= Doy (po) (Vt€R)  and M = Dy (po). (5.1)
In order to determine the multiplicities m, and m, we also introduce the spaces
Zy:={GeF|{G F}(po)=0,VF e F} and  Zy:={Xa(po) |G € Z}; (5.2)

of course H € Zy and Xp(po) € Zo. As before we set W := {VF(py) | F € F} and k :=
dim W; clearly Zy € JW = {JVF(po) | F € F} = {Xp(po) | F € F }. When choosing a
collection {F; | 1 < j < k} C F such that {VFj(py) | 1 < j < k} forms a basis of W it
seems advisable (although not strictly necessary) to include the Hamiltonian H, for example
by taking Fi := H.

We can then prove the following (see also K. Meyer [16]).

Proposition 12 Under the foregoing conditions the monodromy matriz M is symplectic
(i.e. MY'JM = J), JW C Ker(M — 1) and

Im(M — 1)+ Zy C W, (5.3)

As a consequence m, s even, mg > k and m, > k + dim Z,.

Proof It follows from (5.1) and the fact that L is symplectic that w(Mu, M) = w(u, @),
which proves that M is symplectic. As a consequence the eigenvalues of M come in quadru-
ples {\,\71, A, \~!}, with each of the eigenvalues in such quadruple having the same multi-
plicities; such quadruple reduces to a pair for |A| = 1, A # %1, and to a singleton for A = +1.
Moreover det M = £1, and since the non-singular matrix V' (¢) homotopes M = V(1) to the
identity I = V(0) we conclude that det M = 1. Hence both the eigenvalues +1 and —1 of
M must have an even algebraic multiplicity, and m, is even.

Next let F € F; it follows then from theorem 11 and ¢ /°(po) = po that

e (05(p0) = 05 (e (p0)) = p(o), Vs €R,

ie.t — @b (p5(po)) forms for each s € R a Ty-periodic solution of 4 = X (u). Differentiating
with respect to s at s = 0 and using (5.1) then shows that M Xg(py) = Xr(po). We conclude
that

Xr(po) €Ker (M —1I), VFE€F, (5.4)

or stated differently: JW C Ker (M — I). This directly implies that m, > k.
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Finally let G € Zj; then (by definition of Zj)

(VF(po), Xc(po)) = DF(po) - Xc(po) = {F,G}(po) =0,  VFeF.

This shows that Zy, C W+, which in combination with Im (M — I) C W+ (see (3.8)) gives
us (5.3); moreover, from Im (M — I)?) = (M — I)(Im (M —I)) C (M — I)(W*4), Zy c W+
and Zy C JW C Ker (M — I) it follows that Im ((M — I)?) has codimension at least equal
to k + dim Zy, which implies m, > k + dim Z. [ |

As an immediate consequence of Proposition 12 we see that Proposition 8 can not apply
if 'y is a normal periodic orbit of the Hamiltonian equation @ = Xy (u) such that either
dim Zy > 2 or when k is even; in such case 'y still belongs to a k-parameter family of normal
periodic orbits, but this family cannot be parametrized by the values of the first integrals
F; (1 < j < k). A further remark is that in certain cases Proposition 12 may not give
the optimal lower bound for m,. Suppose for example that £ > 1, dim Z; = 1, and that
there exist m < k first integrals F, F5, ..., F,, € F (including H) such that the following
holds:

(1) {F, Fi}(po) = 0 for 1 < i, j < m;
(ii) the vectors VF;(py) (1 < i < m) are linearly independent;
(iii) 2m > k+ 1 if k is odd, or 2m > k + 2 if k is even.

Then the same arguments as in the proof of Proposition 12 will show that m, > 2m, which
by (iii) is strictly larger than the lower bound given by Proposition 12.

Now we come to the main result of this section; essentially this result says that along the k-
parameter continuation of a normal periodic orbit of the Hamilton equation @ = X g (u) there
is a natural way to select a one-parameter subfamily which is easily calculated numerically
and which generates the full k-parameter family via the symmetries. More precisely, we have
the following.

Theorem 13 Assume that Ty = {p4(po) | t € R} is a normal Ty-periodic orbit of i =
Xu(uw); with W, k and F; (1 < j < k) as before, define g : R* x R¥ — R by

glu, o) == Xp(u) + Z a; VFj(u). (5.5)

Denote the flow of © = Tg(u,a) by u(t;p, T, ), and let
Go(p,T.a) :==u(l;p,T,a) —p,  V(p,T,a) € R*x ]0, 00] xR,

Then near (po, Ty, 0) the solution set of the equations

{ G()(p, T, Oé) = 0,
<XFj(p0)7p_p0>:0a 1§j§k;

consists of a smooth one-dimensional curve along which o = 0. This curve can be parametri-
zed by the period T if my, = k. Projecting this curve on the phase space R** and acting on
the projection with the flows of the Hamiltonian vector fields Xg, (1 < j < k) generates a
(k + 1)-dimensional manifold invariant under the flow of Xy and foliated by a k-parameter
family of normal periodic orbits of i = Xg(u).

(5.6)
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Proof In the foregoing section we have shown that Gg is a submersion at (pg, 1y, 0), and
that o = 0 along any solution branch of Gy(p, T, @) = 0. Moreover, we have that

Ker (M — 1) x {0} x {0} C Ker (DGy(po, To,0)) .
Now the phase conditions in (5.6) have the form
A-(p—po, T —To,a) =0,
with A € L(R?" x R x R*; R¥) given by

A- (paTa C“) = (<XF1(pO>7p>7 <XF2(pO>7p>7 . "7<XFk(pO>7p>)'

According to the discussion in section 1 on one-dimensional solution curves of submersions
and using the facts that dim(JW) =k and JW C Ker (M — I) it is sufficient to show that
the restriction of A to JW x {0} x {0} is injective; then the solution set of (5.6) is locally
near (pg, 1o, 0) indeed a smooth one-dimensional curve, and all other statements follow easily
from the foregoing discussions (in particular from Theorem 11 and Remark 10).

So let F' € F, and suppose that A - (Xg(pg),0,0) = 0. Since Xr(py) can be written as a
linear combination of the vectors Xg,(po) (1 < j < k) this implies that

1Xr(po)|I” = { Xr(po), Xr(po) ) = 0.

Hence Xr(pg) = 0, which proves the required injectivity of A. |

As with all our continuation results also the foregoing one is robust under (appropriate)
small perturbations. Since the equations (5.6) have a one-dimensional solution branch these
equations can be used directly for numerical continuation of a given normal periodic orbit
of the Hamiltonian vector field Xy. We refer to the next section for a more geometrical
interpretation of Theorem 13 in the case of an integrable system. We continue this section
with the discussion of a particular case and conclude with one further continuation result,
this time using an external parameter.

In systems which have a so-called scaling property the application of Theorem 13 produces
a one-parameter family of periodic orbits related by scaling. We say that the Hamiltonian
vector field Xy has a scaling property if there exists a smooth mapping (the scaling matrix)

S 110, 00 — L(R*™), ¢+ S,
such that S, is invertible for each ¢ > 0, S; = I and
O (S.u) = Seply(u), Y(t,u) € R x R, Ve > 0, (5.7)

or equivalently
cXpg(Seu) = S Xpg(u), Yu € R* Ve > 0. (5.8)

For example the equations for the n-body problem have such property. Suppose then that
Xy has some further symmetries, and that p; € R?" generates a normal periodic orbit
Iy = {¢%(p1) | t € R} with minimal period T; > 0 and monodromy matrix M;. Then (5.7)
implies that for each ¢ > 0 the point p. := S.p; generates a periodic orbit I'. = S.(I';) with
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minimal period T, = T}, i.e. we have Gy(p., cT1,0) = 0 for all ¢ > 0. Since the solution
branch can be parametrized by the period we necessarily have that m, = k (otherwise
differentiating Go(pe, ¢11,0) = 0 in ¢ at ¢ = 1 leads to 77 = 0). Moreover, differentiating
(5.7) in w at (t,u) = (T1,p1) shows that the monodromy matrix M. of I'. is similar to
My: S7'M.S, = M;. Therefore the multipliers stay fixed along the whole branch, and in
particular each of the periodic orbits is normal, with my = k. Finally, different orbits along
this branch can not be related by symmetry, since they have different periods. We conclude
that up to phase shift, symmetry and reparametrization the solution branch given by an
application of Theorem 13 must coincide with the branch {(p., ¢I1,0) | ¢ > 0} obtained from
the scaling property. An explicit example of a Hamiltonian system with a scaling property
is given by the n-body problem; in particular, all so-called figure-eight orbits of the 3-body
problem with equal masses (see [3]) are related by scaling, and starting from one such orbit
our continuation method will give the full branch of figure-eight orbits (see [6] for details).

We conclude this section with a continuation result which uses explicitly an external pa-
rameter and which can be applied to periodic orbits of symmetric Hamiltonian systems for
which my = k (so in particular to normal periodic orbits of Hamiltonian systems with a
scaling property). We consider a one-parameter family X, of Hamiltonian vector fields,
depending smoothly on the parameter A € R, and we assume that {H,, F);} = 0 for all
A € R and for certain functions F) ; € C*(R**;R) (2 < j < k) which also depend smoothly
on A. Suppose that py € R*" generates a periodic orbit I'g := {¢}, (po) | t € R} of Xp,, with
minimal period Ty > 0 and such that

(i) the vectors VHy(po), VEo2(po), --., VFyr(po) are linearly independent; and
(ii) m, = k.

We then set up the following scheme:
(1) define the unfolding

k
g(u, A\, @) == Xy, (u) + s VHy(u) + Z a;VF);(u);

j=2
(2) denote by u(t;p, T, A\, ) the flow of @ = Tg(u, \, a);
(3) let Go(p, T, A\, ) :=u(1;p, T, A\, cx) — p.

Then we have the following continuation result.

Theorem 14 Under the foregoing conditions the set of equations
Go(p, T, \,a) =0,
(Xmo(po),p —po) =0, (5.9)
(Xp,;(Po),p—po) =0, (2<j<k),

has for each (fized) T near Ty a unique one-dimensional solution branch near (p,\,a) =
(po,0,0); we have a« = 0 along this branch, and the branch can be parametrized by A.

Proof The condition m, = k implies that Im (M — I) = W+, and therefore the derivative
D(p@)GO(pO, Ty, 0,0) is surjective from R x R¥ onto R?". The same arguments as in the
proof of Theorem 13 show that the set of equations (5.9) has near (p, T, A\, «) = (po, 1p, 0, 0)
a two-parameter family of solutions; also, & = 0 along this family which can be parametrized
by (T, A). Fixing the period T then proves the result. |
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For an application of Theorem 14 to the 3-body problem we refer to [6] where it is shown
how the method described above gives a numerical continuation of the figure-eight orbits
(which appear when all masses are equal) when one of the masses is allowed to vary. An
application to the spring pendulum is briefly described in [18].

6 Some particular cases

In this section we consider in some generality two particular situations which will appear
in the examples given in sections 7 and 8. First we look at relative equilibria and show
how our methods can be adapted to deal to some extent with such relative equilibria; then
we consider integrable Hamiltonian systems with two degrees of freedom, using action-angle
variables to explain the geometrical meaning of our continuation scheme.

6.1 Continuation of relative equilibria

To start consider a Hamiltonian system (4.4) with Hamiltonian H € C*°(R?*";R), and fix
some F' € F, ie. F € C®(R*;R) and {H, F'} = 0. According to theorem 11 this con-
dition means that the Hamiltonian vector field Xy is equivariant with respect to the one-
dimensional symmetry group & := {¢% | s € R} of symplectic transformations generated
by the Hamiltonian vector field Xp; that is, we have D% (u) - Xg(u) = Xg(p5(u)) for all
u € R?™. Then choose some 2 € R and set u(t) = ¥ (v(t)) in (4.4); one can easily see that
v(t) will satisfy the Hamilton equation

Since u(0) = v(0) we conclude that

oh(u) = o2 (P or(w))  and  Dgly(u) = Do’ (9 op(w)) - DYy _qp(u).  (6.2)

Next suppose that py € R?*" is an equilibrium of (6.1):

XanF(Po) = XH(]?O) - QXF(po) = 0; (6-3)

then % (po) = ¥ (po) is a solution of (4.4) with the property that the corresponding flow-
orbit is contained in (and if Q # 0 actually coincides with) a symmetry-orbit (a ®-orbit).
Such orbits (and the corresponding initial points pg) are called relative equilibria with respect
to the group & since they correspond to equilibria in the reduced system obtained from
(4.4) using the &-symmetry — see [16] or [15] for some of the earlier accounts on symmetry
reduction in Hamiltonian systems, [13], [22], [2] and [20] for some more recent work, [14] or
[19] for a general and comprehensive account of symmetry reductions, [5] for some explicitly
worked out examples, or [25] for an introduction in the case where & is isomorphic to the
circle group S'; we also refer to section 8 where for a particular system the reduction will
be carried out explicitly. Now assume that the group orbit &(pg) is closed, meaning that
po generates a periodic orbit of Xp; then p, also generates a periodic solution of Xy. More
precisely, if s — ¢%(pg) is periodic with minimal period 7y then ¢ — % (pg) is periodic with
minimal period Ty = 79/ If moreover such periodic orbit 'y = &(pg) = {4 (po) | t € R}
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is normal (as a periodic orbit of Xpg) then our foregoing continuation schemes will give
us a branch of periodic orbits of Xy containing the relative equilibrium py. Observe that
when checking whether I'y is normal the fact that VH (pg) and V F(pg) are proportional will
influence the value of & = dim . Also, in order to calculate M = Dyt (py) we can use the
fact that (6.2) and (6.3) imply that

Dyl (po) = Do (po) - exp (tDXp_qr(po)),  VEER,

and
M = DoR(po) - exp (ToDXp—ar(po)) - (6.4)

The examples in sections 7 and 8 show that in a number of cases the continuation of such
“periodic” relative equilibrium leads to a whole branch of relative equilibria. Moreover, in
many applications the symmetry group & is such that all its orbits are closed, which implies
that all relative equilibria are periodic. In such cases one can consider the problem of the
continuation of relative equilibria as part of the problem of the continuation of periodic
orbits. We will show next that in fact the continuation approach of the foregoing sections
can be adapted to the problem of the continuation of (certain) relative equilibria. But first
we put the definition of a relative equilibrium in a somewhat broader and slightly different
setting.

This time we start with a finite-dimensional subspace G of C*®°(R?";R) with the property
that {F,G} € G for all F,G € G (i.e. G forms a finite-dimensional Lie algebra). Denote
by & the Lie group of diffeomorphisms on R?*" generated by the one-parameter groups
{¢% | s € R} with F € G. Consider also a Hamiltonian vector field Xy with Hamiltonian
H € C*(R*;R) and such that G C F := {F € C*°(R*";R) | {H, F'} = 0}. Then the vector
field Xy is equivariant with respect to the group & (theorem 11), and a point py € R*" is
a relative equilibrium of Xy with respect to & if Xg(py) = Xp(po) for some F' € G; more
precisely, if we choose elements F; € G (1 < i < m) such that {Xg (po) | 1 <i < m} forms
a basis of Y := {Xp(py) | F € G}, then py is a relative equilibrium of Xy with respect to &
if there exist elements 2; € R such that

Xu(po) = Z QX7 (po)- (6.5)

Geometrically this means that the flow orbit {4 (po) | t € R} of po is contained in the
symmetry orbit &(pg). Observe that together with po also all other points of &(pg) are
relative equilibria.

Next we formulate and prove a continuation result for relative equilibria under a restrictive
condition for G; we hope to give more general results in a later paper. We will assume that
GCc Z:={GeF|{G,F} =0,VF € F}; this implies in particular that the group & is
abelian. Fix some relative equilibrium py, € R?® of Xy with respect to &, i.e. assume that

Xaal) = 3 90X () (00

for some ¥ € R (1 <4 < m) and with F; € G (1 <4 < m) such that {XF,(po) | 1 <i <m}
forms a basis of Y = {Xp(po) | F' € G}. Also choose F; € F (m+ 1 < j < k) such that
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{VF;(po) | 1 <j <k} forms a basis of W = {VF(po) | F € F}, and set

L:Dmmm—ﬁimemmecﬁ%. (6.7)

i=1
Lemma 15 Under the foregoing conditions we have
JW C Ker (L) and  Im(L)+Y Cc W+ (6.8)

As a consequence zero is an eigenvalue of L with geometric multiplicity at least equal to k,
and algebraic multiplicity at least equal to (k 4+ m).

Proof Let Hy := H — Y ;" QVF;; then L = DHy(po), and it follows from G C Z that
{Hy, F} =0 for all F' € F. Theorem 11 implies that Xy, (¢%(po)) = D¢%(po) - X, (po) =0
for all F' € F and all s € R; differentiation at s = 0 gives L - Xp(po) = 0 for all F' € F.
This proves the first inclusion of (6.8) and the fact that zero is an eigenvalue of L with
geometric multiplicity equal to dim Ker (L) > dim(JW) = k. Differentiating the identity
DF(u)- Xp,(u) ={F, Ho}(u) = 0 at u = py and using Xy, (po) = 0 gives DF(py) - L(u) =0
for all u € R?" and all F' € F; this shows that Im (L) C W+. Combining this with the fact
that Y € W+ (an immediate consequence of G C Z) gives the second inclusion in (6.8),
which then also implies Im (L) +Y C W+ for each v > 1. Moreover, for v sufficiently large
we have R?" = Im (L") @ Ker (L*) and hence (since Y C JW C Ker (L))

Im(L")NY C Im (L") NKer (L) C Im (L") N Ker (L") = {0}.

It follows that Im (L”) has codimension at least equal to dim Y = m in W+, and codimension
at least equal to (k +m) in R?"; consequently dim Ker (L”) > k + m, which proves that the
algebraic multiplicity of the zero eigenvalue of L (which is equal to dim Ker (L”)) must be
at least equal to (k + m). [

We will say that the relative equilibrium pg is normal if we have equality in the second
inclusion of (6.8), i.e. if

Im (L) +Y =W+, (6.9)

More in particular this condition will be satisfied when the zero eigenvalue of L has either
geometric multiplicity equal to k, or algebraic multiplicity equal to (k 4+ m). Indeed, in
the first case Im (L) has codimension k in R?", and therefore Im (L) = W+, by (6.8) and
dimW = k. In the second case we have R?*" = Im (L") @ Ker (L") and dim Ker (L") =
k +m for v > 1 sufficiently large (see the proof of lemma 15); hence Im (L") C Im (L) has
codimension m in W+ and since Im (L¥) N'Y = {0} it follows that Im (L*) ® Y = W+ and
Wt =Im(L)+Y.

In order to continue such normal relative equilibrium pg we define a smooth mapping Gy :
R? x R™ x R*¥ — R?" by

m k
i=1 j=1
with Q = (Q,Qs,...,Q,) € R™ and a = (ay,q,...,q;) € R¥; if moreover we set y :=

(29,09,...,9%) € R™ then (6.6) can be rewritten as Gy(po, ,0) = 0. We have the follo-
wing continuation result.
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Theorem 16 Assume that G C Z, and let py € R* be a normal relative equilibrium of X
with respect to &. Define m, k, F; (1 < j <k), Gy and y as indicated before. Then the
solution set near (po, €, 0) of the system of equations

{ GO(p7Qva) = 07

‘ (6.11)
(Xp(Po),p—po) =0, (1<j<k),

consists of a smooth m-dimensional submanifold of R*® x R™ x R* along which o = 0. If
(p,Q,0) € R?™ x R™ x R* is such solution then Xy (p) = > 1", UXr(p) and p is a normal
relative equilibrium of Xy with respect to &.

Proof We have

DGO(p0>QO>0) : (pv Q,Oé) = L(p) - Z QZXFz(pO) + Z ajVFj(pO)’

i=1 j=1

and it follows then immediately from (6.9) that DGy (po, ,0) € L(R?*™ x R™ x R¥; R?") is
surjective, i.e. Gy is a submersion at (pg, Q,0). Also the linear mapping A € L(R?**;RF)
given by

A-pi= ((Xa@).p) (XaE).p). . (X5 00).0))

is surjective; more precisely, the restriction of A to the k-dimensional subspace JW =
{XFr(po) | F € F} is injective and hence surjective, by the same argument as in the last part
of the proof of theorem 13. Since JW C Ker (L) we conclude that locally near (pg, €2, 0)
the solution set of (6.11) is an m-dimensional submanifold of R?" x R™ x R*.

Next suppose that Go(p,2,a) = 0 for some (p, 2, a) € R*™ x R™ x R* with p close to py.
Taking the scalar product of Gy(p, 2, ) = 0 with Zle a;VF;(p) gives

2

k k
> VEp | =0 = Y aVE@p =0 = a;=0 (1<j<k),
j=1 j=1

since the vectors VFj(p) (1 < j < k) are linearly independent for p close to py. We conclude
that p is a relative equilibrium of Xy with respect to ®&; this relative equilibrium is normal
by a perturbation argument similar to the one given in the proof of theorem 7. |

In case m = 1 the foregoing theorem gives us a one-dimensional branch of normal relative
equilibria; we can then use numerical continuation packages to solve the system (6.11) and
calculate such branches. We refer to sections 7 and 8 for some explicit examples.

6.2 Integrable Hamiltonian systems
The second special case we want to consider in more detail is that of integrable Hamiltonian
systems with two degrees of freedom; we will show how for such systems the continuation

results of the foregoing section can be interpreted in terms of action-angle variables. The
set-up is as follows. We start with a Hamiltonian system Xy on R* corresponding to
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the Hamilton function H € C*°(R* R); such Hamiltonian system is integrable if there is
at least one further first integral which is independent of H, it is superintegrable if next
to H there are at least two more independent first integrals. A well-known example of a
superintegrable system is that of the Kepler motion in the plane: next to the energy and the
angular momentum there is a third constant of motion, namely (an appropriate component
of) the Laplace-Runge-Lenz vector (see [11]). In the superintegrable case we will have k = 3
and m, = 4 along each periodic orbit [y, and hence each such periodic orbit is normal (see
Proposition 12 and Proposition 5). Moreover it follows from Theorem 7 that all orbits near
I'y will be periodic.

In the remainder of this subsection we exclude the superintegrable case and assume that
next to the Hamiltonian H there is just one further independent constant of motion F' €
C®(R%:R), ie. {H, F'} = 0. For some (hy, fo) € R? let 75 be a bounded connected component
of the set {u € R* | (H(u), F(u)) = (ho, fo)} such that the vectors VH (u) and VF(u) are
linearly independent for all u € 7y. It is shown in [5] that under these conditions 7 is a
two-dimensional torus, and that there exists an open neighborhood of 7y in which one can
introduce canonical coordinates (I, I, 01, 65) € R xR x S x St (with S* := R/Z) such that
the following holds:

(i) in the new coordinates 7y is given by {I'} x {I)} x S* x S, for some (I, I) € R?;
(ii) for (I1,I5) € R? close to (I, 1) the torus 7y, 1) := {1} x {Io} x S' x S* is invariant
under the flow of Xy;

(iii) near 7y and in the new coordinates the system Xy takes the form

jl :O, jg :O, 91 :QI(IDIQ), 92 :QQ(Il,[Q), (612)
with 8K
Qi(Ih[Z) — W([h]é)’ (’L — 1,2)

for some K € C*(R%R).

The variables (I;,0;) (i = 1,2) are called (local) action-angle variables. The property (iii)
means that in these action-angle variables the system is still Hamiltonian, with a Hamilton
function K which depends only on the action variables I; and is independent of the angle
variables 6;; in the new variables the coordinate functions I; and I, are two independent
constants of motion. It is easy to write down the flow of (6.12), namely

90;(([17[2791792) = (1—17[27(91 + 91(117]2) ta 92 + 92(117[2) t) ) (613>

where the angle variables should of course be taken modulo Z. We set QY := Q,(1?, 1))
(i = 1,2) and assume that (22,Q39) # (0,0). For fixed (I, I5) € R? near (I, I) the flow on
the torus 7(;, r,) will be periodic if and only if there exist some 7' > 0 and some ky, ky € Z
such that Qi (I, )T = ky, Qo(I1, I))T = ko and ged(|k4|, |k2|) = 1. This condition in turn
is equivalent to the existence of some ki, ky € Z such that

ng(|k31|, |k32|) =1 and ngl(Il,Ig) — k?ng(Il, Ig) = 07 (614)

the minimal period T is then given by |ki|/|Q ([, I2)| or |ka|/|Q0(11, I3)|, depending on
whether (I, 1) # 0 or Qy(I1, ;) # 0. We can consider (ki, ko) € Z? as the winding
numbers of the periodic orbits on the torus 7y, r,).
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Now suppose that the flow on the torus 7 is periodic, with minimal period T, > 0, and
let ki, ky € Z be such that Q)T = k; and Q9T = ky. It follows from (6.13) that the
corresponding monodromy matrix M, is given by

My - (11, 15,01,02) = (11, I2,601,62) 4+ (0,0, 01111 + 1215, 69111 + d2215),

with 50
5@']’ =Ty a—]jl (1107[20) ) (Zaj = 172>

Since the coordinate functions I; and I, are two independent constants of motion we have
k=2and W = {(I1,15,0,0) | I, I, € R}. Also, let D be the 2 x 2-matrix with matrix-
elements 6;; (4,7 = 1,2). Then the periodic orbits on 7; will be normal if either det D # 0,
orif D # 0, det D = 0 and (€9,9Q9) ¢ Im (D). Some elementary algebra (using Q7T = k;
and Q9T = ko) shows that these conditions are equivalent to the condition

o0 o0 o0 o)
(k?Qa—Ill(Iloa 120) - kla—lf(lloa I2O)a kQa—I:(Iloa 120) - kla—lj(ll()?IQO)) 7é (0’0) (615)

Assuming that the flow on 7 is periodic and normal we next apply the continuation theo-
rem 13, starting from an arbitrary point py = (I}, I), 60, 69) € Ty. Using (6.12) the equations
(5.6) take the explicit form

OélT:O, QQTZOa Ql(IhIQ)T:k:l) 92(11712)1—‘:]{:27 91:0& 02:035

to be solved for (I, Iy, 01,05, T, aq, ) near (I, 10,600,609, Ty,0,0). As expected, we have
a1 = ag = 0, while the phase conditions fix the angle variables 6; and ;. The remaining
two equations for T', I; and Iy, namely

k k
— Tl (I, L) = TQ (6.16)

Ql (Ila 12)
can be solved for I; and I, as a function of T" if det D # 0, i.e. if m; = 2 = k (compare with
theorem 13). In general, the normality condition (6.15) shows that the equivalent equations

ki

T - m, kQQl(Il,IQ) - leQ(Il, _[2) - 0, (617)

(where i € {1,2} is chosen such that QY # 0) can either be solved for (T, ;) as a function of
I, or for (T, I5) as a function of I;. We obtain a one-dimensional curve in the (1;, I3)-plane;
the flow on the tori corresponding to points on this curve is periodic and normal; moreover,
the winding numbers (ky, ka) of the periodic orbits on these tori (see (6.16)) remain constant
along the curve. We conclude that in the case of an integrable Hamiltonian system with two
degrees of freedom our method allows the continuation of periodic tori with given winding
numbers. In this context it is important to observe that in practice it is usually impossible
to obtain the action-angle variables explicitly; however, our method also works when we use
the original coordinates or any other (canonical) coordinate system that is convenient.
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7 Example 1

In this and in the next section we consider two explicit examples on which we apply our
foregoing results. These examples are relatively simple and are chosen such that they clearly
illustrate some particular features of the theory. Both examples consist of 4-dimensional
Hamiltonian systems with one additional constant of motion, i.e. the systems are integrable.
The first example can be solved explicitly; it contains three different types of branches of
periodic orbits, and we show that our continuation results can be used to reconstruct each
of these branches. The second example (given in the next section) derives from a physical
application and will be treated partly analytically, partly numerically. In both cases we use
the complex notation for Hamiltonian systems such as discussed in section 4.

For our first example we take n = 2, set z = (a,b) € C? and consider the Hamiltonian

1 2

H(a,b) := ad—b5+§(a&) . (7.1)
The solution of the corresponding Hamilton equations
. 9
e
with initial values (ag, by) is given by
a(t; ap, by) = aoei(l + |a0|2)t7 B(t; ag, bo) = boe_it, Yag, by € C. (7.3)

The system (7.2) has the functions Gi(a,b) := aa = |a|*> and Gy(a,b) := bb = |b|? as

constants of motion: one can verify this directly from (7.3), or by checking that {H,G1} =0

and {H,G,} = 0. The Hamiltonian H is functionally depex}dent on (G; and G, since

H = Gy — Gy +1/2G2%. Also the function F(a,b) := aa + bb = G1(a,b) + Go(a,b) is a

first integral; the corresponding Hamiltonian vector field i?(a, b) = i(a,b) generates an
z

Sl-action on C?, explicitly given by

(0,a,b) € (Rmod 27) x C* = §* x C? (ewa, ewb) € C2. (7.4)

The equations (7.2) and the flow (7.3) are equivariant with respect to this S'-symmetry.
As a consequence we can for this particular case consider the equation (6.1) as the original
Hamiltonian equation (7.2) in a frame rotating with angular velocity €2; relative equilibria are
actual equilibria in an appropriate rotating frame, and are automatically periodic solutions
of (7.2). The system has a unique equilibrium at the origin (a,b) = (0,0), and, as one
can easily see from (7.3), three different types of periodic solutions. We now analyse these
periodic solutions one by one, and show what happens when we continue them using the
approach of theorem 13 or theorem 16.

Case 1. Solutions with initial value py = (ag,0) # (0,0) are periodic with minimal period
To = 2m(1 + |ap|*)~. Along these periodic orbits the gradients of H and F are linearly
dependent, i.e. these periodic orbits are relative equilibria with respect to the S'-action
(take Q = (1 + |ag|?) in (6.3)). Using phase shifts or the S'-symmetry we can restrict our
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attention to the case where ag is real and strictly positive, i.e. we can w.l.o.g. assume that
ag = po for some pg € R, pg > 0. The monodromy matrix M of the corresponding periodic

solution can be obtained by differentiating the mapping (a,b) — (a(7p;a,b),b(To;a,b)) at
the initial point (po,0); we find

M - (a,b) = (a+¢pgT0(a+a),be’iT0), with Ty =27 (1+p2) "

Hence Ker (M — I) = iR x {0} and m, = 1. Moreover, W contains the nonzero vector
VH (po) = (po+ p3,0) and JW C Ker (M — I) by Proposition 12; so k = dimW =1 =m,
and the periodic orbit is normal. In order to apply the continuation scheme of theorem 13
we choose F; = G;. We have to find initial points p = (ag, by) near (po,0) which generate
1-periodic solutions of

a=14T(1+ |a|*)a+ aTa,
(7.5)

b= —iTb,
with (7, «) near (75, 0), and subject to the phase condition

<(iP07 0), (a0 — po, bo)> = —ipo(ag — ag) =0 - ap = ag.

So ag = p, € R with p, > 0 near py. Using polar coordinates to integrate the first equation
of (7.5) with initial value a = p, shows that the solution has the form

a0) = e T, i = [ (14 22T ar
0

imposing the periodicity condition a(1) = p, and using the fact that (T, p,) must be close
to (T, po) we get then
T 2"

14 p2

with p, > 0 arbitrary (but close to py). Imposing the periodicity condition on the solution
of the second equation of (7.5) (with initial value by near 0 and T near Tj) gives by = 0. We
conclude that the continuation method gives us the one-dimensional branch A := {(p,,0) |
Pa € R, p, > 0} of initial points which generate normal periodic orbits of (7.2) which are
relative equilibria and which have minimal period T = 27 (1+ p2)~'. Observe that the
branch A can be parametrised by the period T if one wishes to do so. The same branch A
of normal relative equilibria can also be obtained by an application of theorem 16; we leave
the details to the reader.

Case 2. Also initial points of the form (0,b) with by # 0 lead to periodic orbits which
are relative equilibria; using phase shifts or the S'-symmetry we can w.l.o.g. restrict to the
case where by = pg for some py € R, py > 0. First we show that po = (0, pp) is a normal
relative equilibrium. We have Xg(py) = —Xr(po) (1e. Qo = —1), Xp(po) = (0,ipy) € Y,
and the matrix L defined by (6.7) is here given by L = DXg(po) + DXr(po), or explicitly
by L - (a,b) = (2ia,0), such that Im (L) = C x {0}. It follows then from (6.8) that

a=0 and

Cx {0} +{0} xiRCIm(L)+Y Cc W+

since VF(po) = (0,p0) € W we conclude that we must have equality in the foregoing
inclusion, and that py is a normal relative equilibrium. Moreover, W = {0} x R and
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k= dimW = 1. We can continue the relative equilibrium p, by the procedure given in
theorem 16; for the implementation of this procedure we set m = k = 1, g = —1 and
Fy = F. According to theorem 16 we should look for solutions (a,b,Q,a) e Cx Cx R xR
near (0, po, —1,0) of the set of equations

(i(1 + |al?)a, —ib) — Q (ia,ib) + a (a, b) = (0,0), <(0, ipo), (a,b — p0)> —0. (7.6)

It follows easily that b must be real (i.e. b = p, € Rnear py), a =0, « = 0 and 2 = —1. Hence
the continuation method of theorem 16 will give us the branch B = {(0, py) | p» € R, pp > 0}
of normal relative equilibria. Now observe that each of these relative equilibria generates a
27m-periodic orbit of (7.2) which is not normal: indeed, the minimal period is 7y = 27 and the
monodromy matrix is just the identity (M - (a,b) = (a,b)); hence m, = dim Ker (M — I) =
4 > k+ 1 =2, and the periodic orbit generated by (0, pg) is not normal.

Case 3. When both ay and by are nonzero then according to (7.3) the solution of (7.2)
with initial value (ao, by) is periodic if and only if we can find a 7" > 0 and strictly positive
integers p and ¢ such that

(14 aol®)T=2rp and T =2nq, (7.7)

that is if and only if (1 + |ag|?) is rational, or equivalently, if and only if |ag|? is rational. If
this is the case we write

|aol* = ga with p,q¢ € N and ged(p, q¢) = 1;

then Ty = {(a(t; ao, bo), b(t; ag, by)) | t € R} is periodic with minimal period T = 27¢q, and
(7.7) is satisfied for (p,q) = (p+ ¢, q). Applying the S'-symmetry to Ty gives us the 2-torus

Tag by = {(aoem,boew> | 6,0 € R}

which is invariant under the flow of (7.2) and under the symmetry, and which is foliated by
periodic orbits of (7.2). These orbits wind p = p + ¢ times around 7, 5, in the a-direction
and ¢ = ¢ times in the negative b-direction before closing up; we say that the orbits have
winding numbers equal to (p + ¢, —¢q). The flow on the torus T, ;, is quasi-periodic when
lag|? is irrational.

We now apply the continuation method of theorem 13 to a particular such periodic solution;
using phase shifts and symmetry we can w.l.o.g. assume that both initial coordinates ay and
by are real and strictly positive. To fix the notation we consider the periodic orbit I'y through
the point py = (32, py), with py € R, py > 0, 3 € Q and 8 > 0; writing 8 = p/q with
ged(p, ) = 1 the minimal period Tj is equal to 2mg. The gradients of G; and G5 at py are
given by respectively (5'/2,0) and (0, po); they are linearly independent, and hence k > 2
and dim W+ < 2. The monodromy matrix is given by

M- (a,b) = (a+iTpB(a+a),b) = (a+27mpi(a+a),b),

from which it follows that Ker (M —I) =iR xC, m, = 3 and Im (M —I) = iR x {0}. Since
go(po) = (i(1 + B)BY2, —ipy) does not belong to Im (M — I) it follows that the subspace
Im (M — I) + Rgo(po) is two-dimensional; this subspace is contained in W+ (by (3.8)), and
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since dim W+ < 2 we conclude that Im (M — I) + Rgo(po) = W+ and that 'y is a normal
periodic orbit, with k = 2.

For the implementation of theorem 13 we take F} = G; and Fy = (5, and consider the
system

a=14iT(1+ |a|*)a+ o Ta,
(7.8)

b= —iTh+ a,Th,

with (T, a1, a) near (Tp,0,0). We have to look for initial values (ag, by) near (32, py) such
that the corresponding solution of (7.8) is 1-periodic; moreover, these initial values must
satisfy the phase conditions

<(iﬁ1/2> 0)’ (aO - 51/2a bO - P0)> = <(0’ ipo), (aO - 51/27 bO - p0)> = 07

which implies that both ay and by must be real. Therefore we set ay = p, and by = p, with
pa and py, real and close to respectively 3'/2 and py (in particular both p, and p, are strictly
positive). Solving the second equation of (7.8) with initial value p, > 0 and imposing the
periodicity condition gives us
(—i + OZQ)T

Pre =M == as =0 and T =Ty = 2nq.

Next we set T' = Ty in the first equation of (7.8), integrate this equation using polar coordi-
nates, and impose the periodicity condition; we find

. 1
pelt 0o — ) ith ¢ = / (1 + pﬁeQalTOT) dr.
0

This implies a; = 0 and (1 + p?)Ty = (1 + p?)27q € 27Z; since p? must be close to 3 = p/q
we get (1 + p2)g = p + ¢ and hence p, = 32, We conclude that the continuation method
gives us a one-dimensional branch Cj3 = {(5'2,0,) | p» € R, pp > 0} of initial points which
generate (under the flow of (7.2) and the S'-symmetry) invariant tori on which the flow is
periodic, with constant period 2mq and constant winding numbers (p + ¢, —¢q). Such branch
exists for each strictly positive 5 € Q.

It is interesting to draw the branches A, B and Cy (8 € Q, § > 0) in a (H, F')-diagram (see
Fig. 1). First observe that the mapping (po, py) — (H, F) := (p2 — p; + 304, 02 + pjp) is
bijective from Ry xRy onto C := {(H,F) € R? | F > 0, —F < H < F+$F?}. The branches
A and B of relative equilibria correspond to respectively {(H,F) | F > 0, H = F + 1F?}
and {(H,F) | F > 0, H = —F}; together with the equilibrium at the origin they form the
boundary of C. Each interior point of C corresponds to an invariant torus. The curves Cjg
(with 8 > 0) take the form {(H,F) | F > 8, H = —F + 20 + 1/*}; the corresponding tori
are periodic if 3 is rational, and quasi-periodic if 3 is irrational.

Observe also that the branch Cjs (8 > 0, 3 = p/q € Q) has the boundary point (3%/2,0)
on the branch A; this boundary point generates a relative equilibrium with minimal period
Ts := 2n(1 + B)~' = 2mq/(p + ¢). Since the minimal period 27q along Cjs is an integer
multiple of T3 we can consider Cs as a branch of subharmonic solutions bifurcating from
the branch A at (8'/2,0) (see also Fig. 1). Going into some further detail we see that the
monodromy matrix M at (3/2,0) (see case 1) has next to the eigenvalue 1 (with m, = 1
and m, = 2) also the pair of simple eigenvalues

T _ 22miq/(p+a) — 2T/ ieh p= g and G = p + g
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Figure 1: Branches of periodic orbits for the system (7.2); the branches Cj are shown for
B =1/2, 3 =1and § = 2. At the point A there is a 2-subharmonic bifurcation (period-
doubling), at both points O a 3-subharmonic bifurcation.

these multipliers (of the periodic orbit generated by (3'/2,0)) are §-th roots of unity, and at
the same time ¢ is also equal to the quotient of the minimal period along Cj (which is equal to
2mq = 27p) and the minimal period T = 27p/q at (3*/2,0). So along the branch A we have
bifurcation of a branch of ¢-subharmonics precisely at those points where there is a pair of
multipliers which are ¢-th roots of unity; except for the fact that there is only a single branch
of bifurcating subharmonics this agrees with the general theory on subharmonic bifurcation
such as developed e.g. in [26] for the general case, and in [4] for the Hamiltonian case. The
discrepancy in the number of bifurcating branches is due to the symmetry; we refer to some
future work for a general treatment of subharmonic bifurcation in symmetric Hamiltonian
systems.

In the foregoing example we do not really need our continuation techniques to obtain the
different branches of periodic orbits: we could have obtained those directly and more easily
from the formula (7.3) for the solutions of (7.2); we nevertheless included a detailed analysis
because it clearly and explicitly illustrates certain aspects of our continuation method:

(i) The unfolding parameters «; (with ¢ = 1,2 in this example) are indeed zero along the
calculated solution branches.

(ii) When a relative equilibrium py generates a periodic orbit (as is the case in this example)
then py may be normal as a relative equilibrium while the corresponding periodic orbit
is not normal (see case 2). In such situation one can apply theorem 16 to continue the
periodic orbit.

(iii) One can parametrize by the period when m, = k (case 1), while there is isochrony
(constant period) when my stays equal to k+ 1 along a branch (case 3). These are two
extremes of the more general situation where one will find m, = k along a branch, ex-
cept at isolated points where m, = k+1; these exceptional points typically correspond
to maxima and minima of the period.

(iv) Along the branch A we have m, = 2 = k + 1, and it is possible to parametrize this
branch by the value of either H or F', which illustrates proposition 8. This same pro-
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position is not applicable (and indeed the conclusion of the proposition is not true)
along the branches Cz where m, =4 =k + 2.

(v) The system we have considered here is an integrable Hamiltonian system with two
degrees of freedom. The branches Cjs (with € Q and § > 0) form an illustration of
what we have found in section 6 for such systems, namely one-dimensional curves of
invariant and periodic tori, with fixed winding numbers for the orbits.

(vi) The dimension k of W (and hence the number of unfolding parameters) depends on
the starting solution but stays constant along the continuation, at least as long as the
solution remains normal.

(vii) Although branches do not intersect (by the uniqueness part of our continuation results)
it may be that a given branch has a limit point on a different branch (e.g. each of the
(3 branches limits on the A branch); the first branch can then be seen as a branch
of subharmonics bifurcating from the second branch. Such bifurcating branches of
subharmonics may be detected by monitoring the multipliers along a given branch,
more precisely by looking for multipliers which are roots of unity. This idea will be
used to explore the periodic orbits in the example of the next section.

(viii) Both branches A and B bifurcate from the equilibrium at the origin. The linearization
of (7.2) at the origin has the eigenvalues +i; these eigenvalues are double and semisim-
ple. Hence we can not directly apply the Lyapunov Center Theorem, since this requires
simple purely imaginary eigenvalues — see [23]. However, a more detailed bifurcation
analysis using the S'-equivariance reveals that at least two branches of relative equi-
libria should bifurcate from the origin; along one of these branches the limiting value
of © (see 6.3) should be +1, along the other branch this limiting value should be —1.
It is clear that these branches are precisely the branches A and B, respectively.

8 Example 2

Keeping the same notation as in the foregoing section we consider the Hamiltonian

7\ 2

H(a,b) = ab+ ab — % (0h)°, (8.1)

with corresponding Hamilton equations
a = 1ib,
] (8.2)
b =ia — i|b|?b.

This system forms a simplified version of a mean field approximation of a model of coupled
quantum wells; it represents the evolution of the charge accumulation in a two-site system
for which the electrostatic interaction is non-negligible in one of the sites (see [8] and [9] for
more details).

8.1 Branches of relative equilibria

As in our first example also here the function F(a,b) := |a|?+|b|?* is a first integral, generating
an S'-action which is given by (7.4) and which commutes with (8.2). This time it is no
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longer possible to write down explicitly the flow of (8.2), but we can still find some special
solutions, namely the equilibria and relative equilibria. The origin (a,b) = (0,0) is the only
equilibrium of (8.2), and the linearization of (8.2) at this equilibrium has the double and
semisimple eigenvalues 4. In a similar way as outlined in remark (viii) at the end of the
foregoing section one can show that at least two branches of relative equilibria bifurcate
from the origin, with limiting values of ) equal to +1 and —1, respectively. To find these
branches explicitly we look for the equilibria of the system (6.1) which here takes the form

a=1i(b—Qa),
) (8.3)
b=r1i(a— Qb) —il|b*,
with v = (a,b) € C?. A nontrivial equilibrium (a, b) # (0,0) of (8.3) must satisfy
1
b=Qa  and b]? = g(Q) = g~ Q, (8.4)

and hence such equilibria can only exist if g(2) > 0, i.e. if Q belongs either to the interval
I_:=]—o00,—1] or to the interval I, :=]0, 1[. Using the S'-symmetry we can without loss of
generality assume that b is real and strictly positive; then (8.4) gives us for each Q € I_UI,

a unique relative equilibrium
1
= VI (1)

this relative equilibrium generates a periodic orbit of (8.2), given by
Lo = {¢y(ve) | t € R} = {c g [t € R},

and with minimal period equal to T = 27/|Q2|. To determine the monodromy matrix Mg
corresponding to this periodic orbit we use (6.4) and observe that X is linear: Xp(v) = v
and @%(v) = exp(is)v for all s € R. Hence D™ (vg) = exp(iQTo)I = exp(£2mi)] = I
and (6.4) reduces to

Mg = Dcpgﬂ(vg) = exp(TqLg), with Lo := DXy_qr(va). (8.5)
We obtain the explicit form of Lg from (8.3):
Lo(a,b) = (i(b — Qa), i(a — Qb) — 2ig(Q)b — ig(Q)b) V(a,b) € C*.

Observe that Lq coincides with the matrix L associated with the relative equilibrium vq, as
defined by (6.7). We know from lemma 15 that Lg has the eigenvalue zero with algebraic
multiplicity at least equal to two, since £ > m = 1 and hence k +m > 2. To determine the
other eigenvalues we use the fact that (4.5) implies LY, = —JLqJ™!; hence, if 4 € C is an
eigenvalue of Lq then so is —u. Therefore the characteristic polynomial of Lg has the form
A — 12 \% with 44 the nontrivial eigenvalues of Lg. A simple calculation (using the explicit
form of L and splitting a and b into their real and imaginary part) gives

3 . 3
,u2:—<§22+@) — ==t QQ+§.

It follows that the zero eigenvalue of L has algebraic multiplicity equal to two; consequently
we must have k = 1, and the relative equilibrium vq is normal for all Q € I_ U I, (see the
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discussion after (6.9)). Starting the continuation procedure of theorem 16 at vg, will give
us the branch A, := {vq | Q € I} of relative equilibria if Qy € I, and the branch
A= {UQ | e I_} if Qg e 1_.

Going back to the monodromy matrix we see from (8.5) that Mg has next to the eigenvalue 1
also the eigenvalues

3

exp (£2miA(QY)), with A(Q) :=4/1+ Tk (8.6)
For Q € I we have 1 < A\(Q2) < 2 and exp (£27i\(Q2)) # 1; it follows that the nontrivial
multipliers are simple, while the multiplier 1 has algebraic multiplicity m, = 2. From

proposition 5 and the fact that £ = 1 at a relative equilibrium of (8.2) we conclude that for
Q) € I_ the periodic orbit ['g is normal. Starting the continuation procedure of theorem 13
at any such relative equilibrium vg will give us again the full branch A_ of relative equilibria.
For Q € I, we have A\(Q2) > 2, and both nontrivial multipliers will be equal to 1 if A(2) € N;
for such €2 one can easily verify that m, = 3 > k + 1, and therefore the periodic orbit I'g
will not be normal. Setting 2, := ((m? — 1)/3)~/4 for m > 3 we see that the branch A,
gets subdivided into a countable number of subbranches A(f” ={vg | Qni1 < Q< Qp}
(m > 3) along which the periodic orbit I'g is normal. Starting the continuation procedure
of theorem 13 at some vg with €2,,.1 < Q < €, will give only the subbranch A(f), while the
procedure of theorem 16 gives the full branch A,. This again illustrates remark (ii) at the
end of section 7.

It is interesting to depict the results so far in an (H, F')-diagram (see Fig. 2), obtained by
mapping points z = (a,b) € C? onto (H(z), F(z)) € R% In such diagram the branches A_
and A, of relative equilibria get the form

A =A{(H(va), F(va)) | Qe -} and Ay ={(H(va), Flva)) |2}, (87)

with the following explicit expressions for H(vg) and F'(vg):

S0 B34+ (1-9%) and  F(vg) = % - Q. (8.8)
We have H(vg) < 0 for Q € I_ and H(vq) > 0 for Q € I,; also (H(vq), F(va)) — (0,0) as
Q — 1or Q— —1. The mapping Q — F(vq) is a diffeomorphism from I_ onto |0, +oo],
and also from I, onto ]0,+oo[; this allows us to parametrize the branches A_ and A, by
the value f of F(vq), as follows. For each f > 0 there exist unique elements Q_(f) € I_
and Q. (f) € I, such that F(va_¢p) = F(va, () = f; setting h_(f) := H(va_(5)) < 0 and
hi(f) := H(va,(p)) > 0 (and h_(0) = h4(0) = 0) the branches A_ and A, obtain in the
(H, F')-plane the form

L= D F>0)  and Ay ={(he(f). )] f >0}

Moreover, we have that

H(vo) =

(H(z),F(z)) € R:={(h, /) [ f 20, h(f) <h <h

Ny, VzeCx (8.9)

+(f
To prove (8.9) take some z € C? (2 # 0), and let f := ( ). The continuous function
H : C* — R maps the compact and connected subset F~!(f) = {Z € C* | F(2) = [}
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Figure 2: Branches of periodic orbits for the system (8.2). The labels along the branches of
relative equilibria indicate the value of A(€2) (see (8.6)).

of C? onto a compact interval [, 3], and therefore o < H(z) < 3. Let z_ € C? be such
that F(z_) = f and H(2_) = «; then H attains at the point z_ its minimum on F~!(f),
and hence we have VH(z_) = QVF(z_) for some Q € R. It follows that z_ is a relative
equilibrium for the Hamiltonian vector field X, and therefore z_ = e®vq for some 6 € R
and some 2 € I_UI,. From f = F(z_) = F(vg) we get Q@ = Q_(f) or Q = Q,(f), and
then o = H(>) = H(vg) = min {H(©Q_(f)), H(Q, (£))} = min {h_(}), b (£)} = h_(f). In
the same way one proves that § = hy(f), and (8.9) follows. In subsection 8.2 we will show
that for each point (h, f) in the interior of the region R the set

Ty :={z € C*| (H(2), F(2)) = (h, f)} (8.10)

is a 2-torus invariant under the flows of Xy and Xp; this same property also follows from
general considerations — see for example [5].

To obtain periodic solutions which do not correspond to relative equilibria we have to find
those (h, f) € int(R) for which the flow on the torus T} s is periodic; our discussion on
integrable systems in section 6 suggests that in (H, F')-space we should find one-dimensional
curves of points corresponding to periodic tori. One way to get a grip on such curves of
periodic tori is to look for subharmonic bifurcations from the branches of relative equilibria
— compare with remark (vii) at the end of section 7. A numerical study using AUTO indeed
detects lots of such subharmonic bifurcations, both from the branch A, and from the branch
A_. Fixing one such bifurcation point (say on A, ), switching branches and continuing the
subharmonic periodic orbit using the continuation scheme of theorem 13 (with k = 2, F} = H
and F», = F') gives a one-dimensional curve in the (H, F')-diagram which terminates on a
relative equilibrium along the branch A_ (see Fig. 2), i.e. numerically we find “bridges”
between the branches A_ and A, of relative equilibria.
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In the remainder of this section we will first work out a symmetry-reduction for the system
(8.2) and then use the reduced system to (a) prove the existence of invariant 2-tori, (b)
introduce the rotation number for such torus, (c¢) give a theoretical proof for the existence of
subharmonic bifurcations from the branches of relative equilibria, and (d) obtain a formula
relating the points on A_ and A, which are connected by a bridge.

8.2 The symmetry reduction, invariant tori and rotation numbers

Following Cushman and Bates [5] we define a mapping w : C* — R? by

w, = wi(z) = i(ab— ab),
wy = wy(z) = ab+ ab, Vz = (a,b) € C% (8.11)
ws = ws(z) = aa—bb,

together with F'(2) the scalar functions w;(z), wy(z) and ws(z) form a basis for the quadratic
invariants under the S'-action on C2. Observe that F'(z) and wy (2)?4we(2)*+ws(2)? = F(z)?
are constants of motion for the system (8.2), which implies that in w-space all spheres around
the origin are flow-invariant. Using polar coordinates for the components a and b of z € C?
we can rewrite (8.11) as

w(z) = (2pappsin(B — a), 2papy cos(8 — a), p2 — py) Vz = (pae’®, ppe') € C*. (8.12)

It follows from this formula that for each w € R? \ {0} the inverse image w'(w) = {z €
C? | w(z) = w} is an S'-orbit in C?. Indeed, from

ws=p,—py, and  \Jwi+©F + w3 = p; +

we can uniquely determine p, > 0 and p, > 0, and the relations w;(2z) = w; and we(2) = Wy
then give us (6 — a) modulo 27 (at least if p, > 0 and p, > 0 — one has to consider
separately the cases p, = 0 or p, = 0); this proves our claim. For later use we also write out
the explicit expression for w(2) := w (vg), namely

() = (o, 2(15292) : u _9?2)2) . YQel UL (8.13)

Next we consider in more detail the flow on the sphere Sy := {w € R? | w? + w} + w3 = f?}
with radius f > 0; an easy calculation shows that this flow takes the form

w1 = 211)3 — %’wz(f — UJ3),
Wy = %w1(f — w3), or equivalently: W= —2w x V, Hr(w), (8.14)

with H; : R* — R given by
Hp(w) :=wy — 5(f — ws)?, Vw = (wy, wy, w3) € R3, (8.15)

Since Hy(w(z)) = H(z) for each z on the level set {z € C* | F(z) = f} it follows that the
restriction of Hy to the sphere Sy is a first integral for the flow on that sphere; this can also
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be seen directly from (8.14). The discussion in subsection 8.1 implies that for f > 0 and
h € R the set Ap, s :={w € Sy | Hf(w) = h} is nonempty if and only if h_(f) < h < ho(f),
i.e. if and only if (h, f) € R. In Fig. 3 we depict (for a fixed value of f > 0 and a few
values of h between h_(f) and hy(f)) the projection of Ay ; onto the (ws, ws)-plane. The
sets Ap,_p),r and Ay, (5)  consist each of a single point, namely

A5y p = {0 Q- ()} =wla_pn) and  Ap = {0 ()} = wlTa, )

in these points the sphere Sy is tangent to the level sets {w € R*® | Hy(w) = h_(f)}
and {w € R® | Hy(w) = hy(f)}, respectively. It follows that the points w(Q_(f)) and
w(Q4(f)) are the critical points of the restriction of Hy to Sy and the equilibria for the flow
on Sy; these equilibria correspond to the relative equilibria of the original system (8.2). For
h_(f) < h < hy(f) the set Ay s is a closed curve on Sy, invariant under the reduced flow
(8.14); as a consequence the set w™(Ap ) = {z € C* | F(z) = f and H(z) = h} = Ty
is a 2-torus which is invariant under the flow (8.2) and under the S'-action. In order to
determine whether the flow on this torus is periodic or quasi-periodic we first introduce the
rotation number for this flow.

For each (h, f) € int (R) the closed curve Ay, s forms a periodic orbit for the reduced system
(8.14), with minimal period 7(h, f) > 0; this means that for each point z € T} ; we have

w (cp;}h’f)(z)> = w(z), which in turn implies that

SOgh,f)(z) _ (p?@(h,f)(z)y Vz e Ty, (8.16)

for some real number O(h, f) which is uniquely determined modulo 1. This number O(h, f)
is independent of the choice of the point z € T}, ¢, as follows immediately from the fact that
o and @p commute and that T, r = {¢%(p5(2)) | t,s € R} for each z € Tj, ;. We call

W,

Figure 3: The sets A, s projected onto the (ws,ws)-plane.
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O©(h, f) the rotation number of the flow on 7}, ;. The same argument also shows that
either all points on 7}, s generate a periodic orbit of Xy (all with the same period), or no
orbit on T} s is closed (the quasi-periodic case). If the flow on 7}, s is periodic then the
minimal period is necessarily an integer multiple of 7(h, f), say p7(h, f) for some p > 1. If
p =1 then ©(h, f) = 0 (mod Z) (this case seems not to appear in our example), if p > 1
then pO(h, f) € Z, i.e.

O(h, f) =

Conversely, if either O(h, f) =0 (mod Z) or if (8.17) holds, then the flow on T},  is periodic,
with minimal period equal to 7(h, f) in the first case and to p7(h, f) in the second case. A
careful analysis shows that both 7(h, f) and ©(h, f) depend smoothly on (h, f) € int (R);
moreover, if (hg, fy) € int (R) is such that the orbits on 7%, 5, are periodic and normal, then
the continuation of one of these orbits using the approach of theorem 13 will result in a
smooth one-dimensional curve contained in the interior of R and such that each point on
this curve corresponds to a periodic torus and hence to a rational rotation number. It follows
that ©(h, f) will be constant along such curve (compare with the analysis in subsection 6.2,
where we found constant winding numbers along curves of periodic orbits). In particular,
the rotation number should be constant along the bridges which we found numerically and
which are displayed in Fig. 2.

(mod Z), with 0 < ¢ < p and ged(gq, p) = 1. (8.17)

IR

We conclude this subsection with the observation that the reduced system

(. o1 1 2 2 _
w; = 2ws 5 W2 wi +w; +ws —ws |,
1 /

wz = —2w,

(obtained from (8.14) by replacing f by \/wi + w3 + w3 ) is also time-reversible, since it is
invariant under the transformation (ws, way, w3, t) — (—wy, wy, w3, —t). This is in agreement
with the fact that for each (h, f) € int (R) the periodic orbit Aj s of (8.18) has precisely two
intersection points with the symmetry plane w; = 0; these two points are under the flow of

(8.18) precisely half a period (i.e. 37(h, f)) away from each other.

8.3 Subharmonic bifurcations from the relative equilibria

In this subsection we show that a branch of subharmonic solutions bifurcates from the
branches A_ and A, of relative equilibria at points where the nontrivial multipliers are
roots of unity. The nontrivial multipliers of the relative equilibrium vg (with Q € I_ U I,)
are equal to exp(£2miA(Q2)), with A(2) > 1 given by (8.6). Let Qy € I_ U I be such that

3
A(Q) = 1+@ 22—9, with p,g € N, 0 < ¢ < p and ged(p, ¢) = 1. (8.19)
o 4
Then we can expect at vg, the bifurcation of so-called g-subharmonics, i.e. periodic orbits
near ['g, with minimal period near q To, = 2mq/|Q0|. Due to the S'-symmetry each subhar-
monic solution generates a torus 7} s filled with subharmonic solutions, all with the same
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minimal period and related to each other by symmetry; the parameters (h, f) identifying
the torus must be close to (F'(vq,), H(vq,)), the rotation number O(h, f) must be rational,
and the minimal period for the flow on the torus must be close to 27q/||. In order to
determine the bifurcating subharmonics we will first find the appropriate rotation number,
and then solve an equation such as (8.17) for (h, f) near (F(vq,), H(vg,)). Unfortunately, to
work this out we cannot use the obvious variables (h, f); indeed, the point (F(vg,), H(vg,))
is at the boundary of the region int(R) where the functions 7(h, f) and O(h, f) are defined,
and this makes it difficult to apply the implicit theorem to solve (8.17). Instead we will use
the variables (ws, w3), as follows.

As we have seen in subsection 8.2 each of the tori 7},  takes in w-space the form of a curve
Ap r which has two intersection points with the plane w; = 0; for relative equilibria the
curve Ay shrinks down to a point in the same plane. The idea is now to use the coordinates
(wg, w3) of these intersection points to parametrize the tori T} ;. Taking (8.15) into account
we consider the continuous mapping

(wa, w3) — (H*(wa, w3), F*(wo, w3)) := <w2 — % (y/wg + w3 — w3)2 /w3 + w§> (8.20)

which is smooth outside of the origin and maps the (ws, ws)-plane onto the region R in the
(h, f)-plane. The mapping (8.20) has a fold along the curve

A* = {(wg,wg) | 4ws = wo (\/w§+w§ —w3>}

and maps the complement of this curve in a two-to-one way onto the interior of R; the
curve A* itself represents the equilibria of (8.18) and is mapped in a one-to-one way onto the
boundary of R. We can split A* as A* = A* U {(0,0)} U A%, where A* and A’ represent
respectively A_ and A, in the (wy, ws)-plane (compare with (8.13)):

A= (@ oo (ae ) = { (U2 LB jae

For each (ws,ws3) € R? not on A* we set
7" (we, w3) := T(F*(wq, w3), H* (wa,w3)) and O (wq, w3) := O(F*(wq, ws), H* (wy, w3));

7* (w9, ws) is the minimal period of the periodic solution of (8.18) which starts at the point
(0, w9, w3), and a local analysis of (8.18) near its equilibria shows that 7*(ws, w3) can be
extended to a smooth function on R*\{(0,0)}. The same then also holds true for the function
O©*(wq, w3). Next we will calculate 7*(ws, w3) and O*(wy, w3) for (we,ws) € A_ U Ay.

Fix some Qy € I_UI,; in order to determine 7*(w2(£20), w3(€2)) we set f = F(vg,) in (8.14)
and linearize this conservative and reversible system at its equilibrium @w(€2); the resulting
matrix

0 1-0F 1493
€% €%
1-032 0 0
5
—2 0 0
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has eigenvalues © = 0 and p = £ [Q| A(20) (with A\(Q) given by (8.6)). We conclude that

2T

T (W2 (o), W3(0)) = m.

(8.21)

Moreover, we have that o, (vq,) = ¢ (v, ), which gives us via (8.16) the rotation number

@@M@@mngﬁmm@@@mzﬁﬁ’mwm. (5.22)

Now let us fix some Qg € I_ U I such that (8.19) holds; then

7 (), 03()) = and @*(wg(Qo),’Jjg(Qo)):(sgnQO)z% (mod Z).  (8.23)

Bifurcating g-subharmonic solutions correspond to values (wo, w3) € R?\ A* which are close
to (wq(€), w3(€), for which ©*(ws, ws) is rational, say O*(wy, w3) = ¢/p (mod Z) with
0 < ¢ < p and ged(p, q) = 1, and for which p7*(wq, w3) is close 2mq/|Qp|. In view of (8.23)
and the continuity of 7* and ©* this implies p = p and § = (sgn ) ¢ (mod p); therefore we
will find all bifurcating g-subharmonics by solving the equation

O* (w2, ws) = (sgn QO)% (8.24)

for (wsy, w3) near (wy(€), W3(€2). Differentiation of (8.22) shows that

O (a(0), () s

70 s #0;

o=0, 25 A(Q)

it follows that Dy, ws)O* (W2(Q0), w3(Q)) € L(R*;R) is surjective, and that the solution
set of (8.24) forms near (w9(€2), w3(€y) a smooth curve which is transversal to A* at the
same point. It is important to notice that the solutions (wq, w3) ¢ A* of (8.24) come in
pairs; the two solutions of each such pair are related by the fact that they parametrize the
two intersection points of the same closed orbit Ay s of (8.18) with the plane w; = 0 (see
the remark at the end of the foregoing subsection). When we return to the (H, F')-plane
two such related solutions are mapped on the same point; as a consequence, the branch of
subharmonics which in (w,, ws)-space crosses A* or A% at (w2(£), ws(§d)) will be folded
onto a half branch bifurcating from A_ or A, at (H(vq,), F'(vq,)). It is precisely these kind
of branches which we have obtained numerically and some of which are indicated on Fig. 2.

One may observe that the result which we have found here differs from the typical sub-
harmonic branching behaviour in Hamiltonian or reversible systems (see e.g. [4] and [24]),
where in general two branches of subharmonics bifurcate from branches of periodic orbits at
points where there are some multipliers which are roots of unity. The reason for the non-
typical behaviour of our example is the S'-symmetry; we hope to give in the near future a
more general treatment of subharmonic bifurcation in symmetric Hamiltonian or reversible
systems.
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8.4 Relative equilibria connected by bridges

We finish our discussion of the example (8.2) by finding out which relative equilibria can
be connected by a bridge of subharmonics such as indicated in Fig. 2; we do not prove the

existence of such bridges, but assume their existence based on the numerical evidence. Let
01,09 € I_U I, be such that

A(§) = ]ﬁa with 0 < ¢; < p; and ged(pi, ¢:) =1, (1 =1,2).
qi

The branch of subharmonic solutions bifurcating from A_ or A at vg, has rotation number

(see (8.23))

sgn §); q; .
0, = = (sgn ;)—, 1=1,2).

The two branches starting at respectively vg, and vg, can only be connected if ©; = O,
(mod Z). We see from (8.6) that 1 < A\(2) < 2if Q € I_, and A\(Q) > 2 if Q € I; therefore
we have —1 < O, < —% if ; €I _,and 0 < 6; < % if ; € I.. It follows that no bridge
can exist between two different relative equilibria on A_, or between two different relative
equilibria on A, . If there is a bridge connecting vg, € A_ to vg, € A, then necessarily

_a_ e (mod Z) — _a_ &

-1 = pi=p and ¢ =pr — qo, (8.25)
pl p2 p1 p2

i.e. we must have that A(Q1) = A(€22)/(A(€23) —1). This shows that for each relative equilib-
rium on A, where the nontrivial multipliers are roots of unity there exists a unique relative
equilibrium on A_ such that both relative equilibria can be connected by a bridge of sub-
harmonics; our numerical results indicate that such bridge indeed exists. These numerical
results also confirm the rule (8.25) which relates connected relative equilibria (see Fig. 2).

At this point a natural topological question arises regarding the invariant tori along a sub-
harmonic bridge: how does the flow on these tori change as we move from one end of the
bridge to the other? Remember that the flow induces opposite orientations on the relative
equilibria at both ends of the bridge. Introducing appropriate angle coordinates one obtains
explicit formulae which verify the “—1”-jump in (8.25) and which explain the reversal of
the orientation; again the numerics confirm the analytical results. Details on this particular
aspect of the model will be given elsewhere (see [27]).

We finish this rather long discussion of the system (8.2) with the observation that in this
example, as in many others, numerical continuation techniques give us some very valuable
global information which nicely complements the analytical results which usually are only
local.

9 Discussion

Hamiltonian systems with symmetry arise abundantly when modeling the most diverse kind
of applications; understanding the structure of the periodic orbits and invariant tori of such
systems forms a first but indispensable step towards understanding the full system. We
believe that the continuation method elaborated in the foregoing sections can in many cases
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help to unraffle the sometimes complicated branching behaviour of these periodic orbits;
together with local analytical results it can provide a kind of “skeleton” of the full system.
Moreover, the method is relatively easy to implement; in setting up the system there is no
need for special choices of coordinates, and all the required routines are provided by well
tested packages such as AUTO.

Beside the (more didactical) examples worked out in this paper we have applied the method
to a number of other systems; the results of these applications have or will be reported
elsewhere. First there is the mean field model for four coupled quantum wells (see [8] and
[9]). This is an 8-dimensional system which is both Hamiltonian and reversible and which has
an S'-symmetry; the example (8.2) discussed in Section 8 forms in fact a scaled down version
with only two coupled quantum wells. The method has also been applied extensively on two
particular instances of the 3-body problem (see [6] and [10]), namely the circular restricted
three-body problem and the continuation of the Chenciner-Montgomery solution [3] of the
3-body problem with equal masses when one of the masses is allowed to vary. Further models
on which the method has been tested successfully include the spring pendulum, the spherical
pendulum and the normal form system at a Hamiltonian Hopf bifurcation. The approach
can also be adapted to handle the Kepler problem which is an example of a superintegrable
system due to the fact that next to the linear and the angular momentum there is an
additional first integral, namely the Lagrange-Runge-Lenz vector.

While one can think of many more applications, also some further theoretical work remains
to be done. In particular, it would be nice to overcome the restriction to abelian symmetry
groups in the continuation results for relative equilibria as given in subsection 6.1; recent
discussions with Juan-Pablo Ortega and James Montaldi give us some hope that this is
indeed possible.

Acknowledgments

The authors wish to acknowledge fruitful discussions with A. Champneys and J. Llibre; they
want to thank A. Zevin for pointing them to the reference [21]. This work has been supported
by NATO through a collaborative research grant (CRG-972260). The work of F.J. Munoz-
Almaraz, E. Freire, and J. Galdn was also supported by DGYCIT (DGES PB98-1152) and
Junta de Andalucia. E.J. Doedel is also supported in part by NSERC (Canada) Research
Grant A4274 and NSF-KDI Grant 9873173. Finally, A. Vanderbauwhede acknowledges the
support of The Fund for Scientific Research—Flanders (Belgium).

41



References

1]

2]

[10]

[11]

[12]

[13]

[14]

[15]

D.G. Aronson, E.J. Doedel and H.G. Othmer. The dynamics of coupled current-biased
Josephson junctions II. Int. J. Bifurcation and Chaos, 1 (1991) 51-66.

L. Bates and E. Lerman. Proper group actions and symplectic stratified spaces. Pacific
J. Math. 181 (1997) 201-229.

A. Chenciner and R. Montgomery. A remarkable periodic solution of the three body
problem in the case of equal masses. Annals of Mathematics 152 (2000) 881-901.

M.-C. Ciocci and A. Vanderbauwhede. Bifurcation of periodic orbits for symplectic
mappings. Journal of Difference Eqns. and Appl. 3 (1998) 485-500.

R.H. Cushman and L.M. Bates. Global aspects of classical integrable systems. Birkhauser
(1997).

E.J. Doedel, R.C. Paffenroth, H.B. Keller, D.J. Dichmann, J. Galdan, and A. Vander-
bauwhede. Continuation of periodic solutions of conservative systems with application
to the 3-body problem. Int. J. Bifurcation and Chaos, to appear.

E.J. Doedel, R.C. Paffenroth, A.R. Champneys, T.F. Fairgrieve, Y.A. Kuznetsov,
B.E. Oldeman, B. Sandstede and X.-J. Wang. AUTOZ2000: Continuation and bifur-
cation software for ordinary differential equations. Technical report, Department of
Computer Science, Concordia University, Montreal, Canada (2000). Available from
http://indy.cs.concordia.ca.

J. Galan and E. Freire. Chaos in a mean field model of coupled quantum wells; bifurca-
tion of periodic orbits in a symmetric hamiltonian system. Rep. Math. Phys. 44 (1998)
87-94.

J. Galan and E. Freire. Dynamical mean field solution of coupled quantum wells: a
bifurcation analysis. Phys. Rev. E, 64 046220 (2001).

J. Galan, F.J. Munoz-Almaraz, E. Freire, E. Doedel and A. Vanderbauwhede. Stability
and Bifurcations of the Figure-8 Solution of the Three-Body Problem. Phys. Rev. Lett.,
88, 241101 2002.

H. Goldstein. Classical Mechanics, 2nd Edition. Addison-Wesley, 1980.

H.B. Keller. Numerical solution of bifurcation and nonlinear eigenvalue problems. In:
P.H. Rabinowitz (Ed.), Applications of Bifurcation Theory, Academic Press, 1977, 359
384.

J.E. Marsden and T.S. Ratiu. Reduction of Poisson manifolds. Letters in Math. Phys.
11 (1986) 161-169.

J.E. Marsden and T.S. Ratiu. Introduction to Mechanics and Symmetry. Texts in Ap-
plied Mathematics, Vol. 17 (2nd Edition). Springer-Verlag, New-York, 1999.

J.E. Marsden and A. Weinstein. Reduction of symplectic manifolds with symmetry.
Rep. Math. Phys. 5 (1974) 121-130.

42



[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

K.R. Meyer. Symmetries and integrals in mechanics. Dynamical systems M. Peixoto
(Ed.), Academic Press (1973) 259-272.

K.R. Meyer and G.R. Hall. Introduction to hamiltonian dynamical systems and the N -
body problem. Springer-Verlag, New-York, 1992.

F.J. Munoz-Almaraz, J. Galan and E. Freire. Numerical continuation of periodic orbits
in symmetric hamiltonian systems. Proceedings Equadiff 99 Berlin, World Scientific
(2000) 919-921.

J.P. Ortega. Symmetry, reduction, and stability in Hamiltonian systems. PhD. Thesis,
Univ. of California, Santa Cruz, 1998.

J.P. Ortega and T.S. Ratiu. Singular reduction of Poisson manifolds. Letters in Math.
Phys. 46 (1998) 359-372.

J.-A. Sepulchre and R. MacKay. Localized oscillations in conservative or dissipative
networks of weakly coupled autonomous oscillators. Nonlinearity 10 (1997) 679-713.

R. Sjamaar and E. Lerman. Stratified symplectic spaces and reduction. Ann. Math. 134
(1991) 375-422.

A. Vanderbauwhede. Families of periodic orbits for autonomous systems. Dynamical
Systems I, A. Bednarek and L. Cesari (Eds.), Academic Press, (1982) 427-446.

A. Vanderbauwhede. Branching of periodic solutions in time-reversible systems. Geom-
etry and Analysis in Non-Linear Dynamics, H. Broer and F. Takens (Eds.), Pitman
Research Notes in Math. 222 (1992) 97-113.

A. Vanderbauwhede. A short tutorial on Hamiltonian systems and their reduction near
a periodic orbit. Preprint 1997. Unpublished, available at http://cage.rug.ac.be/
“avdb/tutorial.ps.

A. Vanderbauwhede. Subharmonic bifurcation at multiple resonances. Proceedings of
the Mathematics Conference, Birzeit 1998, S. Elaydi et. al. (Eds.), World Scientific
(2000) 254-276.

A. Vanderbauwhede, F.J. Munoz-Almaraz, E. Freire and J. Galan. Branches of invariant
tori and rotation numbers in symmetric Hamiltonian systems: an example. Proceedings
of the SPT2002 meeting, Sardinia, May 2002. World Scientific, to appear.

J.A. Zufiria. Ph.D. Thesis, Applied Mathematics, Cal. Inst. of Technology, Pasadena,
CA, 1987.

43



