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Abstract

This paper deals with non-integrability criteria, based on differential Galois the-
ory and requiring the use of higher order variational equations. A general method-
ology is presented to deal with these problems. We display a family of Hamiltonian
systems which require the use of order k variational equations, for arbitrary values of
k, to prove non-integrability. Moreover, using third order variational equations we
prove the non-integrability of a non-linear spring-pendulum problem for the values
of the parameter that can not be decided using first order variational equations.

1 Introduction

Hamiltonian systems appear in multiple models of the sciences. They satisfy equations

of the form
oH . OH

“o T
where H is assumed to be real analytic on some domain § of R?". We consider the
extension to a complex domain §2 of C?". A R

If z = {q,p} € C*" we consider solutions z(t) with ¢ € D C C. The image of D by x
is a Riemann surface I'.

q

We shall consider integrability in the Liouville-Arnol’d sense:

There exist n first integrals fi, fs, ..., f, independent almost everywhere and in invo-
lution. Usually it is taken f; = H. In general the functions fi, fs, ..., f, will be considered
meromorphic in a neighbourhood of a given solution z(t).

The standing problem is to find necessary conditions for integrability, or, equivalently,
sufficient conditions for non-integrability.

Integrable Hamiltonian systems have, in some sense, well ordered dynamics, while non-
integrable ones are associated to some amount of chaos. Eventually the chaotic dynamics
can be confined to the complex phase space without showing up in the real one. A chaotic
behaviour implies lack of predictability, i.e., a sensitive dependence to initial conditions.

Typical Hamiltonian systems are non-integrable. To check non-integrability for a
concrete Hamiltonian one can appeal to numerical techniques, which can be made rigorous



by using Computed Assisted Proofs (CAP). A classical example is the Hénon-Heiles family,
HHF, a family of 1-1 resonant systems at the origin

1 1
H =i+ +4i +6) + 360 +bangy. (1)
The pioneer example [5] appears for b = —1. Figure 1 shows a Poincaré section of this

problem on the level h=0.1 with ¢go =0, p> >0. One can easily guess the presence of three
hyperbolic periodic orbits. The heteroclinic connections between them split and create
chaotic zones. There are also four elliptic periodic orbits. Furthermore, in these variables,
the boundary is also an elliptic periodic orbit. Identifying all the points at the boundary
we have S? as Poincaré section, with 5 fixed points of index 41 and 3 of index —1.
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Figure 1: Poincaré section of (1) for b= —1 on h = 0.1.

Using the first order variational equations (see Section 2) Ito proved that for all except
four of the values of b, HHF is non-integrable, see [6]. Three of the remaining cases are
trivially integrable. The fourth case b = 1/2, that we denote as degenerate Hénon-Heiles,
DHH, has been proved recently to be non-integrable, see [18].

In Section 2 we remind several non-integrability criteria, both in the perturbative case
for H(q,p) = Ho(p) +<cH1(q, p) and in the general case. Some of these criteria are related
to exponentially small phenomena. Then we present criteria based on differential Galois
theory, including those which require the use of higher order variational equations. In
Section 3 a general methodology to apply these criteria is introduced and justified. In
problems in which some “reference solution” of the Hamilton equations is known explicitly,
as in the cases presented in that paper, the methods described allow to decide, in a pure
analytic way, about the lack of integrability.

After sketching, for completeness and as a preliminary example, the proof of the
non-integrability of the DHH in Section 4, as presented in [18], we provide in Section 5
examples which require the use of order k£ variational equations, for arbitrary values of k,
along simple solutions x(t). We denote these examples as generalized DHH or GDHH.

It is relevant to stress here that the fact that for a given system, around a given
simple enough solution, requires higher order variational to prove non-integrability is,
in general, independent of the fact that the system could display large chaotic regions
in numerical simulations. The “simple enough” solutions can be more degenerate than
generic solutions. As an example, the GDHH systems show large chaotic regions in
suitable domains.



The integrability of an interesting example of non-linear spring-pendulum, SP, model
was studied in [10]. The model depends on two parameters k and a and when a = —k
the analysis could not lead to any conclusion. Using a suitable complex path and third
order variational equations, non-integrability is proved in Section 6. Besides standard
computations concerning the solutions of the involved equations, our proof requires a
kind of blow up for one of the singularities in the first variational equations. A suitable
scaling of the system, depending on k leads to a limit system which is parameter free.
This limit system is also shown to be non-integrable.

Another similar system concerns the Swinging Atwood’s Machine, SAM. The system
depends, essentially, on one parameter, a mass ratio, and has been proved to be non-
integrable except for a discrete set of values. Again using a suitable path and third order
variational equations, non-integrability has been proved. We refer to [13] for the details.

A first difficulty to apply the techniques presented in Section 3 is the need to use a
solution x(t) which is explicitly known. A second difficulty is the choice of a suitable path
for the complex time. A final difficulty is the possibility to integrate first and higher order
variational equations in a simple and efficient way.

This leads, in a natural way, to the question of the numerical check of the necessary
conditions for integrability along arbitrary paths v of ¢ € C. This approach has been
taken in [14], where a general method, based on Taylor expansions both in time and in
nearby initial conditions, is presented. The integration of arbitrary higher order varia-
tional equations or, equivalently, the transport of jets to any order along arbitrary paths
is easily automatized.

The criteria and methodology presented in sections 2 and 3 can be applied to systems
with an arbitrary (finite) number of degrees of freedom. However, for simplicity and to
be able to have simple reference solutions, we confine our interest here to systems with
two degrees of freedom and having an invariant plane.

Readers familiarised with integrability criteria and differential Galois theory can skip
next Section.

Professor Jurgen Moser largely contributed, with key and beautiful papers, to the study
of integrability and non-integrability. He was mainly using analytical and geometric tools
to this end. Present paper deals with tools which, initially, have a more algebraic flavor.
Hopefully different approaches will merge in the near future and will help understanding
the dynamics.

2 Integrability criteria

The interest in deciding about the integrability of a Hamiltonian system has lead to the
search of different kind of criteria.

2.1 Some criteria

Different methods are used for parametric families of systems, mainly based on the use of
first order variational equations, VE, along x(t), like Ziglin’s method [24] and the so-called
Melnikov methods. The basic idea of the last approach is to try to detect the splitting
of separatrices of unstable periodic orbits, i.e., of hyperbolic fixed points on a suitable
Poincaré map, as presented, e.g., in [20], either in the homoclinic or the heteroclinic case.



Some difficulties can appear when justifying Melnikov approach for perturbations of
integrable systems H(q,p) = Ho(p) + €¢H1(q,p). Indeed, if the unstable periodic orbit
is created by the perturbation, then the dominant eigenvalues are of the form 1+ O(e).
The related integrals are of the form Ae” exp(—c/e®) for some positive values of ¢ and s,
but, in principle, the remainder can be O(e"*1). One has to justify that the remainder
contains also similar exponentially small factors.

This has been achieved in different cases. In particular the problem is related to the
splitting of separatrices for area preserving maps APM. It is worth to mention here the
seminal paper of Lazutkin in 1984 (see [7]) for the Chirikov’s standard map, completed
to a full proof in [3]. In [4] a variety of cases is examined numerically with high-precision
computations. The presence of exponentially small splitting of separatrices is generic in
problems in which hyperbolic periodic points appear as a perturbation of the identity, see
[2]. For the splitting of separatrices which appear in resonant zones around an elliptic
fixed point we refer to [23].

A different situation can appear in the two-parameter case. Assume the system de-
pends on two small parameters ¢, «. Then it can happen that the splitting is of the
form Aac” exp(—c/e®)+O(a?e™™!) and the first term dominates if « is sufficiently small
(v << exp(—c/e®)). This approach was used for some problems in Celestial Mechanics
8,9, 11, 12], where the first order variational equations were used directly. The role of &
was played by a mass ratio p and the one of o by the Jacobi constant or the inverse of
the semi-major axis. But it can lead to unrealistic bounds on the required size of «.

Ziglin’s method uses monodromy matrices, solutions of first order VE along closed
paths in I based on a regular point. Non-degeneracy conditions are required for the
monodromy matrices (e.g. non-resonant eigenvalues). The results using Ziglin’s method
can be recovered using the approach of Section 2.2. This alternative approach is based
on differential Galois theory and it is presented in next subsections. It is widely used and
can be applied both to perturbative and non-perturbative problems, like in [19]. However,
it provides no information if the necessary integrability conditions are satisfied.

2.2 The Morales-Ramis theory

The results summarized here are contained in [16, 17]. See also [15] for all the necessary
background and technical details.

Consider the m-dimensional ODE & = f(x(t)) and let z(t) be a solution. The first VE
along z(t) is A = Df(z(t))A and we consider the initial condition A(ty) = Id, where
xo = x(ty) is a regular point of f. If we consider closed paths on the Riemann surface '
with base point z(, one can associate to each path the corresponding monodromy matrix.
The set of all these matrices form the monodromy group.

More generally, we can consider any linear ODE

%A(t) = B(t)A(t). (2)
We assume that the entries of B belong to some field of functions K. Let & ; be the
elements of a fundamental matrix of (2). Let L be the extension K(&11,&12, -, &mm)s
trivially a differential field. Consider the Galois group G =Gal(L | K), which is an
algebraic group. Then the following result is obtained.



Theorem 1. (Morales-Ramis) Under the assumptions above, if a Hamiltonian is inte-
grable in a neighbourhood of I’ then the identity component G° of the Galois group of the
first order VE along I is commutative.

The identity component is taken using Zariski’s topology. We also recall that the
Galois group coincides with the Zariski closure of the monodromy group.

A delicate example of application of Theorem 1 can be seen in [19]. See also [18] for
a long, but not exhaustive, list of examples where this Theorem has been used to detect
non-integrability.

If G° is commutative there is nothing against integrability. This suggests to try to
detect non-integrability at higher order.

2.3 Using higher order variational equations

There are Hamiltonian systems in which none of the previous methods gives a proof
of non-integrability, even if there is a strong numerical evidence (e.g. by computing
Poincaré sections, Lyapunov exponents, by frequency analysis, splitting of separatrices,
etc). Methods based on higher order variational equations have been introduced recently.

Let x(t) = ¢(t,z9) be the solution of & = f(x) with ¢(0,z¢) = xo. We consider
as fundamental solutions of the k-th order VE, VE,, based on xy, the string of maps
(W), o2 (t),..., " (t)) such that

p(t,y0) = @t o) + W () (yo — x0) + ..+ o™ (1) (yo — x0)* + ..,

i.e., the coefficients of the k-jet. Obviously ((!)(¢) is a solution of the first order VE=VE;.
The ©®)(t) satisfy linear non-homogeneous ODE, e.g.

d
@‘P(Q)(t) = Df(x(t)p® (1) + D f(a(t) (" (1)),
d
aw(g) () = Df ()@ () + 2D f(2(6)) (2 (1), V(1)) + D* f(x() (1 (1))?
with initial conditions @ (ty) = 0, ¢ (¢;) = 0. See [18] for more explicit versions in terms
of components. For further use we introduce the notation x;, @i.k, Tik, ker Tisky ko ks, - - - OT
the components of x and the first, second, third, ... derivatives with respect to the
initial conditions, that is, the components of (), ™M (t), p@(t), 0B (t),. .., except by

the presence of factorials.

Note that when (1) is available, all o) are obtained by quadratures.

The equation for *), k > 1 depends in a non-linear way on ) for j < k, but, for any
k, the equations for the entries of the o) can be made linear by introducing additional
variables (products of entries) which also satisfy linear ODE (see again [18] for details).

Hence, one can introduce the k-th order Galois group G, as the Galois group associated
to the linearized version of the variational equations up to order k. We can also introduce
the k-th order monodromy as the monodromy obtained with the linearized version of the
VE. The information it gives is equivalent to the information obtained by transporting
the jet up to order k. That is, starting at the point xy + £ at time ¢y one has

ptito,mo+6) = Y an(t)e" + O(lE[*), (3)

0<|n|<k
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where n is a multiindex. The jet >, <; an(to)¢" when we return to {, moving along
a path v can be seen as the k-th order monodromy along 7, to be denoted as M,. The
composition of elements in M, as a group is equivalent to the composition of jets.

Then, for any k > 1 the following extension of Theorem 1 holds:

Theorem 2. ([18]) Under the assumptions above, if the Hamiltonian is integrable then
for any k > 1 the identity component (Gy)° of Gy, is commutative.

This result gives rise to non-integrability criteria to all orders. Note that these criteria
can depend strongly on the reference solution z(¢) and on the paths taken on it. See [18]
for details.

An obvious standing question (see [18] for other open problems) is the following.
Assume (Gy)° is commutative for all k. Under which additional conditions one has that
the Hamiltonian is integrable? It is known, see [18], that there exist systems and special
solutions x(t) for which all the (Gy)° are commutative despite there is evidence that the
system is non-integrable.

The main purpose of present paper is to set up a methodology to check the necessary
conditions and then to apply Theorem 2 to different examples.

3 A general methodology to test the non-integrability
criteria

To decide that a system is non-integrable applying Theorem 2 it is enough to find a
couple of closed paths ¥, and 15, in the Riemann surface I'; such that there exists a k& > 1
satisfying

e The k-th order monodromies along them, M* and M2 are in (G})°.

e The commutator
MM = M M o 0 o 0, )

is not trivial, that is, different from the identity.

Typically one should resort to G,k > 1 when Theorem 1 gives no information. This
means that it has been possible to find two closed paths 11,15 in I" such that M{h, M{m €
(G1)? and they commute. For completeness we give some simple cases in which M {” M {p S
(G1)".

Assume that the Hamiltonian system has two degrees of freedom and an invariant
plane II. For concreteness we consider Il to be the (qi,p1)-plane. As the system in
IT is integrable no obstruction can be found related only to the (qi,p;) variables. In
particular the VE; uncouple into the “tangential” part TVE; in the (q;, p1) variables and
the “normal” part NVE; in the (gq, py) variables.

Lemma 1. Under the above conditions let 11,0y be two non-trivial paths in ', the Rie-
mann surface corresponding to a solution z(t) in II. Hence the normal parts of the mon-

odromy matrices along these paths are in SL(2,C). Then, sufficient conditions so that
M and M}? belong to (G1)° are:



i) The normal parts of the matrices M{”l, M{m are unipotent and they commute. The
simplest case appears when both parts of these matrices are the identity.

ii) At least one of the two normal parts of the matrices M{pl and M{” s non-resonant,
that is, the eigenvalues are not roots of the unity, and the matrices commute.

The proof follows immediately from the classification of the algebraic subgroups of
SL(2,C). See Proposition 2.2 in [15]. An extension of this result to more degrees of
freedom requires to know the algebraic subgroups of SP(2n,C) and the corresponding
identity components. This is not available in general, as far as the authors know. But in
some simple cases, like MI’D 7, 7=1,2 being the identity or simple enough, they are in (G1)°.
Furthermore, if one can not decide the non-integrability from Theorem 1 using a couple
of paths 11,15, then one can go the VE;, k > 1 using the same paths and Theorem 2.

Assume we have M, M{* € (G4)° and they commute. Next Lemma shows that
to get obstructions to the integrability it is sufficient to check that for some £ > 1 the
monodromies MZ ' and MZ > do not commute.

Lemma 2. Assume bel, M{” € (G1)° for two closed paths ¢, s in T and they commute.
Let us assume that there exists k > 1 such that M,fl and M;fQ do not commute. Then the
Hamiltonian is non-integrable in a neighbourhood of T'.

Proof. Let us consider a Riemann surface IV C I' obtained by deleting from I' a closed
set K containing all the singularities and leaving only in I a small vicinity of 1 Us.
By construction, the monodromy on IV, M, is generated by M{p ' and M{ﬂ > which
are in the connected subgroup (G1)°. Then the Galois group G%' is connected. Also G}
is connected, see Corollary 8.1 in [15]. Then the component (G} )° coincides with G} .
Applying Theorem 2 it follows that the Hamiltonian is non-integrable in a neighbour-
hood of I, Hence, it is non-integrable in a neighbourhood of T'. a

In order to apply the above results one has to select, first, a couple of closed paths in a
suitable Riemann surface I'. Good candidates to be used as paths 1, 15 appear when the
system has a real invariant plane and a separatrix «y(¢) on it, homoclinic to a hyperbolic
fixed point. Close to the separatrix, in nearby levels of the energy there are periodic
orbits which give rise to a closed path ;. Beyond the real period it can happen that the
solutions near 7(¢) have also a complex period giving rise to a closed path . This is the
case in classical systems, the Hamiltonian being of the form H(q,p) = %(p,p) + Ul(q), if
~v(t) is homoclinic to a hyperbolic fixed point P. Then the changes ¢ = v,p = iw,t = —is
lead to a Hamiltonian K (v,w) = 3(w,w) — U(v) with respect to the new time s. The
point P becomes elliptic for the new Hamiltonian, and it is surrounded by periodic orbits
which correspond to periodic orbits of imaginary period of the Hamiltonian H.

In many typical examples the path ¢! 097! 0105 09, can be deformed in I', without
passing through any singularity, until we obtain a path which has arcs close to several
singularities. Then we are faced to a part of the analysis which can be done locally
around these singularities and another, more global part, which involves the passage from
the vicinity of a singularity to the vicinity of another one.

We should also remark that there is freedom in the choice of the level of energy h of
the solution z(¢) that we consider. If the commutator at some order k is different from
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the identity for some level of energy hg then, due to the analytical dependence on h, it
is also different from the identity for nearby, suitably chosen, values of h. We recall that,
when the solutions of the first variational equations are available then the solutions of the
VEy, k > 1 are obtained by quadratures along regular paths. In particular, in the case of
classical Hamiltonians as before, the computations can be done along the separatrix and
be used to prove non-integrability in a neighbourhood of a nearby periodic orbit.

It is also important to stress the following fact. Assume the Hamiltonian has an
invariant plane II and z(¢) is contained in II. The possible lack of integrability should
show up when we consider effects in the directions “normal” to II. However, the part of
VE in the normal directions depends also on the behaviour in the “tangent” directions.
This can be checked in the examples studied in Section 6 and in [13], where one can see
that the differential equations for variables like @, kys @ik, ko.ks, €ven if all the indices
1, k1, ko, k3, ... correspond to normal variables, involve variables in II.

Note that singularities can appear in the Riemann surface I' for some values of ¢ for
the solution z(t) itself but additional singularities can appear for the VE along x(t). They
must be taken also into account. An example of this situation will be given in Section 6.

But it can also happen that despite no singularities appear for the reference orbit z(t),
some singularities show up for the VE. Assume there are two of them, t* and ¢**, and let
11, Y9 be two closed paths starting at a regular point and encircling t* and t**, respectively.
If the monodromy matrices M{ﬂ Y M{ﬂ * satisfy some of the conditions in Lemma 1 then to
prove non-integrability one should still check that the commutator in (4) is not trivial.
An illustration of this case is shown in [13].

In general no explicit solution is known for an arbitrary Hamiltonian with n degrees
of freedom. But assume we are able to find, numerically, two paths 1,1, such that
ij,j = 1,2 are in (G;)° and we can also compute M;fj,j = 1,2 along them for some
k > 1. If the numerical computations give strong evidence that the commutator (4) to
order k is not trivial, we can try to prove that this still holds when we account for the
numerical errors (see [14] for several examples). In fact it possible to do a Computer
Assisted Proof of non-integrability following these steps.

In the next sections we apply the methodology presented here to prove non-integrability
of some systems in cases which can not be decided using only VE;. All of them are clas-
sical Hamiltonians with two degrees of freedom and a separatrix, and it is checked that
Mf 7.7 = 1,2 satisfy some of the conditions in Lemma 1, for some suitable paths, be-
fore proceeding to the computation of M;f .7=1,2for k > 1. A different example, non
involving any separatrix, can be found in [13].

4 A degenerate Hénon-Heiles system
We return to the DHH Hamiltonian
1 1 1
H=-pi+p+ ¢ +6)+ 54+ =06 (5)

2 3 2

This was the seminal example for the theory in [18] where the non-integrability of (5) was
proved. We sketch here basic ideas of the proof because they will be useful in what follows.



As usual we denote also the variables (q1, g2, p1,p2) as (1, 2, x3, 24). The system has
two fixed points. One of them P,.. located at the origin is totally elliptic and in 1-1
resonance. The second one P, = (—1,0,0,0) is hyperbolic-parabolic (H-P). DHH is the
only member of Hénon-Heiles Family with an H-P point.

The Hamiltonian (5) has an invariant plane II = {3 = 24 = 0} On that plane the
equations of motion are

Ty = T3, T3 =—(1+x1)1 (6)

and the solutions are given by elliptic integrals. In particular there is a separatrix [y on
the energy level H = hy = 1/6, through P, given by

3/2  —(3/2)sinh(t/2)

n(t) = cosh?(¢/2) -1 z(t) = cosh®(t/2)

(7)

Hence, we are facing a classical Hamiltonian systems with a separatrix as described in
Section 3. The Riemann surface I'y, corresponding to the separatrix is a cylinder, while
the Riemann surfaces I'j, for nearby h < hg are tori. In both cases the solutions z(t) have
a double pole that be denote as t,.

There exists numerical evidence that (5) is non-integrable (see [18] for a Poincaré
section on the level h = 1/5) but for h < 1/6 the chaotic zones are hardly visible.

The equations for ®) k > 1, have a singularity only at ¢,. All the x;;, (solution of
VE;) are known in terms of hyperbolic functions. In particular the normal variational
equations NVE;, are of the form

& = 1o, 1y = —(1+ 11)&. (8)

This implies that there are solutions of (8) which are proportional to the solutions z1, x3
of (6). In particular, if we start the solution in I' at a point of the form (z1,0) we have
that the first column of the normal part of the monodromy at the end of the period, either
the real or the imaginary one, returns to £&; = 1,7, = 0. Hence, taking as v, and 5 the
paths along these periods, both matrices are unipotent and, hence, in (G)° according to
Lemma 1.

Consider a small loop v around t,. Integration along « cancels for all x;.x, Z;.%, k,, but
it is different from zero for some components of ¢ (e.g., it gives %Zﬂ'i for x9.09.2).

By continuity with respect to parameters along a regular ~ this is also true for nearby
energy levels h < hg. The path can be deformed to a period parallelogram 4. Hence
the third order monodromy M, is different from the identity and, therefore, (G3) is not
commutative, proving non-integrability of DHH.

We can interpret that result in terms of jet transport. After transporting along v the
initial variations & we recover ¢ at first order, zero at second order and something different
from zero at third order.

4.1 Dynamical information on the DHH system

System (5), beyond requiring third order variational equations along the separatrix to
detect non-integrability, has some interesting dynamical properties. We list here some of
them. They are obtained using standard normal form (NF') techniques supplemented by
numerical analysis when dealing with global properties.



1) In contrast with the classical HH model, see Section 1, only two families of simple
periodic orbits emanate from P.., that is, families whose limit period when the
energy h — 0 is 2. For the classical HH eight families show up (see Section 1). In
particular the two families for the DHH are elliptic for small A.

Using ¥ = {¢2 = 0} as Poincaré section and (¢, p1) as coordinates on it, for small A,
the periodic orbit living on ¥ is the boundary of the admissible domain. The other
periodic orbit, that we denote as vertical p.o. is seen on Y as an elliptic fixed point
located on F, = (¢V,0), where ¢{ = O(h). The Poincaré map PM is very close to
integrable. The rotation number around F, is O(h). This can be expected because
of the 1-1 resonance.

It can also be derived from a NF study that the first Birkhoff coefficient of the
Poincaré map around F, is negative. Hence, points going away from F,. rotate
around it with decreasing angular velocity under PM. This also guarantees the
applicability of Moser’s twist Theorem [20].

2) When changing h it has been checked that the first Birkhoff coefficient changes sign
at h =~ 0.11. As this is far from zero, a classical analytic proof seems to be unfeasible.
But the techniques which are presented in [14] allow to compute easily higher order
Taylor representations of PM around Fv..

As a consequence, the rotation number (of an integrable approximation of PM)
around F, passes through a maximum and the existence of meandering curves (see
[22]) follows.

All these variations of the rotation number are also associated to the creation of
subharmonic periodic solutions.

Figure 2: The global W} manifold, which coincides with a family of periodic orbits. See
text for additional details.

3) The fact that system (5) has a hyperbolic-parabolic point shows that P, has a 2D
centre manifold Wy . A NF computation shows that, on Wy, the Hamiltonian has
a dominant part of the form $y? + {z*. This implies the existence of a family of
periodic orbits tending to Py, when h — 1/6. Let A = h —1/6. Then the period of
these orbits behaves as O(A~'/4) and the dominant eigenvalues of the monodromy
matrix along it are extremely large due to the hyperbolic character in the normal
direction and the very long period.
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An interesting feature appears when trying to globalize W}’ . Locally, on each level
of energy, should consist of a periodic orbit. A numerical continuation shows that
this family of periodic orbits coincides with the family of vertical p.o. emanating
from P,. as described in 1). Figure 2 shows a representation of the family (and
therefore of the global behaviour of W) in (g1, g2, ¢2) coordinates.

The approximated circular hole seen in the front part corresponds to the location of
P,. , while the elongated hole on the back corresponds to the location of FP,. The
blue curve is the periodic orbit which is found for the maximal value of h.

5 Systems requiring order k£ variational equations

Concerning the applicability of Theorem 2 one can ask if there exists examples such that,
along some simple solution, it is necessary to go to an arbitrary high order to decide that
they are non-integrable. In this section we show examples of this kind.

As an extension of DHH let us consider, for n > 2, the generalized degenerate HH
problem, GDHH, with Hamiltonian

L (9)

1 1 1
H=-pl+p3)+ ¢+ ¢+ (1 +a)

2 2 3
which for n = 2 gives DHH. We shall consider n > 3.
The only fixed points are the origin and the point F,, as before. Note that now the
origin becomes elliptic-parabolic while P, is still hyperbolic-parabolic. This difference
implies that the results for n = 2 and n > 3 are slightly different. The Hamiltonian (9)
has the same invariant plane II and the same separatrix I'y as DHH.
Our goal in this section is to prove the following result

Theorem 3. For any n > 3 system (9) is non-integrable in a neighbourhood of the
separatriz 'y sitting on the qo = ps = 0 plane. To decide the non-integrability one
should use the order n — 1 monodromy M, _; along a suitable path, all the lower order
monodromies M,k <n — 1 being trivial.

Proof. The separatrix has been given in (7) and the first order VE uncouple. The
“tangential” part of the solution, containing 1.1, 3.1, 1.3, 3.3, is given in formula (42) in
[18], but it is not necessary now. On the other hand one has x99 = 244 = 1,204 =1, all
the other elements x;.; being zero. This shows, in particular, that for the NVE,; (i.e., the
“normal” part) the monodromy matrices along both real and imaginary periods for levels
of energy close to the level of the separatrix are unipotent and so Lemma 1 applies.

Let f; be the components of the vector field and fi.k, fi:ki ko» fisk1 ko ks» - - - the higher
order derivatives. From the expressions of f; it follows that all the derivatives of order
higher than 1 are zero along the separatrix except

f3;1,1 = _27 f3;k1,...,kn = _17 f4;k1,...,kn_1 = _(1 + .Tl), f4;1,k1,...,kn_1 == _17

where all the k; indices are equal to 2.
Hence, for any k with 1 <k < n —1 all the entries of VE;, of the form z;;, , ; with
i €42,4}, jm € {2,4}, m = 1,.. ., k are identically zero.

11



The lowest order VE; for which some of the components of the form z;
above, is different from zero is k = n — 1. They are

d ( Tog,. .k 0 1 Toky.. k 0
et k1K1 _ k1o kn—1 1
dt < Taiky oo 00 Ty )\ (1) ) (10)

where all the k; indices are equal to 2, as before.
We can take a path I'y starting at ¢t = 0 and do a loop around t* = 7i. After the
loop the solution is

< ks ... k1 ) / < t(1+ ) )d < —127i )
= t = )
x4;k1...,kn_1 To _<1 + xl) O
For completeness, we can consider an equation like (10) where, among the derivation

indices appears 2 a total of n; times and 4 a total of ny times, with n; +n, =n —1. The
related integrals are

na+1 _ \n2+1
/ (t m(”“))dt:( 12(n2+1)§121) ) an
r \ —t"2(1+ ) 12n9 (1)
which proves that all the elements =, k., ., % € {2,4}, k; € {2,4} for all j are different
from zero with the exception of the element x4 .
At that point we apply the same arguments for h < hg, close to it, as before, and use

the result of Lemma 2. Hence, in a neighbourhood of I', the system is detected to be
non-integrable using (G,_1)° but not using (G;)°, 1 <k <n —1. O

2J25eJk as

6 A non-linear spring-pendulum problem

Consider a spring-pendulum problem with non-linear spring, having the Hamiltonian

1 2 k
H = 5 <p3+%) —Tcos(9)+§(r—1)2—%(7“—1)3, (12)
where the real constant £ is assumed to be positive. Simple solutions are obtained, for
instance, for pg = 0 and § = 0 or 7. Letting aside the trivial case £ = a = 0 non-
integrability has been proved if k + a # 0 in the nice paper [10].
These authors claim that for a = —k, along the chosen solution, the analysis around

the imaginary singularity of r(t) (see (13)) of the m-th order variational equations up
to m = 7, shows that no obstructions to integrability are found. Furthermore numerical
computation of Poincaré maps gives strong evidence of non-integrability. This asks for a
clarification. In this section we shall be concerned with the non-integrability.

When a = —k we have a separatrix given by
(t) ° 0 0 (13)
r = Y - - Y
P osn? (6t) bo
where

p=01-7)/2, a=3y/2, B =ky/4, ~v=(1+4/k)"

similar to the DHH case. It is on the level of energy hy = (% + %) v+ % — %

12



Let us look first to VE; along (13). ¢ is the solution of oM (t) = B(t)eM(t),
oW (0) = Id. Tt uncouples in two linear systems for r, p, and 6, pg with matrices

Bl:(k‘(lg%“) (1))782:<—0T Toz)' (14)

We note that, as k > 0, the parameters in (13) satisfy a > 0, p <0, o+ p > 0. But
the separatrix (13) tends, for t — %00, to the (non-physical) value p < 0. In particular
it takes the value 0 for ¢ = ¢ = =+ COSh_'l(—a/p)/ﬁ. In other words, the radius r(¢) has

period %1 and a double pole at t, = g—ﬁl Hence, B, has singularities at ¢, and also at
ty € R, where r(t1) = 0. A similar thing, existence of zeros of r and of singularities,
happens for the (doubly) periodic nearby solutions on energy levels h < hg, h ~ hy. A

suitable path can be chosen to prove
Theorem 4. System (12) is non-integrable when a = —k.

Proof. We shall give here the main steps of the proof. The computational details will be
given in the next sections.

Using circles of small radius € let v; . be paths emanating from the origin and en-
circling the respective singularities ¢, . _ as shown in Figure 3, traveled counterclockwise.
It is clear that the singularities depend analytically on the level of energy h. Then, as
explained before, one can do the computations on the level hg, when required.

We will show, first, that along each of v, . _ the variation of the entries of ¢ cancels.
Then one has to compute the variations of the entries of ¢(? and p® along 7, . . After
proving that the variations of ® also cancel, it will be enough to show that some of the
components of ¢ has a contribution different from zero.

Furthermore by deforming the path v_ o+, o~y for a level of energy h < hg, h ~ hg
we obtain a circuit which is equivalent to the commutator 15" o ¢! 0 1y 0 4y where o
and 1, are the paths giving rise to real and imaginary periods, see Figure 3. In Lemma
3 (see subsection 6.2) it will be proved that we are in case ii) of Lemma 1. Hence the
monodromy matrices along 11,1, are in (G1)? and one can proceed with the higher order
monodromy according to Lemma 2.

Along ~, the variational equations up to order 7 give a trivial contribution, according
to [10]. Additional evidence (see [14]) seems to indicate that along ~. they cancel to all
orders. In the sequel it will be proved up to order 3. The inclusion of v, and ~_ in the
path is essential to prove Theorem 4.

It is immediate from the symmetries of the equations (locally, around ¢ = 0, and start-
ing with initial conditions of the form (13)) that the parity of an element z;, ik, , ik, ko,
Tisky kookss 1 1t 1S nOt identically zero, is the same as the parity of

P =#{i,ki,... ks € {3,4}}, (15)

where s denotes the order of the variational equations. Furthermore we observe that the
path v_ is minus the path v,. We shall prove, in subsections 6.2 and 6.3, that all the
non-zero values of the components of ©® at the end of v, are purely imaginary.

Hence, it is easy to check that the non-zero elements of ¢ along ~, are imaginary
and keep the sign when we pass to y_ if P in (15) is even and change sign if it is odd. As
the monodromy up to third order along ~; _ is the identity plus third order terms, it is

13



t+il t, i
. @

ot

1 t t t
° Y. ° L e e
0 Ys NS N

Figure 3: Left: Path for the proof of Theorem 4 around the three singularities of the
variational equations. Right: the path deformed to a period parallelogram, avoiding the
singularities. Here ill denotes the imaginary period on the energy level h.

enough to double the value of the elements at the end of v, which keep sign when passing
from v, to y_.
Concretely, the non-zero elements in ¢ at the end of v, are of the form:

L2222 = Al, T2.2924 = —C1l, 2244 = di, L2444 = —€1,

T4;222 = bi, L4224 = —QA1, Tg244 = Cl, Ta444 = —di,

where a, b, ¢, d, e are real positive. Therefore, only
X2:222 = 2a 1, 4,224 = —QCLI, X2:244 = 2d 1, Tg;444 = —2d1

remain at the end of the full loop. It is clear that the structure of the coefficients (z2.922+
Ty094 = T2924 + Tapa4 = Ta244 + Taaaa = 0) at the end of v, follows immediately
from symplectiness of the return time map. Therefore, the only thing to prove, beyond
the fact that some elements are zero is a > 0,d > 0.

The computational details are provided in Subsection 6.2.

Using the continuity and deformation arguments with respect to the level of energy,
as in previous cases, this proves that system (13) is non-integrable for a = —k, k> 0. O

6.1 A limit Hamiltonian when £ — 0

When k£ — 0 in (12) the role of the spring disappears and the solution (13) goes to infinity.
A suitable scaling of variables and time can be introduced as follows:

(R’ @’ PR’ P®7 S) = (kl/Qrv 07 k1/4pr7 k3/4p07 k1/4t)7
giving rise to the Hamiltonian

1 P2
H:—(P§+—9

2 R?

1 1
— Rcos(©) + —R? — EY2- R,
3 2
This system is analytic with respect to the parameter k'/2. This suggests to study the

limit system
H= 1 P2+ Lo _ Rcos(O) + 1R3 (16)
2\ R 3

14



which is parameter-free, like the classical Hill’s problem [19]. The basic solution for R is
like (13) with (p, a, 8) = (—1,2,1/+/2) and singularities (s, s+) = (7/v/2, £v2log(v/3 +
v/2), all of them now finite.

All the computations done for (12) are repeated for (16). The approximate values for
a,d are ag ~ 18.10054308, dy ~ 3.24984189 (see [14]). Furthermore, undoing the scaling,
we recover the values a = ag + O(k'/?), d = dyk*? + O(k?). The scaling will be useful in
the proof of Theorem 4, but the numerical information above is not used and given only
as a complement.

6.2 Analytical details for the proof of Theorem 4

This section is devoted to perform the computations needed in the proof of Theorem 4.
The first variational equations uncouple in two systems

51 = &3, 53 = —k(2r — 1)&, (17)
and
£y = 72y, £ = —r&y, (18)

where r = p + o/ cosh?(t) as defined in (13) Following the notation introduced in Sub-
section 2.3 we write

o (t) = ( 214 (t) xm(g ) = ( x222(t) y,4(t) ) ’ (19)

w31 () w33(

for the fundamental matrices of the systems (17) and (18), respectively, such that ®;(0) =
I, and ®5(0) = I. We remark that trivially

z;; =0 if the parity of ¢ and j is different. (20)

The system (17) can be solved explicitly. We obtain

5 (. 3 2 9 sinh(St)
() = 8 <1 cosh?(St) * 5 cosh™(B1) + 36tcosh3(6t)) ’
Balt) = o310, (21)
w3 (t) = #1a(t),  wy3(t) = d1;3(t).

Lemma 3. On energy levels h < hg, h = hy the matrix ®5 along the imaginary period is
non-resonant. Furthermore it commutes with the one along the real period.

Proof. The commutativity follows immediately from the absence of logarithmic terms
in the solution of (18) along the three paths 7, ,_. Let us proceed to show that the
monodromy matrix along the imaginary period is non-resonant for values of h < hg
arbitrarily close to hyg.

According to the discussion following Lemma 2 concerning classical Hamiltonians with
a separatrix, the periodic solutions with imaginary period are equivalent to real periodic
solutions of the Hamiltonian K = 1p? — [—r+ £(r—1)?+ %(r —1)?] around the fixed point
r=rp= %(1 —7) < 0,p, = 0. Introducing a local variable o = r —ry the equation for the
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periodic orbits is ¢” = —A%c + Bo?, where A = k(1 —2ry), B=Fk and ' = d/ds, s = it.
Small amplitude solutions, with a small parameter ¢ related to changes in the energy
level, can be obtained using Lindstedt-Poincaré method, see [21]. They are of the form

o(s) =e(z+ 271 + %(ag + aza(2* + 272)) + *(az3(2° + 272)) + O(e"),

where z = exp(iws), w = wy + woe? + O(e?). The NVE; along these solutions are &, =
r=2&y, € = r& which can be written as a second order linear differential equation. It is
useful to introduce u = r& which satisfies a Hill-like equation of the form

'+ (C? +Do)u=0, C*=k(1-r;), D=—k.

The solutions are found using Normal Form methods, see [1].
Summarizing, the monodromy matrices along the imaginary periodic solutions of the

initial Hamiltonian H are symplectic matrices of the form CCL o) because of the sym-

metry of the periodic solutions Moreover a = cos(27v(¢)), v(e) = vy + 19e? + O(e*) where

3+ 14ry
= 1-— 1-2 = )
) \/( )/ ( TF)y V2 =1 3(1_277)2(3_277)

Resonance is produced if v(e) € Q. If v, # 0 then by changing e there is a set of full
measure in € which avoids resonance. For r; = —3/14, which corresponds to k = 196/51,
either some of the coefficients 15,7 > 1 is non-zero or all of them are zero. But in the
last case one has v(e) = vy = 1/17/20, which is a quadratic irrational and prevents again
from resonance. O

The solutions of (18) will be obtained as power series in a neighbourhood of the
singularities t,,t. = +f. We can write (18) as

oo 2r . 1
S+ —&+-6=0. (22)
r r
Assume that x 1,2, are two linearly independent solutions of (22). Then we shall write
.Z‘Q;Q(t) =axysp (t) -+ b ZL‘fQ(t), 1‘2;4(1:) =CTp (t) + d l‘fg(t), (23)
for some constants a, b, ¢, d. Using (18) we have
pap(t) = rd2a(t),  @aa(t) = r'opa(t). (24)
The second order variational equations can be written in components as
4 4
Figige = O fik Thjugs T D Fikr s Thijy Thosior 1 <41, o S 4 (25)
k=1 ki,ka=1

For a fixed pair of indices (j1, j2), equations in (25) uncouple in two linear systems

. . . )
L1y jo = T3y jas Tojyjo =T Tagjygo + N2y jas

:t3;j17j2 = k(l - QT)xl;jmé + h3;j1,j27 Tasj1,jo = —T T2 ,4p T h4;j17j2’ (26)
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where the functions ha,j, j,, R3.j, oy Payjr j» depend on r and the corresponding solutions
of the first order variational equations. They are summarized (besides a permutation of
indices), together with the integrands I, j,,@ = 1,...,4 which appear in the solutions,

in tables 1 and 2, where to simplify the expressions we have introduced

2 .9 2 ) L . .
D2,2 = 1’2;2 — 27“372;2, D2,4 = 1’2;4 — 27“372;4, DM = X2:2T2:4 — 27’1‘2;21’2;4.

The indices j1, j2 such that they or their permutation do not appear in tables 1 and 2
give rise to variables identically zero. This is mainly due to (20).

J1 | J2 h3;j1,j2 Il;jl,jz I3;j1,j2
111 —2k x%, 2k, w13 —2kxt,
1 3 —2k 21,1 L1;3 —2](?[[’1;1 l‘ig —2](?[[’%;1 x1:3
2|2 —D2;2 !E1;3D2,2 —$1;1D2,2
2 14 —Dy $1;3DM —$1;1DM
313 —2k 174 2katy | —2kaxi; a1
4 | 4 —D2;4 !E1;3D2,4 —$1;1D2,4

Table 1: Independent terms hg.;, j, in (26) and integrands Iy, ;,, 13,5, j, in (27).

Ju| Je hagigo | Pagigs | oo Laj, 5o
12|20t T1 T | —T1102 1’1;1DM —1’1;1D2,2
14| =21 T11 Tog | — X110y $1;1D2,4 —!E1;1DM
23| —=2rt T13 T2 | —T1;3T22 IE1;3DM —!E1;3D2,2
34| —2rt T1,3 T2 | —T1,3T24 $1;3D2,4 —!E1;3DM

Table 2: Independent terms hg.j, j,, hasjy j, i (26) and integrands Iy, j,, La.j, j, in (27).

1235152 g

3x1,22D0 — Tx§;2x2;4

T122D24 + 2x104D 0 — Tx%;2$%;4
2x1,04 D24 + 1,44 D0 — 7“372;2375’;4
31’1;474D274 — T.T%A

NI O G hend
NN N g
I O N V1l

Table 3: Ig;j17j27j3 .

]4;j17j27j3

—3x1,22022 + Txé;g

—1.00Dn — 2x1.04D2 9 + Tx§;2x2;4
—221,94Dp — T104 D00 + 1735573,
—31’1;474DM + Tx2;2x§;4

OO O Y e
N TR
B NS

Table 4: I4;j1,j2,j3 .

The solutions of the linear systems (26), with initial conditions equal to zero, can be
obtained in terms of some quadratures involving the solutions of the first order variational

equations as
J-eo(fine) (zmz)-eo(fi). o

‘1
( L1;51,52 fo 2;71,J2
L3;51,52
17

Jo Tiji o t
fo 14;j17j2

Jo T o



where I, ;, j,,© = 1,...4 are given in tables 1 and 2.

In a similar way, we can obtain the third order variational equations. For our purpose
we only need to consider the variables o, j, ;s and ., j, js, for (j1, ja, j3) € I, where
7=1{(2,2,2),(2,2,4), (2,4,4), (4,4,4)}. We get

t

Towir i Lo s s

( 7.?17.?27.?3 ) — @2(2(:) ( fot I 371572573 , (28)
T 451,542,533 fo 4;91,52,J3

where I,.;, j, j, are given in tables 3 and 4

Remark 1. The integrals f(f 21,5029, fot 215024, fot x1.,;Dy, for j = 1,3 are linear com-
binations of I;, J;,1 = 1,2,3 where

t t
[i = / xl;lDiu JZ = / $1;3Di7 1= 1, 2, 3,
0 0

being
D1 = l’?zl — 27’5'63:1, D2 = SL’?:Q — 27’5'63:2, D3 =Tf1Tfr — 2T.i’f1$i’f2.

Remark 2. Using the expressions of 1,22, T1.0.4, and T1.4.4, derived from (27), fg Liij1 oo
fori=2.,4,(j1, j2, j3) € I can be written as linear combinations offot A and fot B, ; where

t t
Ai,j = [ZJ_] — JZ[_] = 1’1;1Di/ .Tl;ng — 1’1;3Di/ .I‘l;le, Z,j = 1, 2, 3, (29)
0 0

Bij = rajyah, 0<4,j<4, i+j=A4, (30)
the dot denoting the derivative with respect to t.

The next proposition shows that the variations of the entries of ¢® and ¢® cancel
along ..

Proposition 1. For any k > 0, ;j,4,, ¢ = 1,...,4, 1 < 1,52 < 4 and x,, j, 5, for
i =2,4, (J1,J2,J3) € I cancel along the path v, defined at the beginning of Section 6.

Proof The proof goes as follows. First, we shall develop the solutions of the first order
variational equations around the singularity ¢,. This will show that ®(¢) and ®4(t) do
not change after moving along a small circle around ¢, (see Figure 3). Then we shall
prove that the residues at ¢, of I,.;, ;, and I;;, j, ;, given in the tables 1 to 4 are zero. This
implies that going through the small circle around ¢, the variables do not change. Then
the proof finishes by taking into account that the variation going up and down from a
neighbourhood of zero to a neighbourhood of ¢, trivially cancel. In the rest of the proof
we shall made explicit the required computations.

Let us consider a neighbourhood of t, = 71/(25). We introduce 7 = t — t,. Then, the
following expansions hold

r(r) = Z T, x11(7) = Z e, x13(7) = Z d;7, (31)

is—2 i>—3 i>—3

where the main coefficients r;, ¢;, d; are given in the appendix 1.
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Furthermore, using Frobenius method we easily see that

zp(T) = o + oyt +agTt + ..., Tpo(T) = 7'5((340 + Ao 4 Gyt + . ), (32)
k . 5k . k(k—2),
= ——« Qo = —Q Gy = ——"04
4 24 05 2 42 0, 4 144 0,

and ag, &g are arbitrary values different from zero. Then
Dy =ai +0(r), Dy=0(%, Ds=0("). (33)

This implies that the residues at ¢, of x1.,D;, x1.3D;, for i = 1,2, 3 are zero, and the same
is true for I, j,, for i = 1,3 and (j1, j2) € {(2,2),(2,4), (4,4)}, and for I»;, ;,, 4
The residues of 3, 1.3, 23, 273, 211275 at t, are the following ones

J20 H45g1,92

= 2673 €1d1 + €5d73) + €%d73 + 62_3d5 = O,

;100 ) (
R* (:1:1;1;1:?;3) = 2d73<€1d1 + €,3d5) + €5d%3 + 673d? = O,
R. (xil) 3e_s(e? +e_ses) = 0,
R* (.’L‘ig) = 3d,3<d% + d73d5) = 0.

Let us consider now Is.j, j, s, 14.5, .5 given in tables 3 and 4. Using the Remark 2 we
only need to compute the residues of B; ; and A; ;. It is immediate to see that B, ; and A, ;
have residue zero for any (i, j) except for A; ;. However a simple computation shows that

R*(Al,l) = aé(e_gdl — Gld_g) = 0,
where the expansions (31) have been used. O

For the remaining part of the proof of Theorem 4 we begin with the analysis of the
behaviour along ..

Proposition 2. For any k > 0, 2., 4,, 1 = 1,...,4, < ji, j2 < 4 cancel along the path v
defined at the beginning of Section 6. Furthermore, ;.j, j, iz, for i = 2,4, (j1, j2,j3) € T
do not cancel simultaneously along 7.

Proof The proof follows the same steps as the proof of Proposition 1.
Let us consider a neighbourhood of £,. We shall keep for the coefficients the notation
introduced in the proof of the Proposition 1. Let be 7 =t —t,. We obtain

r(r) = Zrﬂ-i’ 21.4(7) = Z e, 213(T) = _2&162 Zirﬂi—l’ (34)

i1 i>0 is1

where the main coefficients r;, e; are given in the Appendix.
Furthermore we obtain the following linearly independent solutions of (22)

xp(T) = Qo+ T+ T+,

A

a_ ~ ~
gjf2<7') = Tl + a1 T + 0427'2 —+ ... y (35>
1 1 k k
= - = — A\ = — Af \ = — 3 - k 4 k Af
aq 27“10{0’ Q2 4T%a07 aq 305 1, &%) 72T1< +7( + ))O{ 1)



where g, &_; are nonzero arbitrary values. Then trivially, ;11, li13, i3, for i = 1,3

have residues equal to zero at t..
Moreover we easily compute the residues of xy,,D;, i = 1,3, j = 1,2,3 as

Ri(z1aD1) = 0,

RJF(.Tl;lDQ) = 642_17“1(]{?60 — 262) = O,

Ri(r11D3) = eob—q(ag+ 2a;ym1) = 0,
R+(371;3D1) = 0,

R_i_(l‘l;gDQ) = —?O[ 1’["1( 27“36[_1 + lel) = 0,
R+($1;3D3) = 2 620( 1’["1(0(0 + 20(17"1) 0.

Using (34) and (35) we have that the coefficient of 77! in A, ; is equal to 0 except for

Ay 2, A2q and Aso. In these cases we have the following values

Ri(A12) = Ri(A21) = s—=a5a% ri(errs — e),

200 52
8 .3 . 2

R+<A2,2) = 04—62&71&27,1 (617’1 — 60) + a—ﬂzafl

te1r1 (—9ryry + 4rs) — 3earirs 4 2esr] + 647’?) )

(eo(9r175 — 4rg + 1y — 5rirs)+

Furthermore

3. .
Ry (Bos) = 5051797“1, R (Bag) = agd® iy,

e’
R+ (3173) = a‘il(?() + 7“1&1) = O, R+(B470) = R.,_(Bg@) =0.
Therefore

R (ry,) = 6a*0° Ry (Bas) + bRy (Boa),

(T:L‘2 5 T2.4) = 3ab(ad + bc)Ry (Bgs) + b*dR . (By.4),

Ry (rajyasy) = (@d® + b*¢® + dabed) R (Ba ) + b*d* R (Bo ),
Ry (reopas.y) = 3cd(ad + be) Ry (Bas) + bd* R4 (Bo),

R (rag,) = 6¢°d* Ry (Bays) + d*Ry(Boa).

The residues of I;;;, j, j, at t4 can be written in terms of
Xl - RJr(ALQ) - R+<BQ72), XQ == 3R+(A272) - R+<BQ74).

However X; = 0 and we simply obtain
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where
E(1+2y) 292 —v—1
3 (v +1)?

X, =24, # 0.

We note that the following relations hold

R+<[2;2,2,2) = _R+<[4;2,2,4>7 R+<[2;2,2,4> = _R+ <[4;2,4,4)7 RJr <[2;2,4,4) = _R+<[4;4,4,4>-

To finish the proof of the lemma we must prove that b # 0 and d # 0. Let us introduce

_(a c _ Ty1 T f2
C_(b d)’ (I)f<t)_<7’2jff1 T2i‘f2>.

Using (23) we have that C' = (®;(0))~'. Then

1 . 1
b= —BTQ(O):cfl(O), d= 5xf1(0)

where D = det(®;(0))* # 0. The next lemma will finish the proof of Proposition 2.

Lemma 4. Let be r and x4y as defined in (34) and (35) respectively. Then zpy and r*i p
do not cancel att = 0.

We shall prove this lemma in the next subsection. a

6.3 Proof of Lemma 4

Let us consider the first order variational system in (18) written as
=12y, Yy =—rzx, (41)

where we remind the expression of r(t) from (13)

"= 50 s B=80)= /5 (42)

We recall that x 1 (t),ysp1(t) = 72(¢)d1(t) is a solution of (41) in a neighbourhood of the
singularity t =1,.

To prove Lemma 4 we shall perform a blow up of the singularity ¢, in order to see
xf1(t),yp1(t) as a branch of the stable manifold of a saddle point for some regularized
system. In this way the proof of Lemma 4 is reduced to study the behaviour of such a
stable manifold. To do this we shall use qualitative techniques.

For the proof it will be necessary to consider separately the cases v < 7/5 and vy > 7/5
and introduce different formulations for the equation (41).

We start with a technical lemma concerning ¢, as a function of ~

1+¢a+mmwﬁ_

= ta(0) = o
SRR TRl W s a2y )

Lemma 5. Let vy be such that 1 <y < 7/5. Then t (v) is an increasing function such
that lim,,_1+ t4(y) = 0. Moreover t(7y) goes to infinity as y — oo.
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Proof We compute

dt, 1 ((72+1)t+ 3 ) 1 ((72+1)

InY (y) - 1) :

&y~ 2801 \Br+12(—1) \[A(0+29) | 7 28G-1) \ 2y +1)
where

T+ (T+29)/(37)

C1-/1+29)/(39)

2
is a decreasing function of v. Then if 1 <y <7/5, we get Y (v) > Y (7/5) = (\/ﬁ“/E) and

V2
dt, 1 (v*+1) . V21 +V19)
d’y>2ﬁ(’v—1) (7(7+1)1 ( V2 ) 1>>O'

Y(v):

(43)

O

Figure 5 shows a plot of £, (7).

We note that r(t) is an even function of ¢, decreasing for ¢ > 0, such that r(t) > 0 for
0<t<tyandr(0)=(1+2y)/2>3/2fory > 1. Let us denote by t; the value of ¢ such
that r(t;) = 1, that is,

_ (L (2y—1)/(37)
g (1— 2 -1/ >>' o

We introduce polar coordinates (R, 6) in the following way

re = Rcos#, y = Rsinf

and we change the independent variable through ds = r~'dt. It turns out that the
equation for € is independent of R. However it will be convenient to consider the following
planar autonomous differential system for ¢, 6

dt de

Ts = r(t), T —r(t) cos® § — 7(t) sin @ cos § — sin® 6, (45)
where J tanh(58)

r an
7(t) = — = —-3V0———=.
Q dt 7BcoshQ(Bt)
The system (45) can be extended analytically to t = ¢,. In fact the vertical line ¢t = ¢, is
invariant under the flow defined by (45).
Using the periodicity of (45) with respect to 6 we only need to consider the domain

R={(t0)|0<t<t,, —7/2<0<n/2).

There are two equilibrium points of (45) in R, Py = (t4,0) and P, = (t4,0,) where
0, = arctan(—7r(ty)) € (0,7/2). We remark that 0, depends on ~. It is easy to check
that for any v > 1, P, is an attractor and F, is a saddle point being the stable direction
given by the vector (—2,1) (see Figure 4). Let us denote as W* the branch of the stable
manifold of Py with ¢ < t,. We note that for any ¢ € [0,¢,) with § = 0 or § = 7/2 we
have

dt do
— >0 — < 0.
ds e ds <

Then, following W* backwards in time it intersects ¢ = 0 at some point with 6 = (7).

22



SOSNOSOSNNNNN VLA L L SOOSNNONANN NV L Y LY
1,5 S aSNNNNNN L L ] 1,5 SNV Y
RSN NN N R Y s e e Y A T
NSRRSR RN RSN
1,25 o=\ NV VY 1,25 o=\ VLV LY
1,0 Joo— ~~ V) 1,03 ~~ O\
o~ e A 3 =~
theta A e R A theta e )
0,75 e\ 0,75 WA
NN s (N \' | 3 s\ \ |
05 —— ~= oV 0,5 0
R —\\ \' J / 3 \‘
- S~
0,25 AN 0,25
‘ N ~
AN

Figure 4: Left: Phase portrait of system (45) for v = 1.2 in the plane (¢,6). The dark
curve corresponds to W?. Right: The domain R for v = 1.2.

Remark 3. Using (34) and (35) we have

yri(t)
r(t)xp(t)
Then in the blown up variables, the solution x4 (t),yn(t) of (45) projects on W* in the
(t,0)-plane. We note that any other solution of (41) defined in a small neighbourhood of

ty, with t —t, < 0 will project in an orbit of (45) which goes to an attractor ast tends to
ty. Our purpose is to prove that for any v > 1,0 < 04(y) < w/2. This would imply that

y51(0)
— < 0<t<t d th 0) #0 and 0 0.
F(0)21(0) oo for any 0 < + and then, x41(0) # 0 and ys(0) #

Lemma 6. Let be 1 <y <7/5. Then 0 < 65(y) < 7/2.

—0, as t—t,.

Proof Using Lemma 5, ¢, (y) < t4.(7/5) < w/2 for any 1 <y < 7/5.
Let us introduce
f(t) = f(t;y) := arctan(ty —t), 0<t<t,. (46)

Assume 7 is fixed. Let A be the point (¢,0) = (t1, f(t1)) where ¢; is defined in (44). We
define

Li={t0)|0<t<t,, 6§ =0},
Ly ={(t,0) |t <t <t,, 0 =arctan(t, —t)},
Ly ={(t,0)|0<t<ty, 0 =—t+t1+ f(t1)},
Ly={(t,0)[t=0,0<0 <t + f(t1)}.
We shall denote by Ry the closed domain bounded by L;, i = 1,2,3,4 (see Figure 4).
We claim that for any 1 <~ < 7/5
ty+ f(t;y) < m/2. (47)

Then, Ry C R. To prove (47) we note that the graph of f(¢;~) is below the straight line
0 = —t + w/2 for values of 7 > 1 but near 1. A tangency occurs at t = t, () for v =
such that t () = 7/2. Then ~; > 7/5.
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A local analysis of (45) at Py shows that in a neighbourhood of Py, W* is contained in
Ro. We shall prove that if 0 < ¢ < t,, then W?# is contained in Ry and then 0 < () <
/2.

Let (to,6p) be a point in the boundary of Ry, and (#(s), #(s)) the solution of (45) such
that ¢(0) = to,60(0) = 6,. We say that (to,6p) is an exit point of Ry if and only if there
exists so > 0 such that

(t(s),0(s)) € Ry for —s50<s<0
and
(t(s),0(s)) ¢ Ro for 0 <s<s.

We shall prove that the points in L1, L, and Ls, except the equilibrium Fy, are exit
points of Ry. Then following backwards in time, W* intersect ¢ = 0 at some point of Ly.
This will finish the proof of the lemma.

It is clear that the points of L; with 0 < ¢ < ¢, are exit points of Ry. Let us consider
a point of Ly. The scalar product of the vector field and the gradient of the function
g(t,0) := 0 — arctan(t, — t) on a point of L, is given by

1 . . . . .
mr(ﬂ —r(t) cos® 6 — 7(t) sinf cos § — sin® § = —sin O cos O(7(t) +t,. — t).

Then, (t,0) € Ly with t; < t < t, is an exit point of Ry, if and only if
ho(t;y) :==7(t) +t4 —t <O0.
For a fixed value of 7, one has hy(0;7v) = t; > 0, hao(ty;y) = 7(t4+) < 0. Moreover, using

dh
that #(t) = 1+ kr(1 —r), we get d—tQ = #(t) — 1 =kr(1 —r). Therefore, at t = t;, hy has

a negative minimum and hy(t;7y) < 0 for any t; <t < t,.
In a similar way, (¢,60) € L3 is an exit point of Ry, if and only if

hs(t; ) := (r(t) — 1)sin® @ — 7#(t)sinfcosd >0, 0<t<t.

The inequality above holds because r(t) > 1 for 0 < ¢ < ¢y, with r(¢;) = 1, and 7(¢) < 0.
This finishes the proof. O

We recall that as v goes to 0o, () becomes unbounded and the arguments used in
above lemma do not apply in this case. To deal with big values of v we perform an scaling
of variables and time in (41). The scaling is the one used in Subsection 6.1 adapted to
the present variables. We introduce

X=k'2, Y= k*1/4y, o= kY%

and recalling k = 4/(7? — 1) we obtain

ix dy
2o =1 Y, = rX, (48)
where
o 1 37 VI S A R
T(U)—\/E<§(1—7)+m>, 5—5(7)——2<ﬁ) : (49)
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In fact, #(0) = Vkr(t). The system (48) has a singularity when (o) = 0 that is, at

O =04
4\
o =04(y) = 21 by

A plot of o4 (7y) shows that it is bounded (see Figure 5).

Lemma 7. Let us assume v > 7/5. Then o,(vy) is a decreasing function such that

lim, a0 04 (7) = L In (t\/%) — 1.62099...

Proof We compute

d0'+ 1 f)/
= InY(y) —2v3 1
dy 2@73/2(72—1)3/4(11 ) -2valr+ )\/1+2w)’

where Y () is defined in (43). Then Y (vy) < Y (7/5). The polynomial

p(y) = 129(v + 1) — (14 27)(In Y (7/5))?

has a unique positive zero for some v < 1. Then

v
14 2y

v

< 0.
14 2y

InY(vy) —2V3(y + 1) <InY(7/5) — 2V3(y +1)

2,5

15
1,0

0,5

LIS AL N N B N O Y N I B
2 3 4 5

g

Figure 5: Plot of t,(7), the increasing function, and o (7).

As before we introduce polar coordinates and a new independent variable, 3,
X = Rcos p, Y = Rsin @, ds=r"ldt.

Following the same steps as before we get an autonomous planar system for o, ¢ which
can be extended analytically to the singularity o = o,

do
ds
dp
ds

= #(0)

= —(0)cos® ¢ — 7'(0) cos psin p — sin” p, (50)
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where /() = L.

The system (50) has two equilibrium points in
R={(0,¢)|0< 0 <oy, —1/2<p<m/2}.

We are interested in the behaviour of the stable manifold of the saddle point Py, (o,p) =
(04,0). Let us denote by ¢,() the value of ¢ at the intersection point of the left branch,
W# with ¢ = 0 backwards in time.

Lemma 8. Let be v > 7/5. Then 0 < () < /2.

Proof We introduce

£1(0) = fi(o17) == arctan(os (7) — o), 0<o<os(7), folo) = —%a + g

Using Lemma 7 we have o, (v) < 0.(7/5) < 2.2 for v > 7/5. So we can define the
following sets (see Figure 6)

le{(O',QO)H)SO'SO'_H 90:()}7

Ly={(0,p) |1 <0 <oy, o= filo)},
Ly ={(0,90) [0 <0 <1, ¢ = fa(0)},
Ly={(o,¢)[0=0,0<¢p<m/2},

Ls = {(o,9) o =1, i(1) < ¢ < fo(1)}.

We note that Ls is well defined because fi(1) < f2(1). To prove this inequality we use
that fi(o;7) is a decreasing function of . In particular by taking o = 1, we get

£i(137) < A(7/5) < T = (1),

L N N e e e eV

e —

0,0 0,5 1,0 15
sigma

Figure 6: Phase portrait and domain Ry for the system (50) in the plane (o, @) .
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Let us denote by Ro the domain in R bounded by L; fort=1,...,5. We define exit
points of Ro as in the proof of Lemma, 6.

We claim that for v > 7/5, the points of Ly, Ls, L3 and Ls, except the equilibrium
point, are exit points of 7%0.

A local analysis of the equilibrium point P, shows that in a neighbourhood of By, W
is contained in Ry. We shall prove that this is true for any 0 < o < 0. Therefore going
backwards in time, W* leaves Ry through some point in L, and then 0 < ¢ () < 7/2.

It is clear that the orbits leave Ry through L, and Ls. Let us consider a point
(0, fi(0)) € Ly. Following the same steps as in the proof of Lemma 6, the condition for
an exit point is

ho(o;7) == (0) + 04 —0 <0 for 1<o<o0;. (51)

However, hy(0;7) > 0, ha(o4;7) < 0 and hy has a unique zero in the range 0 < o < 0.

Moreover
(L) < 5 b Ba/E)
ho(1;7) < ﬂcosh2(3(7/5)) +0,.(7/5)—1<0.

Then (51) follows. A
For a point of L3, the condition to be an exit point of Ry is the following

~

hs(o;y) == <g — sin2(7rcr/5)> #(o) — #(0) sin(ro /5) cos(ma /5) — cos?(ma /5) > 0
for 0 < o < 1. However 3(y) < 3(7/5) < 0.9 and then hy(o;~) > H (o) where
H(o) = (g - sin2(7m/5)) (—1 +

6 tanh(o/v?2) | 9
ﬁm sin(mwo /5) cos(mo /5) — cos®(ma /5).

Now, it is a simple exercise to prove that H(o) > 0 for 0 < ¢ < 1. However to make
easier the reading we sketch a proof. We write

cosh?(0.90)H (o) = p(o) + q(0),

———— ) +
cosh?(0.90) )

where

plo)= 3?”— (ngcos (2%")) cosh?(0.90), q(o)= % tanh (%) sin (2”7") —3sin’ (”—5“) .

Figure 7 shows a plot of the functions p and q.

We have that p is decreasing in [0,1] and p(o) > 0 if o € [0,0.8]. Moreover, if
o € [0, 1], ¢ is positive and has a unique maximum at some point greater than 0.8. Hence,
for o € [0,0.8] one has p(o) + ¢(o) > p(0.8) = 0.00555... > 0. For o € [0.8,1] we have
p(o) + q(o) > p(1) + min{q(0.8),¢(1)} = 0.151... > 0.

To prove that p(o) is a decreasing function, we note that p’(0) =0 implies tanh(0.90) =
(27 /5) sin(2wo/5)/ (1.8 (7/5 4 cos(2ma/5))) . The function on the left side is increasing
and concave, and the function on the right side, is increasing and convex. After evaluating
these two functions at ¢ = 1 one can see that the equation above do not have any solution
for o € (0,1]. So, p'(¢) does not change sign. Indeed it is negative.

The claim for ¢(o) follows easily from the fact that ¢'(¢)/sin(270/5) is a decreasing
function for o € (0, 1] and ¢’(0.8) > 0, and ¢'(1) < 0.

This ends the proof. a
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Figure 7: The function p (decreasing) and ¢ (with a maximum) used to prove H > 0.

7 Appendix

Coefficients involved in (31):

2
o a o
7222—@7 ro1 =0, o =5 +p ry =0, 7’22—1—65, r3 =0,
2 L
_ — — 0 = ——
Ty ]_89&6 ) T's ) Te 675a/8 ’
15t °t,
6—328—62, eg=ce_1 =¢ =0, e12—68 , e2=0,
5 4 B L 6 L g
= — t*7 = —, = —— t*’ = U, = — t*’
€= g0 by =T 6= mqgghte =00 6=l
1 . . 1
di:_2a62(2+1)n+1’ 120, dg= a—62T—27 d_o=d_; =0,
where o = 3v/2, 8= \/7v/(7? = 1),y = /1 +4/k.
Coefficients involved in (34):
1 k
r1 = 2fptanh(Bty), 1o = 3 8=
% k(k — 6)
= ()4 = 5y — =2
672 +5y—5)  br 3(5— 107 + 99? 5
60:_(7 v —5) oy 61:_( g 27)T1+_t+’
8y(y—1) 8 8 (v—-1) 8
1 k(67> +5y—5) 5k
=_— ¢
A T v R TV
kra(25— 507+ 2592 +129%) | 5k3(y = 1)(4* =57 =)
es = _
K 48y(y — 1)? * 576 :
KA(=25 + 257+ 457% = 637° +309%) _ 5k*i(3y2 - 5)
ey = — -
* 384(y — 1) ST VIV
(1753507~ T0y 21054810 K (—1)(97* 4992357 —35)
° 1920y(y — 1)? * 4608~ ’

where p = (1 —7)/2.
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