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Summary. In this paper we study the exponentially small splitting of a heteroclinic
connection in a one-parameter family of analytic vector fields in R?. This family arises
from the conservative analytic unfoldings of the so-called Hopf zero singularity (central
singularity). The family under consideration can be seen as a small perturbation of an
integrable vector field having a heteroclinic orbit between two critical points along the z
axis. We prove that, generically, when the whole family is considered, this heteroclinic
connection is destroyed. Moreover, we give an asymptotic formula of the distance be-
tween the stable and unstable manifolds when they meet the plane z = 0. This distance
is exponentially small with respect to the unfolding parameter, and the main term is a
suitable version of the Melnikov integral given in terms of the Borel transform of some
function depending on the higher-order terms of the family. The results are obtained in
a perturbative setting that does not cover the generic unfoldings of the Hopf singularity,
which can be obtained as a singular limit of the considered family. To deal with this
singular case, other techniques are needed. The reason to study the breakdown of the
heteroclinic orbit is that it can lead to the birth of some homoclinic connection to one
of the critical points in the unfoldings of the Hopf-zero singularity, producing what is
known as a Shilnikov bifurcation.

Key words. Exponentially small splitting, Hopf-zero bifurcation, Melnikov function,
Borel transform

1. Introduction

One of the most frequently studied problems in the last century was the existence of
transversal intersections between stable and unstable manifolds of one or more critical
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points of a dynamical system. This phenomenon is also known as the problem of the
splitting of separatrices. Interest in this problem was already noted by Poincaré, who
described it as the “fundamental problem of the mechanics” [P0i90]; it is one of the main
causes of chaotic behavior. It is well known that the size of the splitting of separatrices
gives a measure of the stochastic region of the system.

The most simple setting where this phenomenon occurs is in T -periodically per-
turbed integrable planar systems. In this regular perturbative context, Poincaré, and later
Melnikov, constructed a method that allows computation of the splitting of invariant
manifolds of hyperbolic critical points which coincide in the unperturbed integrable sys-
tem. The Poincaré-Melnikov method provides a function whose nondegenerate zeros
give rise to transversal homoclinic orbits in the perturbed system; see [Mel63], [GH83].
Several authors have dealt with the problem of generalizing this method to higher dimen-
sional systems. Specifically, for Hamiltonian systems, the (vectorial) Melnikov-Poincaré
function turns out to be the gradient of a scalar function which is known as the Melnikov
potential. See [Eli94], [DGO00] and references therein.

A difficult question arises when this Poincaré-Melnikov function turns out to be ex-
ponentially small with respect to the perturbative parameter and hence is not a priori the
dominant term. This happens, for instance, in rapidly forced periodic or quasi-periodic
perturbations of one-degree-of-freedom Hamiltonian systems, in nearly integrable sym-
plectic mappings that are close to the identity, and in Hamiltonian systems with two or
more degrees of freedom which have hyperbolic tori with some fast frequencies, among
others.

For some cases of near-integrable time periodic or quasi-periodic Hamiltonian sys-
tems, several studies [HMS88], [Sch89], [Ang93], [DS97], [Gel97a], [BF04], [DGJS97]
have validated the prediction of the Poincaré-Melnikov function for the splitting and give
a rigorous proof of an asymptotic formula for different quantities related to this phe-
nomenon. It is worth mentioning that the Poincaré-Melnikov function does not always
give the correct prediction for the splitting; see [Tre97], [Gel97b]. As we have pointed out
elsewhere, we can encounter this phenomenon in maps; see [Laz03], [DRR98], [GSO01].
The methods developed in these works draw heavily on the Hamiltonian character of the
system, especially its symplectic structure.

In this paper we deal with a different setting more related to [Lom99]. We study the
splitting of a heteroclinic orbit in a family X (see (1)) of near-integrable analytic vector
fields of R3, introduced in Section 1.1.

The family X5 under consideration becomes, when 6§ = 0, the Hopf-zero singular-
ity (2) also called the central singularity in [GHS83]. In fact, in Section 1.2, we show
that any generic conservative unfolding of the Hopf-zero singularity can be expressed,
after some changes of variables, in a form similar to the family X; considered in this
paper.

In Section 1.3 we study the relevance of the splitting of the heteroclinic connection for
the analytic unfoldings of the Hopf-zero bifurcation. We show that the breakdown of this
heteroclinic orbit can lead to the birth of some homoclinic connection in the unfoldings,
producing what is known as a Shilnikov bifurcation. In this subsection we also present
some results about the existence of Shilnikov bifurcations in the C* case. Our final
goal is to prove the existence of Shilnikov bifurcations in the analytic unfoldings of the
Hopf-zero singularity. We give an asymptotic formula to measure the splitting of the
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heteroclinic connection for analytic families X, which turns out to be exponentially
small with respect to §.

Even though the family (1) under consideration can be seen as a perturbation of an
integrable conservative vector field, we do not require the perturbation to be conservative
at all. For this reason, our proof does not use any geometric structure of the system. The
computation of the difference between the stable and unstable manifolds is estimated
simply by using the idea in [Sau01], [OSS03], [Bal] that this difference satisfies some
linear equation whose solutions can be controlled.

1.1. Set-Up

The fields under consideration in this study are of the form:

d
d_x = —Sxz+y (@ +c8z) + 8771 f(5x, 8y, 82, 8),
T
dy +1
g7 —8yz — x (a0 + ¢8z) + 8" g(8x, 8y, 8z, 8), (1
d
d_z = 8 (=14+b(x*+y?) +2%) + 87 h(8x, 8y, 8z, 6),
T

where p > —2, «, ¢, b are given constants, § > 0 is a small parameter, and f, g, h are
real analytic functions in all their variables whose Taylor series begin at least with terms
of degree three.

As we will see in Lemma 1.2, system (1) has a one-dimensional heteroclinic con-
nection, {(x,y) = (0,0); —1 < z < 1}, between two critical points (0, 0, ==1) of
saddle-focus type when f = g = h = 0. The goal of this paper is to study the effects
of any analytic perturbation (f, g, #) on the invariant stable and unstable manifolds of
the critical points of the perturbed system. We will see that generically, if p > —2,
this heteroclinic connection is destroyed, and moreover, we will compute the distance
between the perturbed manifolds when they meet the plane z = 0. We will prove that
such distance, d*", is an exponentially small quantity given by

ds = €8P e ™V (1 1 0 (872 log 8])),

for some constant C computed exactly in Theorem 1.4 in terms of the Borel transforms
of f and g. In particular, if C # 0 and § > 0 is small enough, we obtain that the
heteroclinic connection is destroyed. To state the above result properly, we present the
necessary notation in Section 1.5. The rigorous statement is left until to Section 1.6.
Even though we have presented system (1) as a regular perturbation of the case
f = g = h = 0, this system lies in the context of singular perturbation theory. Indeed,
when the parameter 6 = 0, the family of vector fields we are working with becomes

d d d
* —y——ax < =0. 2)

ar =Y e T AT

Thus, family (1) is a perturbation of system (2). This system is known as the Hopf-zero
singularity or the central singularity.
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1.2. Analytic Unfoldings of the Central Singularity

Let us consider a vector field in R* which has the origin as a critical point, and for some
positive o™, the eigenvalues of the linear part at the origin are 0, £« *i. If we assume that
the linear part of this vector field is in Jordan normal form, it will be given by

0 o O
—a* 0 0], o">0. 3)
0 0 O

If we consider only the linear context, it is clear that this singularity can be met by a
generic family of linear vector fields if it contains at least two parameters. Thus, it has
codimension two. But the linear system we are studying has zero divergence; hence it
can be also considered in the context of conservative vector fields. In this context it will
occur in one-parameter families, and will then have codimension one.

The unfoldings of this singularity have been studied by several authors [Tak73a],
[Tak74], [Tak73b], [Guc81], [BV84], [AMF+03], [FGRLAO02], [DI98], [GH83] looking
at the different type of bifurcations that a two (or one) parameter family of vector fields
unfolding this singularity can present.

Following [BV84], we present here a description of the singularity we are considering
as well as the normal form for the unfoldings of this singularity. Let us then explain the
process for obtaining a perturbative setting from the normal form procedure in the more
general case.

We consider X, ,, a family of vector fields on R3 such that Xo.0 has the origin as a
critical point with linear part (3). After some normalization, if we perform the normal
form procedure up to order two, we obtain that the vector field X ,, , in the new coordinates
(x, y, 7) takes the form:

dx _ _ _ _ oo

E =X (A2(/~’Ls V) +A4(/’Lv V)Z) +y(A1(/-’L1 U) +A3(Mv V)Z) + 03()6, Y., 1, V)v
dy _ _ _ _ o

d—f = —X (A1, v) + As(, v)2) + 5 (Aa(i, v) + As(it, V)Z) + O5(X, 3, Z, 11, V),
dz _ _ _ _ o

- = Bt v + B i+ Ba(u, V) (2 4 §%) + Ba(p, V)2 + O5(%, 3, Z, i1, v),

where A;(0,0) = a*, A>(0,0) = B1(0,0) = B,(0,0) = 0. And moreover, after
some scaling of the parameters, we can assume that 9, A,(0,0) = 9,B1(0,0) = 0,
0,A,(0,0) =1and 9,B,(0,0) = —1.

The conservative case can be done analogously, considering only one-parameter
families with parameter © > 0, and using that, in this case, B,(u) = —2A,(n) and
By(u) = —A4(u). When p > 0, after the scaling x = §x, y = 8y, 7z = 6zZ,6 = /u,
and calling

a; =Aj(0, O), bj ZBJ'(O, 0), forj =3,4,
the system becomes

dx I, . 1 Frem e am
T asd3Z + ¥ (o +a3dZ) + 87! f(8%, 87,62, 9),
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dy

o= ¥ (o + a3dz) + as857 + 87 '2(6%, 87, 82, 8), 4)
dz .
- = 8 (=14 b3+ 7% — asz®) + 67 'h (5%, 87, 67, 8).

From now on, we will focus our study on the conservative case when a4 < 0. In
this case, in order to eliminate the parameter a4, we perform the scaling x = x./—aq,
Yy = ya/—aq, 7 = Z4/—ay, and, after the change of time 7 = /—ays, system (4) becomes

dx

T = —0xzt (@t es)y +87 f(8x, 8y, 82,6),

dy o S F) 81 o(8x,8y,682,8

5o = —(@Fcd)x —dyz+67 g(6x, 8y, 82,9),

dz 2 2 2 -1

o= —5(1+b(x>+y*) +2°) + 8 'h(Sx, 8y, 8z, 6),

wherea_\/_ J_ andb—\/_ . ‘
So, if p = —2, system (1) under consideration corresponds to the versal unfoldings of

the central singularity, also called Hopf-zero bifurcation, after some changes of variables.

1.3. The Central Singularity and the Shilnikov Bifurcation

Even though this is not the subject of this paper, let us remember here that a Shilnikov
bifurcation occurs when a critical point of saddle-focus type exists and its stable and
unstable manifolds intersect, giving rise to the existence of a homoclinic orbit [§il65],
[Sil70], [SSTCO1].

In 1984 Broer and Vegter presented, in [BV84], a complete proof of the existence of
subordinate Shilnikov bifurcations in generic C* unfoldings of the singularity (3), which
have codimension one. The method used in [BV84] to prove the existence of homoclinic
orbits is based on the following normal form theorem (see [Bro81a], [Bro81b]):

Theorem 1.1. Let X = X, (x, y, 2) beareal C* family of vector fields, where (x, y, z) €
R3 and . € RX. Suppose that for i = 0 the vector field has in (0, 0, 0) a critical point
with linear part (3). Then, there exists a C* u-dependent change of variables, such that
the new vector field becomes X,, = X, + P, where X,,, when written in cylindrical
coordinates (r, ¢, 2), is

do < 5

ds_f(r’zvu/)v
A TR
— =rg(r’,z, p,
ds 8 K
dz ~ 5

— = h(@r*,z, 1),
75 (re,z, w

being f, § h C™ functions verifying §(0,0,0) = h(0,0,0) = g—’j(o, 0,0) = 0 and
f(O, 0, 0) = a*, and the function P is flat at (x, y, z, u) = (0, 0, 0, 0).
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In the conservative case, the change can be chosen to be conservative at any order,
% ; ; CAf 08 5 9k
so X,, and P have zero divergence. In particular: 5o Tra, T8+ 5 = 0.

Analyzing the normal form X > One can see that it has two hyperbolic critical points
of saddle-focus type with a one-dimensional heteroclinic orbit between them. Moreover,
for any value of i in the conservative case and for a suitable curve in the parameter space
in the dissipative case, these points also have a two-dimensional heteroclinic manifold.

By Theorem 1.1 any vector field in the unfolding is given by X,, = X w + P. The
strategy followed in [BV84] to prove the existence of homoclinic connections is to
choose suitable “flat” perturbations P that break the heteroclinic manifolds (both one-
dimensional and two-dimensional), giving rise to the existence of homoclinic orbits to
one of the critical points, for a sequence {,}, going to 0 as n goes to infinity.

More recently, also in the C* context but for reversible systems, a similar result was
obtained in [LTWO04].

Our final goal is to achieve the same kind of results for analytic unfoldings X,
where this phenomenon is what is known as a “beyond all orders” or exponentially small
phenomenon.

Note that the normal form Theorem 1.1 is not true in the analytic case. For the C*
case, there exists not only a formal procedure that casts the system into a formal normal
form up to flat terms, but a C* change of variables. This comes from the fact that, even
if the formal series obtained are divergent, a classical result in asymptotic series, the
Borel-Ritt theorem, gives the existence of C*° functions having them as Taylor series.

Of course this reasoning fails in the analytic case, because the function obtained
through the Borel-Ritt theorem can not be real analytic if the formal series is divergent.
Moreover, for analytic X, we can not use “flat” perturbations to break the heteroclinic
connections that exist in the normal form, because flat functions are not analytic. How-
ever, to prove that these heteroclinic connections are destroyed is a necessary step towards
the possible birth of homoclinic orbits.

This paper, in which we deal with the case p > —2, is a first contribution to the
complete proof of the breakdown of heteroclinic connections which, in our view, is quite
delicate and lies in the context of singular perturbation theory.

1.4. Some Comments about the Singular Case p = —2

As is clear from the above discussion, the generic unfoldings of singularity (3) become
system (1) with p = —2 after changes of variables and scalings. Nevertheless, it is
worthwhile to say that for some (nongeneric) unfoldings we fit in the form (1) for
p > —2. In fact, system (1) itself is a degenerate unfolding (for instance, among other
degenerations, it does not contain second-order terms in its Taylor expansion) of this
singularity.

Even if the results of this paper are only rigorously valid for p > —2, we hope that
it will be possible to adapt some of the methods implemented here to a proof of the
exponentially small phenomenon in the limit case p = —2.

This limit case, which corresponds to generic unfoldings, is what is known as a
singular perturbation case. The reason is the following. The phenomenon we are going
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to study is the splitting of a heteroclinic orbit between two critical points of system (1).
As we will see in Section 3, this splitting will be exponentially small with respect to the
perturbative parameter (§ in our case).

As any expert in this field knows, to give a rigorous proof of an asymptotic formula
for this exponentially small splitting, it is necessary to obtain good approximations of
the stable and unstable manifolds, not only in the real domain, where they are quite
well approximated by the heteroclinic orbit of the unperturbed system, but also in some
suitable complex domains.

The perturbation terms § -1 f, 51 g, 8~ !h, which in the real domain of the variables
are of order 82, become very big (of order 1/8) when one works in these complex domains
where the size of the variables becomes O (1/5). Hence the system is no longer pertur-
bative and, moreover, the manifolds are not close to the unperturbed heterolinic orbit. In
this case, matching techniques in the complex plane between different approximations
of the manifolds are required to achieve the result. Moreover, contrarily to what hap-
pens in the perturbative case p > —2 (see Theorem 1.4), the final asymptotic formula
will depend on the full jet of the functions f, g, h. Examples of rigorous studies of
exponentially small phenomena in the singular case can be found in [Gel97a], [Tre97],
[OSS03], [RMT97].

To date, only one rigorous proof of the splitting of the one-dimensional heteroclinic
connection has been presented, for a special family called the Michelson system [Mic86]:

X =Y,
y =z,

2

X
= - —y

For this system, an unfolding of (3) which has been widely studied (see [Mic86],
[JTM92], [KT76], [RMT97]), there is a rigorous proof of an asymptotic formula of
the heteroclinic splitting given in [RMT97]. The proof, which falls in the context of
singular perturbation theory, draws heavily on the fact that the Michelson system comes
from a third-order differential equation. For this reason it is not clear that the methods
used can be adapted to generic analytic unfoldings X, of the central singularity.

1.5. Notation and Preliminary Results

Throughout this paper | - | denotes the maximum norm in C":

|Z|=,rr11aX |zil, z2=(21,...,22) € C",
1= n

.....

and B(ry) C C denotes the open ball of radius . We will also use the notation B3(ry) =
B(ro) x B(ro) x B(ro).

As usual, we will denote by 7’: C* — C the projection over the i-component for
i = 1,2, 3. Moreover, we will also write 77/: C? — C? to indicate the projection on
the i, j components with i, j € {1, 2, 3}.
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It will be more convenient for our purposes to write system (1) as

dx o

- = —_xz—|—(—+CZ)y+5pf(8xa8y78Zva)s

dt 3

dy o

2o (_ + cz> X —yz+87g(x, 8y, 8z, 9), )
dt 8

dz 2 2 2

~ = —1 4+ b(x* 4+ y*) + 2% + 8Ph(6x, 8y, 8z, 8),

where t = 18, p > —2, f, g, and h are real analytic functions in B(rg)® x B(8) and,
moreover, f, g, h = O(|(x, y, z, 8)]3). There is no restriction to assume that « > 0. We
will assume in the sequel that 7, is big enough but independent of §.

Even though system (5) has no meaning for § = 0, when we speak about the unper-
turbed system we will refer to system (5) with f = g =h =0.

The following lemma describes the more relevant geometric facts of the unperturbed
system.

Lemma 1.2. The unperturbed system (system (5) with f = g = h = 0) verifies the
following, for any value of 6 > 0:

1. It possesses only two hyperbolic fixed points S§ = (0,0, £1) which are of saddle-
focus type with eigenvalues F1 + |5 + cli, F1 — |5 + cli, and 2.

2. The one-dimensional unstable manifold of Sﬁ and the one-dimensional stable mani-
fold of S° coincide along the heteroclinic connection {(x, y) = (0,0); —1 <z < 1}.
This heteroclinic orbit can be parameterized by

oo(t) = (0,0, —tanh?t),

if we require oo(0) = (0, 0, 0).

3. The polynomial H(x,y,z) = #(z2 + %(x2 + y2) — 1) is a first integral of the
system.

4. If b > 0, the two-dimensional stable manifold of Sg_ and the two-dimensional unsta-
ble manifold of S° coincide, giving rise to a two-dimensional heteroclinic surface.
Moreover, this heteroclinic surface is given by z> + %(x2 +yH—1=0.

Lemma 1.2 describes system (5) as a perturbation of an integrable system. The fol-
lowing result ensures that system (5) has two fixed points of saddle-focus type even when

f,g,h#0.

Lemma 1.3. [f§ > 0 is small enough, system (5) has two fixed points S+ (8) of saddle
focus type such that S, (8) has a one-dimensional unstable manifold and S_(§) has a
stable one. We call them W™, respectively.

Moreover, there are no other fixed points of (5) in the closed ball B(§~'3).
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Proof. 1t is straightforward since we only need to consider the function

—xz8 + (o + 8cz)y + 871 f(8x, 8y, 8z, 8)
P(x,y,z,8) =] —yz6 — (¢ + 8c2)x + 8”“g(5x, 8y, 8z, 6)
—1+b(x* + y») 4 2% + 8”h(8x, 8y, 82, 8)

It is clear that (xo, yo, zo) is a fixed point of system (5) if and only if there exists § > 0
such that P (xg, yo, 20, 8) = 0. Hence, since P (0, 0, £1, 0) = 0, applying the implicit
function theorem we have that there exist neighborhoods of (0, 0, 1), Uy, § > 0, and
C! functions S+: B(8y) — Uy suchthat S.(0) = (0,0, +1)and P(x, y, z, 8) = Oifand
only if (x, y, z) = S+(8). Moreover, one can easily check that S. (§) are of saddle-focus
type with eigenvalues F1 + |5 +cli + O (), F1 — |5 +cli + O (), and £2 + O(3).

To check the second part of the statement, let us assume that there exists a fixed point
(x,y,2) € B(673) of (5). Then, | f(6x, 8y, 8z, 8)|, |g(6x, 8y, 8z, 8)| < K& for some
constant K > 0. Using the triangular inequality,

lax| < K877 4 (1 + |c])8'”, ly| < K873 4+ (1 + |e)s". ©)

In addition, taking into account (6), we deduce | — 14z%| < K872 42|b|C56%? provided
that |h(6x, 8y, 8z, 8)| < K&? and p + 3 > 1. Henceforth, we have that |x|, |y|, | — 1 +
72| < K(8¥ with v = min{p + 2, 1/3}, and this implies that, taking § small enough,
(x,y, z) € Uz and therefore by the uniqueness of S, (x, y, z) = S+(). O

1.6. Main Result

By Lemma 1.3, system (5) has two critical points Sy (8) having one-dimensional stable
and unstable manifolds respectively. We are interested in measuring the distance between
the stable manifold W* and the unstable one W" at the plane z = 0. We observe that,
since system (5) is autonomous, we can fix the origin of time at t = 0.

Theorem 1.4. Let us consider system (5) with p > —2 and f, g, and h real analytic
functions in B(ry)> x B(8y). Moreover, f, g, h = O(|(x, v, z,8)|%). Then, if§ > 0 is
small enough, we have

1. The one-dimensional stable manifold of S_(8) and the one-dimensional unstable
manifold of S+ (8) can be parameterized by o°(t, §), 0" (t, 8) which are solutions of
system (5) such that

lim o, 8) = S_(5), lim o7, 8) = S.(8)
t—00 t——00
736%0,8) = 730°(0,8) = 0.

2. Letm(u) = u'¢(£(0,0, —u, 0)+ig(0,0, —u,0)) = Y s mu" " Hi¢andm () =
gric -

2 ns3 M T e be its Borel transform.
The difference between the stable and unstable manifolds, Ao (t,8) = o"(t,8) —
o5(t,8), at t = 0 is given asymptotically by

Ao (0,8) = Aoi(0,8) + 0872 logs|) eI,
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with 3(A01(0, 8)) = 0 and
7'(A61(0,8)) +im*(Ac1(0,8)) = 2m e (i) e 1080 §P eI/
+ 0(8p+1) e—|0{|7‘[/(25) .

Remark 1.5. Our context could be nonconservative. That is, even if system (5) comes
from a conservative context, we do not need this fact in our proof. We do not ask f, g,
and £ to satisfy any additional condition to those stated previously.

Remark 1.6. Even though the distance between the stable and unstable manifold de-
pendson f, g, h, and all the parameters of the system, observe that the dominant term for
the difference between the stable and unstable manifold depends neither on the function
h nor on the parameter b.

It is worth mentioning that given f and g such that the Borel transform m does
not vanish at the point i &, we can state that the heteroclinic connection of system 5 is
destroyed.

The proof of this theorem is decomposed in two steps, which are developed in Section 2
and Section 3. Section 2 is devoted to proving the existence of analytic parameterizations
of o> in a suitable complex domain. It is worth mentioning that the parameter we will
use is just the time 7. After that, in Section 3, we will compute the difference between
them.

2. A Parameterization for the Stable and Unstable Manifolds

The purpose of this section is to provide analytic parameterizations for the stable and
unstable manifolds o>", associated with the fixed points S_(8) and S, (8) respectively,
of system (5). These parameterizations are of the form

o®'(t,8) = op(t) + 6>"(t, 8), )

and are defined in an appropriate complex domain which we will describe below. The
parameter ¢t we will use is just the time.

In order to shorten the notation, we introduce zo(t) = — tanht and note that the
heteroclinic connection is oy = (0, 0, zo).

In Section 2.1 we find the differential equation that 6> have to satisfy and we perform
a complex change of variables in order to put the linear part of this differential equation
in diagonal form. We will use this new system throughout the remaining part of the
paper. After that, in Section 2.2, we introduce some functional spaces with which we
will work in this section. Finally, in Section 2.3, we prove the existence and some useful
properties of the parameterizations of the stable and unstable manifolds o*" by using a
suitable version of the fixed point theorem.

2.1. A Preliminary Change of Coordinates

In this subsection, we will write system (5) in a more appropriate way.
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Since we are looking for parameterizations of the stable and unstable manifolds of
the form (7), as usual, we perform the time-dependent change of coordinates given by
(u,v,w,t) = Co(x,y,z,t) = (x,y,z — z0(t), t). For simplicity, we also perform the
change of variables given by (&, €, 1) = C;(u, v, w) = (u +iv, u —iv, w) in order to
put the linear part of the new system in diagonal form. After these changes, system (5)
becomes

§

— (5 +c200) i& = £20(0) = (L +ic)n + 67 Fi (96, 85, 5(z0(1) +1). ).

£ = (5 +e20m)if —Ez0) = (1 ik +8”F(56. 58, 8Go(1) +1).8). ®)

220(t)n + bEE + n* + 87 H (88, 8E, 8(z0(t) + 1), ),

n
where - = 4 and F = (Fy, F,), with
F (88, 88,6n,8) = (f +ig)(8C; ' (E.E, ). 9),

F>(88,88,8n,8) = (f —ig)(8C; (£, &, 1), ), )
H(88,88,8n,8) = h(3C;'(£,€,1), ).

We write ¢ = (£, £, ), and we define

R = (M, N), (10)
_ (&n(=1—ic) z
M) = (§n<-1+ic)> + 8P F(8&, 88, 8 (zo(t) + 1), 8), (11)
N(C) = bEE +n* + 8P H(8E, 88, 8(zo(t) + 1), 8), (12)
and the matrix
—(% +czo(t)>i—zo(t) 0 0
A(r) = 0 (% +czo(t)>i—zo(t) 0
0 0 2z0(t)

It is clear that, with this notation, system (8) can simply be written as
¢ = AMN¢ +RQ). (13)

Lemma 2.1. The fundamental matrix, ®, of system { = A(t) satisfying that ®(0) =
Id is given by

cosh ¢ e*iﬂtt/zs eiclog(cosht) 0 0
d(t) = 0 cosh 7 ei®!/8 g—iclog(cosht) 0
0 0 cosh™2¢
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Fig. 1. Defined sets.

2.2. Domains and Functional Spaces

This subsection is mainly devoted to introducing the Banach spaces we will use through-
out this section.

Let us recall that oy(#), the heteroclinic orbit of the unperturbed system, is given by
oo(t) = (0,0, zo(2)). The function z(¢#) = — tanh ¢ is a real analytic function, which has
polesint = i% i+2k i. In order to achieve the desired results, we will need to work
in a suitable complex domain that reaches a small neighborhood of the first singularities
+im/2. For any p > 0, we define the complex domain:

D, = {t € C: [Im¢?| < a,Ret < -6}
Ret
U {te(C: |Imt|§(a—5)<1——),Retzo}
0

U{teC: =8 <Ret <0 |Im¢?| < a — /82 — (Ret)?}, (14)

where a = 7. We take T > 21og 2 and we decompose D, = D{'U D; U D; where D}
fori = 1,2, 3, are the sets defined by Figure 1. That is,

Dy = {t e D;: Ret < —T},
Dy = {t € D;: Ret > —T and Im? > 0}, (15)
Dy = {te DE: Ret > —T and Imt < 0}.

IA

v

Analogously, we denote
D;:{te(C: —teDE}, D;={teC: —teD/}, fori=123.

All the functions we will discuss will depend on § as a parameter. If there is no danger
of confusion, we will skip this dependence in our notation, and we will take |§| < &o.
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For any v > 0, we introduce X}, the space of analytic functions such that f belongs
to X if and only if

L. frint(D},) — C is continuous and analytic in o int(Dy).
2. f satisfies that

sup | f(1)I + sup [(t —ia)” f(D)| + sup |t +ia)" f ()] < +oo.

teD} teDy teDj
We endow &' with the norm:

£y = sup [ f(O)] + sup [(t —ia)" f(D)| + sup |(t +ia)" f(D)]. (16)

teD} teD; teDj
With this norm, X' becomes a Banach space. We also introduce
XS ={f: D; — C such that g, defined by g/ (¢) := f(—t) belongs to X'}.

Trivially, X} is a Banach space with the norm || £} = IIg¢ll..
From now on, if there is no danger of confusion, we will also denote || - ||5 simply by

Il 1l

Remark 2.2. If v; < v, then A" C A}", and moreover, there exists a constant
K = K(T, a) such that for all f € X",

Il < KIS N, -
Proof. We fix f € X (the case f € X} is analogous). Let € Dj;. Then

It —ial?| (O] <1t —ial™ | fllv, < (max{p, TH*+a*) "2 f],,.

We denote C = ((max{p, T})?> + a*)®>~"2 In the same way one can check that, if
t € Dy, |t +ial?|f(@)] < Cl fll,and hence f € X} and

Ifllo, < (L2001l - O

For technical reasons, we endow the product space X3 x X3 x X5 with the norm

11 = 1fills + I Alls + 8llog 817"l £31l2,
f = (fl, fz, fg) € X;’u X X;u X X;’u. (]7)
We will also use the norm
< = A1l + L2l =0, ) e x AP0 (18)

2.3. Analytic Parameterization of the Invariant Manifolds

In this subsection we prove that equation (13),

=AM +RE)
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has solutions, ¢*", defined in D;*“ satisfying that

73(@*"(0)) =0 and sup |p*"()| < M. (19)

S,u
teD,

If %" satisfy these conditions, the parameterizations o*" of the stable and unstable
manifolds we are looking for are given by %" = oy + C fl(gosvu). Indeed, Lemma 1.3
says that system (5) has stable and unstable manifolds associated with the fixed points
S+ (8) and S_(§). Moreover, according to hyperbolic theory, the only bounded solutions
are in B(§~17).

In order to prove the existence and properties of the solutions ¢*" of system (13),
our strategy will be to use a suitable version of the fixed point theorem in the Banach
spaces X3 x X3 x X5 To this end, our first step will be to find a fixed point equation
for ¢"%.

Let us consider the following linear operators, acting on functions ¢: D" — C:

0

1 ‘ .
,C;lz (D))= COSht/ _cosh(t - gier/d giclogeoshr—logeosh(t+r) oy (¢t 4 1y . (20)
ot
l t
T () =—> / cosh® ro (r) dr, 1)
cosh”t Jo

where in (20) + stands for s and — stands for u. We also define the linear operator S**
given by

S*) = (LG, Lo _ (), ¥ DY — C, (22)
and finally the operator £L>" by

L) = (S or (), T o’ ()., x: Dy — C°. (23)

Lemma 2.3. With the above notation, if a bounded and continuous function *": D3" —
C3 satisfies the fixed point equation

P = L o R(p™), (24)

then it is a solution of (13) satisfying (19).

Proof. The proof is straightforward; we only have to differentiate with respect to ¢
equation (24). O

Remark 2.4. The choice of the linear operators £*" is, in some sense, natural. Indeed,
by Lemma 2.1, any solution ¢ of equation (13) must satisfy the integral equation

o) = ()] ¢(0) + /0 o~ R (p(s)) ds )
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(The fundamental matrix ® was defined in Lemma 2.1.) Since we are looking for solu-
tions satisfying the properties (19), ¢>" must satisfy the integral equation

! 1 . E cosh
cosht/ e Gieos(ERD) 1A (o™ (1)) dr

400 COShr
t
1 . N coshr
> = cosht/ melo‘”_’)/‘s e_l‘(log(ﬁ))JTZ(M(fﬂs'u(r)))dr , (25
+oo
t
e / cosh® r N (¢™>"(r)) dr

0

taking the 4 sign for s and — for u. We observe that the third component of (25) is identical
to the third component of equation (24). Finally, one can easily check that, changing the
integration path to y () =t 4, s € (£00, 0] and using Cauchy’s theorem, the first and
second components of (25) are actually S*" o M (¢>").

The remaining part of this subsection is devoted to proving the following
proposition:

Proposition 2.5. If p > —2 and § is small enough, system (13) has two solutions ¢>"
satisfying that ¢** = 7" + @3, with 1" and ¢3" having the following properties:

1. gaf’u =L o R0) € X;’u X X;’u X X;’u and ||(p;u|| < K§rt4,
2. 9" e Xy x Xy x Xy and |3t || < K872 | log 8] Il I,

for some constant K independent of 6.

Remark 2.6. We note that, by Lemma 2.3, we are allowed to use the fixed point equation
(24) to prove Proposition 2.5.

The proof of Proposition 2.5 is broken down into three steps, which are developed in
the subsections below. In Section 2.3.1, we prove that the linear operators S*" and 7
are continuous in suitable Banach spaces. After that, in Section 2.3.2, we will give the
properties of ¢} enunciated in Proposition 2.5. Finally, we complete the proof by using
an appropriate version of the fixed point theorem. This last step is done in Section 2.3.3.

From now on we only deal with the unstable manifold ¢". For this reason we will
skip the -u- sign of our notation, writing, for instance, ¢, S, D,, and D; instead of ¢",
S, D}, and D}, respectively.

In the remaining part of this section, we will make particular use of the geometry of
the domain D,, defined in (14) and its decomposition D, = D; U D, U D; given in (15).
See also Figure 1.

2.3.1. The Linear Operators S and 7. Here we will study the linear operators S and
7. First of all we enunciate a technical lemma; see ([DS97]).
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Lemma 2.7. The following bounds hold:

1. Let v > 1. There exists a constant C = C(p, T) such that, if s € D, and sy € R,

5 sup |s +r —ial™"" ifv > 1,
VY < rel0,so]
/(; ls +r—ial"dr) = C sup logl|s +r —ia|l ifv=1,

rel0,s0]

N
/ |r — ia|_l dr
0

2. There exist constants K1, K, > 0 depending on T, p such that

moreover,

< C|logé]|.

K|t —ia| < |cosht| < Ky|t —ial, t € Dy,
K1|t~|—ia| < |COSht| < K2|t+ia|, t e D3.

3. Let T > 2log2. Ift € Dy andr < 0, then
|Rer+r]|
4

Moreover, we also have that for all t € C, | cosht| < cosh(Ret) < elRet|,

| cosh(z + r)| > |sinh(Ret +r)| >

The next lemma studies the linear operator S.

Lemma 2.8. Foranyv > 1 andT big enough, the operator S: X, x X, = X,_1 XX, _;
given in (22) is well defined and there exists a constant K independent of § such that

ISWIIxv-1 = KlIYllx,v, forany ¢y € X, x &,.

Proof. First we observe that if t € D,, then | Im(log(cosh?))| < m/2. Hence, since
t+reD,ift € D,andr <0, we have that

|eic(logcosht—logcosh(t+r)) | < e\c\ﬂ . (26)

Let ¥ € X, x X,. By definition of S, it is enough to check that || Lo (T Y)|lv_1 <
K|z, and |£_a o (m*¥)|l,—1 < K||7¥]|, for some constant K.

We deal only with 7!v; the other case is analogous. We denote ¢ = 7'y € X,.
Using inequality (26) and definition (20) of £, .(¢), we obtain that, for any t € D,,

O ot + 1)l

1554 . Al
[Lyc(P)(t)] < e |cosht] /_oo 7| cosh(t + 1] dr :=e"“ " I(1). 27)

Now we will bound I (¢). For that purpose we will distinguish three cases according to
the D; where ¢ belongs to (see Figure 1).

Ift € D, thent +r € D, forall r < 0, and hence |¢p(t + )| < ||¢]|,. Using (3) of
Lemma 2.7 to bound / (¢) in (27), we get that

0
16 < 4||¢||ve'R“'/ e IR g — 41, 28)

—0Q0
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Now we deal with the case whent € D,. Thent+r € D, if r € [T —Ret, 0], and
t+r e Dyifr < —T — Ret. Hence, in order to bound /() , we have to decompose it
in two parts, that is,

I(t) = 5Li(1)+ k()

—T—Ret t ¢
|cosht|f |¢( + 0l dr +|cosht|/ Mdr
|cosh(t+r)| T—Re: | cosh(t +r)|

First we deal with I, (¢). It is clear that

L) | cosh] |cosh(—T + i1 r)|/
= COS m
! |cosh(—=T 4+ ilm1¢)|

| cosht| 1T +ilms)
= — mrtz).
|cosh(—T +iIm7)| !

(=T +ilm¢t 4 r)|
oo |cosh(=T 4+ ilmzt + r)|

Hence, since —T 4+ ilmt¢ € D;, we can use (28) to bound /(—T7 + iIm¢t). Moreover,
again using (3) from Lemma 2.7, we have that

Li(1) < 16e*17T |, < 16"~ g, (29)

provided | Ret| < max{T, p}.

Next we deal with I,(¢). As we pointed out before, since t € D, andr € [T —
Ret,0],t +r € D,, and hence |¢(t + r)| < ||¢|l,]t +r —ia|™". Thus, using (1) and
(2) of Lemma 2.7 to bound 7,(¢), we have that

0
L(t) < K2K1—1||¢||v|t—ia|/ It +7r —ia|™"'dr
T—Ret

<
< CK2K1_1||¢||],|t—ia| sup [t 4+r—ial|™". 30)
re[—T—Ret,0]
Let C, = (1 + p*l(a — 8)*>)'2. First we note that if 1 € D, and Rer > 0, then
|t —ia| < C,|Imt — al. Next we observe that, if t € D, andr € [-T — Ret, 0],

|t +r —ia| = |t —ial, if Ret <0,

t+r—ial > |Imt—a| = C, 't —ial, if Ret > 0.

Therefore, since C;' < 1, wehave that |t + 7 —ia| > C;' |t —ia| forallt € D, and
r € [T — Ret, 0]. Thus we obtain

L) < CKK'Colgllule —ial ™', ift € Dy. (31)

Using bounds (29) and (31), we have that, if t € D5,

It —ial" ' 1(t) = |t —ial" ' (2) + L(1))
< 16e™0 1 —ja] Y gll, + CKK'ChI
< K¢l (32)

with K = max{16 ™02~ (max{T, p})? + a>)*~ V2, CK,K['C).
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In an analogous way, one can see that
it +ial""'1(t) < K|ll,. ifte Ds. 33)

Finally, using bounds (28), (32), and (33), we obtain that I € &,_; and || ||,—; <
4+ 2K)||¢|l,. Using (27), we have that £, .(¢) € X,_;, and moreover,

1 Lac(@) o1 < e (44 2K)9]l,.

Proceeding analogously with £_, . and using that S = (L. on', L4 . 0 %), we
finish the proof of the lemma. O

In Lemma 2.9 we enunciate the properties of 7 we will use in the sequel.

Lemma 2.9. The operator T: X5 — X, given by (21) is well defined and there exists
a constant K, independent of 8, such that

I7(P)l2 = Kllogdlliglls, forany ¢ € Xs.

Proof. Lett € D,. First we claim that, by (1) and (2) of Lemma 2.7, and using that
lp(r)| < |r —ia|7?|¢ll3, forall 7 € [0, ],

/ L 1a
d

IT(¢)(1)(t —ia)?| < CK{*K3|logd|l¢llz, t € Ds, (34)

1T (@) ()| < K, 2K3|t—ial )¢l < CK[ 2K} |t—ial2|$ll5| logd].

Hence,

and analogously we prove that
IT(@) () +ia)’| < CK;?K3|logdllglls, € Ds. (35)

MW we deal with the case t € D;. We define t* = —¢T/Ret. We note that the segment
0t* C D, and t*t C D,. We write

T@)) = l2 f*COShzrfﬁ(V)d’”-l- 3 [Cosh2r¢(r)dr
cosh”t Jo cosh”t J
= 1) + L) 36)

We begin by bounding 7; (1) = cosh™2 ¢ cosh? t*7T (¢)(t*). We note that, since t € Dy, we
havethatRet > T > 2log?2 and hence | cosh¢| > 1. Moreover, | cosht*| < K |t*—ial,
provided that t* € D,. Using these properties and bound (34) for r = ¢*, we get that

| cosh? ¥

ILi(H < cosh 2 f|———
10 < | e —iar

CK[?K3|logd|l¢ll; < CK;2K5|log|ll@lls.  (37)

Now we bound I, (). We claim that

|L(0)] < 16(1 +alT) | $ll3. (38)
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Indeed, first we recall that e!R°"1/4 < |coshr| < e/Re’l and that |¢(r)| < ||¢]|3 for all
r € D;. Hence, since by definition of ¢*, Ret* = —T'. Parameterizing the integration
pathin I, by y(r) = tr + t*(1 — r), we have that

1
|L(1)] < 16e 2IRetl |y — t*|||¢||3/ Q2 Ret=(1=nT) 7.
0
= 16e 2URet=T) M(GZIRet-FT\ —Dio|l
B Retr+T 3-

Finally, using that |t — t*| = |¢t||Ret + T'|/| Re¢|, we get (38).
Hence, decomposition (36) and bounds (37) and (38) give us the following bound of
T (¢p)(t) forallt € Dy:
IT(@)0)] < CK? K| logdlll¢lls+16(1+a/T)ll¢lls < 2CK; K5 |log8|[¢lls, (39)
if § is small enough. Finally, bounds (34), (35), and (39) imply that
17 (@)l <201+ K3)CK; K3 log 814113,

and the lemma is proved. O

2.3.2. The Independent Term. Now we prove that the first approximation of ¢, ¢; =
LoTR(0) (see (10) for the definition of the function R), satisfies the properties enunciated
in Proposition 2.5. Concretely, we will prove the following:

Lemma 2.10. The function L o R(0) € X3 x X3 x X3, and moreover, there exists a
constant K independent of § such that

I£0 RO < K§7*,

where the norm || - || was defined in (17).

Proof. 'We note that R(0) € &y x Xy x Ap. This is due to the fact that 5z is bounded
in D,. Hence, by Remark 2.2, R(0) € &, x &, x &, for any v > 0, in particular for
v=3.

First we claim that DM (0) € X x X} (here D denotes j—l) and that there exists a
constant K » independent on § such that

IMO)llxs < Kamd”, IDM©O)]lxa < Kard"™. (40)
(The norm || - ||x,3 was defined in (18)). Indeed, we recall that by definition (11),
M) (t) = 8PF(0,0,8z¢(t), 8) and F = (Fy, F») is an analytic function in B>(ry) x
B(89), such that | F(0, 0, z, 8)| < Cr|(z, 8)|*. Henceforth, for t € D,,
IMO)(0)] < 877 Crl(zo(t), DI,

and since 7o € X} and 1 € Xy C X}, we obtain [|M(0) 3 < K877,
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Now let (z,8) € B(ro/2) x B(8p). We note that, if §, is small enough, then z +
|(z,8)| €Y /2 € B(ry) for all € [0, 27r]. Hence, by Cauchy’s theorem,

1
7|(z, )

10:F(0, 0, z, 8)|

IA

2
/ |F(0,0,z+|(z,8)]¢e?/2,8)|do
0

27
< ZcF|<z,<s>|2. (41)

As we pointed out in Section 2.2, we assume that ry is big enough to satisfy that §zo(¢) €
B(ro/2) for all t € D,. Therefore,

IDM0)(1)| = 87113, F (0,0, 820(1), 8)|| Dzo(t)| < %cw”%w), DI*[Dzo(0)],

and (40) is proved provided that 1 € Ay C X}, zo € &} and Dzy € A5.
In addition we observe that, by integrating by parts the integral in the definition (20)
of L,.., we have a more suitable expression for L (7' R(0)) = Lg (' M(0)):

5
Lo (' MO)() = —;l[n‘M(O)(r) — La.c(g) @],
with
g1 (1) = DE'M©O) (1) + 20(1)(1 +ic) - 7' M©0)(1).

We obtain an analogous expression for £_, _.(r>M(0)), and we conclude that

N
SO = -2 (5 _‘f) (MO ~ S(@)].

with ¢ = (g1, g2) and g>(t) = D> M(0))(t) + z0(t)(1 — ic) - > M(0)(z). We note
that by (40) and since zg € X}, g € Ay x Ay and ||g||x.4 < K 8713 for some constant K .
Hence, by Lemma 2.8 and using again (40), S o M(0) € A3 x A5 and

IS 0 M(0) ]l 5 < Cos”**. (42)

Now we deal with 7 o N. As in the previous case, one can check that N' € X3
and that there exists a constant Ky such that [|A]|3 < Kx8773. Hence by Lemma 2.9,
T oN € X, and

I7 o N2 < K87+ [Tog s, 43)
for some constant K independent of §. Finally, by bounds (42) and (43) and definition
(17) of the norm || - ||, we get the result. O

2.3.3. End of the Proof of Proposition 2.5. To finish the proof of Proposition 2.5, we
will need the following technical lemma:

Lemma 2.11 ([Ang93]). Let E be a complex Banach space, and let f: B, — By, be
a holomorphic mapping, where B, = {x € E: | x| < p}.
If 6 < 172, then fip,, is a contraction, and hence has a unique fixed point in By,.
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As we pointed out in Lemma 2.3, if ¢ is a solution of
¢ = LoR(p), 44)

then ¢ is also a solution of system (13) satisfying that 73¢(0) = 0. Moreover, it is clear
that, if ¢ € A3 x A3 x A%, then ¢ is bounded on D,,.
We notice that, by Lemma 2.10, ¢; = Lo R(0) € A3 x A3 x X, and thus we denote

R =8|lgi]| < 8K

Lemma 2.12. We define F = Lo R and B(R) the closed ball of X5 x X3 x X, centered
at the origin of radius R > 0.
The operator F: B(R) — B(R/4) is well defined and, moreover,

IF(p) — @il < K87 logslligll, forall g € B(R). (45)

Remark 2.13. We claim that Lemma 2.12 implies Proposition 2.5. Indeed, since the
operator F is analytic in B(R) and F(B(R)) C B(R/4), Lemma 2.11 implies that the
fixed point equation (44) has one solution ¢ € B(R). Moreover, taking ¢, = F(¢) — ¢1,
by (45), the statement (2) of Proposition 2.5 holds trivially. Item (1) of Proposition 2.5
is fulfilled by Lemma 2.10.

Proof of Lemma 2.12. First we will prove bound (45). Let ¢ € B(R). Since R =
8llg1]l < 8K 8P+, we have that ||¢]| < C8P**, with C = 8K.
We denote ¢ = (&, &, ), and we notice that

166, ©)llx3 < llpll < €87+, Inll2 < llglls~"|log 8] < C8”**[logs|.  (46)

We also introduce

AF(1) = F(85(1), 88(1), 8(zo(1) 4+ 1(1)), 8) — F(0,0, 8z0(1), ),
AH(1) = H(8&(1), 88(1), 8(z0(1) + (1)), 8) — H(0,0, 820(1), 8),

and we observe that, since AF and AH are bounded in D,, AF and A H belong to X}
and, by Remark 2.2, AF € Xy x Xy and AH € Xj3.

Next we will bound || A F'|| « 4. Throughout this proof, we will denote D = D, , . the
first derivative with respect to (x, y, z). We note that, since F is analytic on B3(ry) x
B(6p), we have that, if &y is small enough and (x, y, z, 8) € B3(ro/2) x B(8y),

IDF(x,y,2,8)| < Crl(x,y,z,8)% 47

To check that (47) is straightforward, we use Cauchy’s theorem in an analogous way as
in (41). Then, using (47) and the mean’s value theorem, we have that forall r € D,

|AF ()]

IA

1
8 /0 |DF(8&(t), 8E()A, 8(z0(t) + ()X, 8)| dA - [p(1)]

IA

8 Cr(max{|E®), [E@®, lzo)] + n @], 1H?|e@)]
< 48°Crlo®)|(max{le(®)], lzo®)], 1})*. (48)

A
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Let 1 € Dy. By (46) we have that |§(1)], [E()| < ll¢ll, and [n(1)| < §~'|logéll¢].
Hence, |¢(t)| < |l¢|l6~"|log §|. Moreover, since p > —2 and ||¢| < C8”**, we have
that there exists a constant M independent of § such that

max{|e®)|, [zo()], 1} = M,
if § is small enough. Using these bounds to bound (48), we obtain
|AF(1)| < 48%|1og8|Crll@IlM?, € Dy. (49)

Now we fix t € D,. By (46) and since |t — ia| > §, we have that

A

lp()| < llplmax{|t —ial ™, |t —ia| 26" log 8|}

IA

5~ [og 8llelllr —ial .

Using this bound and the fact that |(r —ia)~'z¢(¢)| is bounded in D,, increasing M if
necessary, we have that

A

max{|o(0)l, [zo()], 1} < max{llzollilt —ial™", 8" |logdllellt —ial™% 1)
< M|t —ial™, (50)

where we have used that § is small enough and that p > —2. Therefore, bounding (48),
we have that, for all t € D,,

|t —ial* |AF(1)] < 46%|log8|Crlle|M>. (51)
In the same way, one can check that
It +ial*|AF@t)| < 48%10g8|Crl@|M?, ift e D;. (52)
Thus using bounds (49), (51), and (52), we get
IAF x4 < 128 log 8|CrllgllM>. (53)
We claim that & - n € X, and
€ - nlls < llpl|C8”*|log ] (54)
Indeed, it is clear that
|EOM@)] < llpl*s~" | log 8| < C87F|logdlllell, ift € Dy,
and, since |t £ ia| > §, & € A3, and n € X,, we also have that

I(t —ia@)*e@n®)] < |t —ial g5l
lellCs7 [ logsllt —ial™' < llglC87**logs|, ift e D,
I(t +ia)*'E®n®)] < llelC87?|logs| ift € Ds.

A

IA

Hence, the claim is proved.
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Analogously, we can also prove that || - n|ls < |l¢||C8”*?|log8|. Therefore, by
definition (12) of M and bounds (53) and (54),

[M(@) = M)l x4 < @87 log 8|((1 + |c|)C + 12CrM?),
and Lemma 2.8 implies that S(M(p) — M(0)) € A5 x A5 and
[SIM (@) — M©O) x5 < K872 |logd]llel, (55)

for some constant K independent of §.
Finally we deal with 7 (N (¢) — A (0)). We observe that AH can be studied in the
same way as A F'. Therefore, we can conclude that

IAHI; < IAH |4 sup |t —ial™" < 125|1og8|CrllelM>.

teD,

‘We also have that
I&-Ells < lelC8PT!, In*l5 < llelC87 ! log 812,

and hence, there exists a constant K such that |\ (¢) — N'(0)||3 < |l@|| K87 |1log §|>.
By Lemma 2.9, this implies that

17N (@) = NO)l2 < K8 log s ll¢ll, (56)
and therefore, by definition (17) of the norm || - ||, and using bounds (55) and (56) of
[S(M(p) — M(0)lx3 and [| T (N () — N(0))[12, we get

IF(@) = @ill = [S(M(p) — M(O)lx.3 + 8l log 8| | T (N (9) — N (0)) ]2
< K3§"2[logsllgll,
and bound (45) is proved.

Now we are done since, by definition of R and the previous bound, we have that

R 2 R
IF @) = lloll + 17(0) = @l = o + K67 log8|R <

provided that p > —2 and § is small enough. O

3. Exponentially Small Splitting of the Heteroclinic Orbit

Let Ap = ¢" — ¢* where ¢" and ¢°* are the solutions of system (13) given in Proposition
2.5. These solutions are defined by D}* respectively and they satisfy the equation

™ = A9 " + R(g™).

Subtracting equations for ¢" and ¢*, we obtain that Ag is defined in Dj; N D} and it
must satisfy the linear equation

¢ = A)¢ + B@)e, (57)
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whose coefficients depend on ¢*", and they are given by
1
B(t) = / DR((1 — M)e*(t) + A" (1)) dA. (58)
0

Here D = DE,E,rz denotes the first derivative with respect to (£, £, 7). To prove Theorem
1.4 our strategy will be to exploit equation (57). The idea behind the proof is that if a
solution of (57) is analytic and bounded in D, N D7, then it has to be exponentially small
with respect to § when t € RN Dy N Dj. This is clear if one considers equation (57)
with B = 0, due to the special form of the fundamental matrix ® of £ = A(¢)¢ given in
Lemma 2.1. The same idea can be adapted for the full equation (57) using the fact that
B is a small perturbation of A for § small enough.

Because we are not dealing in this paper with upper bounds of A¢ but with an
asymptotic expression of it, we need to decompose Ap = Ag; + Ag; in such a way
that Ag, is the dominant term. We observe that the obvious decomposition, suggested
by Proposition 2.5, Ag; = ¢V — ¢}, with ¢} = L3 0 R(0), is not the most appropriate.
The reason is that the third component of ¢} is given by

t
i) = % / cosh® rNV (0) dr,

cosh”t Jo
and then 713(90}‘ — ¢})(¢) is identically zero.

For the full solution Ag, this cancellation will no longer be true. As ¢"* verify (19),
we can assume only that 73 A¢(0) = 0. This makes it necessary to look for another first
approximation with a third component different from zero. On the other hand, we would
like to keep the two first components of ¢} — ¢ as the main term of & L2 Ag. We use the
fact that Ag satisfies the homogeneous linear differential equation (57) and hence can
be expressed as

Ag(t) = @(1) [Aw(o) ~I-/O Q_l(r)B(r)Aw(r)dr] = B(Ap) (@),

with @ given in Lemma 2.1. With a Gauss-Seidel type of argument, we can use the two
first components of B(Ag)(¢) to compute the third one. So Ag can also be written as

fo 7P 2(@71 () B(r) Ap(r)) dr )}

Ae) =20 [A‘”(O) " ( Jy W07 () B)x 2BA@) (). 7 Ag(r)] dr

Once one has a suitable fixed point equation for Ag, it is natural to define the dominant
term as

0
@ (1) [A¢(0)+< Ji 3@~ () B(r) (2@ (r) Ap(0)), 0)] dr )] )

Of course, there is no sense in using Ag(0) since we do not know it (in fact, our goal
is to find an asymptotic expression for it); for this reason we use ¢} (0) — ¢} (0) instead
of Ag(0) in the expression of the dominant term (59). We notice that the two first
components of this dominant term are (we recall that 7'>R(0) = M(0))

72D (1) (@1 (0) — 9}(0)) = 8" 0o M(0)(r) — S* 0 M(0)(1),
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where this equality is a consequence of the fact that the function ¢} — ¢j' is a solution of
the homogeneous linear equation x = A(#)x. In this way we take Agp; = (AY, Any),
with

Ay (1) =7 (D) (9} (0) — ] (0)) = 8" 0 M(0)(1) = §* 0 M(0) (1)

+
efiatlé eiclog(cosht) cosh l/ oo; ei(xr/b‘ eficlog(coshr)n,lM (0) (r) dr
_so coshr
= +(X) 1 ’
eiat/é e—iclog(coshf) cosh l/ e—io:r/rS eiCIOg(COShr)nzM (0) (l’) dr
_o coshr
t
An (1) = 5 / cosh? r7T3[B(r)(A¢1 (r), 0)] dr. (60)
cosh“t Jo
We denote
+00 1 . .
o = 7' (@0 - ¢} 0) = / ——elerh el g (0) (r) dr,
_oo cCoshr
+0o0 1 ) .
) = 7 (P}0) - ¢}(0) = / e i e 72 \4(0) (1) i, (61)
_oo coshr

and therefore

e—i(xt/B eiclog(cosh 1) cosht CO
— |
Ay (1) = < giatld g—iclog(cosht) ooohy ¢ c(z) (62)
Lemma 3.1. The constants c? and cg satisfy that c(f = cg and that
I = |c)] < K§P e @, (63)

We notice that this implies that | Ay (0)| < K87 e,

Proof. The equality ¢ = ¢) comes from definition (61) of ¢}, ¢ and from the fact

that 7' R(0) = 72R(0) (see definition (10) of R). Moreover, since by Lemma 2.10,
il < K87+, we have that [w! Ay (£)(t —ia)’| < @bl + I}l < K87 for all
t e DE N D;. Then, since

|7_[1A,¢_1 (l(a _ (S))l — |ea(a75)/8 eic]Og(COShi(afts)) COShi(a _ 5)C?| < K8p+1,

and a = 7/2, we have that || < K§” e%%3_Here we have used the fact that, taking the
main determination of the logarithm, | e~ iclog(coshi@=8)) | < elcl7/2 apd that by statement
(2) of Lemma 2.7, | coshs| > Ki|s —ial > K6 . |

Remark 3.2. In fact, ¢! and ¢ will be computed more explicitly in Section 3.4 to get
the asymptotic expression for Ag in Proposition 3.4.

The remaining part of this section is devoted to proving Theorem 1.4, which will
be a direct consequence of Proposition 3.3 and Proposition 3.4, enunciated below. We
postpone their proofs to the following subsections.
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In order to see that Ag(0) is given asymptotically by Ag;(0), our next goal is to
obtain an exponentially small bound for the difference Ap(0) — Ag;(0).

Proposition 3.3. Ifp > -2,
Ap(0) = Agi(0) + O(8°7*2[log8[) e~
Finally, we check that Ag; is actually the dominant term of Ag.

Proposition 3.4. If p > —2 and § is small enough,

O{
7A@ (0) = 2787 e T2 Za" ( 8 F(n + 1 +1c)
n>3 (—i)" | | 1y,
'n+ Tn+1-1ic) ic)

+ 0(8p+l) e—ﬂ\a\/(%)’

where the coefficients m,, were defined in Theorem 1.4.

End of the proof of Theorem 1.4. We point out that Proposition 3.3 and Proposition 3.4
imply, trivially, Theorem 1.4 if we observe that

7' Aoy (0) +in? A0 (0) = ' Ag; (0),

and

ie S\ntic
7' A@ (0) = 2787 eIV (M> (i)~ i Z () ’/”'n

8 —~T(n+1+ic)

+ 0(8[7+l) e—ﬂlal/(Zé)

— 27 ec7'[/2 n’;l(la)(sp e*ﬂ|¢¥|/(25) eficlogé +0(8p+1) efnlal/(ZzS) . 0

The remaining part of the paper is devoted to proving these results.
Since we are interested only in computing A¢(0), it will be enough to study the
behavior of Ag(s) for s = it, purely imaginary. We restrict our definition domain to

E:={iteiR: |[t| <a—-8 C D,NDj.

Obviously, Ap and Ag; are both defined in E.

3.1. The Solutions of Equation (57)

In this subsection we find a suitable expression of A¢ by means of a linear operator.
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Since p*" € X" x A" x X5, itis natural to consider the following normed space
Y where Ap = ¢" — ¢° belongs to

Yy = {f: E — C*: f is continuous

Iflly := sup |l f(it)cos’ t| + sup |72 f (i) cos® t]

iteE iteE

+

8
sup |73 f(i1) cos’ 1| < oo}.
|logd| irck

We introduce the operator Fo(f) = (G(f), H(f)), where

] t e—ar/é e—iclog(cosr)
je!/d giclog(cosn) cost[ ———————— 7 (BGir) fGir)dr
g(f)(l 1 = a=b t e(c:v?/% Ziclog(cosr) s
je /8 giclog(cost) cost/ —nz(B(ir)f(ir)) dr
—(a—9) COoSr
. t
i
H(HG) = coszt/ cos> r (BGr)(G(f)Gr), 7 f(ir)))dr. (64)
0

In order to shorten the notation, we also define for all kq, k, € C,

1 (ky, k) (1) (65)
kl eat/é eiclog(cos 1) cos t

k2 e—at/é e—iclog(cost) cost

t
COS3 I‘]T3(B(i r)(k1 ear/zS eiclog(cosr), kz ear/(S eficlog(cosr)’ O)) dr
cos?t Jo

Lemma 3.5. Ag € Y and |Ag|ly < K8"**. Moreover, there exist c1,c; € C such
that

Ap(it) = I(c1, c2)(@) + Fo(Ap)(it), (66)
and |c1), |ca] < K87 e,
Proof. Since ¢*" € X;" x A" x A", Ap € Y obviously. Moreover, by Proposi-
tion 2.5, | Aglly < l¢"lly + ll¢*lly < K87+,

Now we check (66). Since Ag is a solution of the linear homogeneous equation (57),
it can be written as

Agp(s) (67)

casls icl h § eiar/d g—iclog(coshr)
e iasl qic og(cosh s) cosh ¢ Cl+/
§1

coshr
/S e—iar/é eiclog(cosh r)
s:

7 (B(r)Ag(r)) dri|

— ei(xs/& e—iclog(coshs) cosh ¢ o+
coshr

nz(B(r)A(p(r))dr:| ,

2

Lz |:C3+/s cosh? rr (B(r) Ag(r)) d"}
cosh’ s

53
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for suitable ¢y, ¢;,c3 € C. We take s3 = 0, 51 = i(a — §8) and s, = —i(a — §). We
observe that, since we have chosen 73¢*(0) = 73¢"(0) = 0, we have that 73 Ap(0) = 0
and then c¢; = 0. We perform the change of variables » = i u in all the integrals of (67)
and we obtain, taking s = it in (67),

Cl eozt/(S eiclog(cos 1) cos t
A(p(it) — e e—az/& e—iclog(cost) cos t
0
G(Ap)(it

+ / cos’ urr3(B(iu)A<p(iu)) du
0

(68)

cos? ¢

Substituting the two first components of Ag, '?>Ag, by the right-hand side of (68),
which is (¢ ¥ eic108005" cog ¢ ¢, e~ gmiclogeost cos T L G(Ag), in the third com-
ponent of the expression (68) of Ap(it), we get the form (66) stated in the lemma.

Now we bound |c/|, |c2|. Since Ag € V), we have that |7 (Ap(it)) cos® t| < |[Ag]ly.
Then, since 51 = i(a — §),

1 3 -8 icl s(a—8 4
' (Ap(s1)) cos’ (a — §)| = | e* @ eicloalcost@=d) oo5t(q — §)c1| < || Aglly,

and thus, since a = 7/2, |c1] < ||Ag|y e @9/ | g-iclogcos@=9) |5-4 I the same
way, one can check that |c;| < [|Ag||y e~@@=9/ | giclog(cos@=0)) |5=4,

Finally we observe that | eTi¢108(c0s@=8) | < elel™/2 taking the main determination of
the logarithm. Therefore, since | Ag|ly < K874, the lemma is proved. O

3.2. The Equation for Ap, := Ap — Ag;

We denote Ag; = Ag — Agp; and we decompose Agp = (A, An) with Ay =112 Ag
and An = 73 Ag. Analogously, we will write Ag, = (A, An).

We recall that by (62), (60), and definition (65) of 7, we have that Ag; = 1(c¥, ¢9),
and by (63) in Lemma 3.1, || = || < K§7 e~%h,

The following lemma expresses Ag; in a more appropriate way in terms of 7 (ky, k»)
and of the linear operator F,. We also provide useful bounds of k; and k.

Lemma 3.6. Agp, = Ap — A satisfies the fixed point equation given by

Apx(it) = I(c; — ¢, cr — D) + Fo(Ap) (1) + Fo(Apa)(it). (69)
Moreover, there exists a constant K such that
ler = e, lex — €3] < K&+ el (70)

Proof. To prove (69), we only have to take into account expression (66) of Agp in Lemma
3.5, that Ag;(it) = 1(c?, ¢9)(¢) and the fact that F is linear.

Now we deal with (70). As we pointed out in Remark 3.1, Ay =7 1*2((,0}l —¢}), thus
we have that Ay, = !-2 (@3 — ¢5), where we recall that ¢ were defined in Proposition
2.5. Then, it is clear that, by item (2) in Proposition 2.5,

Im 2 Ay (i) cos’ t] < [l@S]l + llgsll < K8+, (71)
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In addition, we observe that, taking into account expression (62) of A,
) = 1" Ay (ia — 8)) e @7 gmicloelcos@=d) ool (g —§),
) = T2 AY(—ila — 8)) e @D gicloelcos@=0) ¢o5=1(q — §)
(an analogous formula can be deduced for ¢; and ¢, using A1 instead of Ayr;). Therefore,
c1 =€) = eI giclosteosa ) ol (g — §)x ! (AP (ia — 8)) — Ay (ila — )))
= e (@08 g=iclog(os@=3) coc=l (4 — 87! Ay (ila — 8)), (72)
0 — ) = e @D giclogeos@=9) cos=1 (4 — §)72(Ayr(—i(a — 8))
— Ay (—ia —9)))
= e @@= giclogleos@=9) oo~ (g — §) 2 Ay (—i(a — 8)). (73)
Hence, using (71) to bound 7 "> Ay, (& i(a — 8)) in expressions (72) and (73), we obtain

ley — ¢V, [er — 9| < K§2PT2eal O

3.3. Exponential Smallness of Ay,
Let us introduce the functional spaces

Z, = {f: E— C: fis continuous and sup |e*“~ " cos™ ¢ f(ir)| < +o0},
iteE

2

: E — C: fis continuous and sup |e*“@ "8 cosr £(i1)| < +ool.
p
iteE

We endow Z; and Z, with the norms

If1llz,

1
sup (e —— fi(ir)|
ircE cost

| f2llz, = sup |e"‘(“_m)/‘S cost f>(i t)| .

iteE
We also consider the product space Z = Z| x Z; x 2, with the norm
Igllz = llm'gllz, + llm?gllz, + [logs|~'67 7~ *||m g z,. (74)
We notice that, if g € Z,
7' g(0)], [r2g(0)] < lIgllze™™ and |7 g(0)] < |Igllz8” | logse .

Hence, in order to prove Proposition 3.3, we have to check that Ag, expressed as (69)
belongs to Z and ||Ag;|z < K82P*2. Our method to prove these properties will be
to check that both I(c¢; — c?, c) — c‘z)) and Fy(Ag;) belong to Z and that the operator
Id — Fy is invertible in Z. Moreover, since we have to bound || Ag, || z, we also provide
bounds of || Foll z := max{[|Fo(HIl, I fllz = 1}

All the properties related to the operator F are enunciated and proved below in
Section 3.3.1. The remaining part of the proof of the exponential smallness of Ag; is
given in Section 3.3.2.
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3.3.1. The Operator F,. First we state a technical lemma related to matrix B defined
in (58).

Lemma 3.7. The matrix B = (b; ;) satisfies that there exists a constant K independent
of § such that for all i, j € {1, 2,3},

sup | cos?t b, ;(it)] < K87 "|logs|, for it € E.

iteE

Proof. We denote ¥, = ¢° + AA@ = (£, &,, n;). It is clear that, by Lemma 3.5 and
Proposition 2.5, ¥, € Y and ||y, ||y < K87+,
Let b; ;(t),1, j = 1, 2, 3 be the coefficients of the matrix B defined in (58). We have
that there exists a constant C such that for all it € E,
b1 (0] < 7' DR G

< 8" DF(8&.Gi1), 88, (1), 8(z0(i1) + ma(i1)), 8)
+ ClynGin)l. (75)
We recall that R was defined in (10), | - | denotes the maximum norm in C3, and

D= DE,E, . denotes the first derivative with respect to (£, £, n). Then, using bound (47)

of DF, that |cos®t n,(it)] < K87*3|log$| and that | cos®>t &, (it)|, |cos’t &, (it)| <
K8§P+*(cost)™! < K873, we can bound (75), obtaining

|cos? th; ;(i1)] < 4873 Cp|cos® t](max{y, (i1)], lz0(1)], 1)) + K873 log3,

if t € D, N E. Finally, using a bound analogous to the one given in (50) of the quantity
max{|y; (it)], |zo(?)|, 1}, we obtain the result for i € D, N E provided that | cost| <
K|t —ia|forsome K;.Ifit € D3N E, we proceed in a similar way. We also can bound
|bs, ;| and |b3 ;| and the lemma holds true. O

The next lemma provides all the properties of F that we will use later on. We recall
that Fy was defined in (64).

Lemma3.8. If p > —2, the linear operator Id — Fy is invertible in Z. Moreover,
I Follz < K87+2|log 8| and hence || (Id— Fo) || z < (1 - ||-7'—0||z)71 <1+K87*2|log .

Proof. During the proof of this lemma, we will denote by K any constant independent
of 6.

Since JF is a linear operator, to prove this lemma we only have to check that || Fy|| z <
K8P*2|10og8|> < 1, provided p > —2.

Let h € Z. We note that, by Lemma 3.7 and definition (74) of norm || - | z,

1

— —|t])/s
—e TR p 5
cos“t

lm/ (BGit)h(i1))| < K83 |logs]

1
x (2| cost| + | log 8|87+ ———
| cost|



Breakdown of Heteroclinic Orbits 573

IA

K87 log 8| e @@ |

1
2 + |log 887+ ———
X( + [log?] |coszt|)

K87 log 8| e @@ |

| cost|

IA

, 76
| cost| (76)
for j = 1, 2, 3. In the last inequality we used that p > —2 and that § is small enough.
Therefore, we have that, for all iz € E, thatis, |[t| < a — §,

a—3§ e\c\n/Z

ez (BGir)h(ir))|dr
COSr

IA

|7Tlg(h)(1 t)| eott/é e\c\ﬂ/z COSI/
t

< K873 |logs| e 0 e elcl™ cos t||h| 2
a—3§ 1
x/ —— G VLY a7
. cosr

It is not difficult to check that there exists a constant C independent of é such that, for
any 1 € [—(a — 8), (a — 3],

a—3§ 1
eat/5 5 efa(rf\r\)/é dr < Cealrl/é 871.
¢ cos“r

Using the previous bound in (77), we have that

' Gz, = sup | G(h) (1) e*“ P cos ™! 1] < K87+ |log 81| = (78)

iteE
In the same way, one can check that

172G (M) z, = sup [7?G(h)(t) e* @ V2 cos™' 1| < K672 log8||hllz.  (79)

iteE

Now we deal with the operator H. First we note that, by bounds (78) and (79), again
using Lemma 3.7 to bound b; ; (), we have that, since | cost| > 6,

I (BADGR)(1), T°h 1) < K87 |logs|e @ DP %
cos-t
(lcostl(Ix' G|z, + 17> G(M) ] =,)

§P+4| log 8|
+ ———— Az
| cos¢|

A

IA

K877 |log 81> e~ ||z .
| cost|

Then,

IH(R) (1) < K827 |log 8| e |In| 2 . (80)

cos? ¢t

t
/ cosr eV gy
0
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and using that

t
alrlls o altlls .
/0 cosr e dr| = ¢ 0127_{_82(0500“—l—(Ssm|t|)—010[2—_‘[_(32

)
< C—e"" cost, (81)

o

for some constant C > 0, we can prove that
1

IH(R) (i 1)| < K87+ log 87 e P ||h) z —— (82)

|cost|’

Finally, using bounds (78), (79), and (82) and the definitions of Fj and || - || z, we have
that

IFomlz = Ix'GMz, + 7G|z, + 87 *log 8] IIH () @) 2,
K87 log 8|||hllz.

IA

Therefore, || Fyllz < 1, provided that p > —2 and § is small enough; this implies that the

linear operator Id — 7y is invertible and moreover || (Id — }"0)_1 lz<A—=|Flz)"' <
1+ K87+2|log 8|. 0

3.3.2. End of the Proof of Proposition 3.3. At the beginning of Section 3.3, we ex-
plained our strategy to prove Proposition 3.3. The first step, the study of the linear
operator Fy, has been done in the previous subsection.

We recall that Ap; = 1 (c(f, c(z)), where I was defined in (65). Taking into account this
expression, we also notice that, by (69) in Lemma 3.6, we have that

(d — Fo)Aga = I(c1 — ¢, c2 — ) + FoI(c), ).

It only remains to check that both 7 (c; — c?, ca, cg) and / (c?, cg) belong to Z. This is
done in the lemma below.

Lemma 3.9. Given ki, ky € C, I(ky, k) € Z and
1 (ki k)l 2z < K (ki + [kal) e
Proof. Throughout this proof, K will denote any constant independent of §.
We fix ki, ko, € C. It is clear that

|k1 | eaa/8 Sup eal/5 e—ol|t|/5 +|k2| eom/é Sup e—al/5 e—ol|t|/5 — eaa/5(|k1| + |k2|)
iteE iteE

In order to bound the third component of I (k, k;), we use bound (76) with h =
(w1 (ky, k), w21 (ky, k), 0) and we obtain that, since |||z < e e (k| + |ka),

|73 (BGt) (' 1 (ky, ko) (1), w21 (ky, ka)(2), 0))]

1
< K87 3|log 8| e (k| + |k2) :
| cost|



Breakdown of Heteroclinic Orbits 575

Hence,

|73 (ky, ko) (1)) < K8PF3 | log 8|(Jk1| + |kal)

3

1 t
> cosr eV gr
cos2t | Jo

and finally, using (81) to bound the last integral, we get

1
731 (ki, ko) (1)] < K87 [log 8| (lky| + lka|) —— eI,
| cost|

and the result is proved since

11 ki, k2) I =

7' e, k) 2, + 7?1 (ky k)| 2,
+ log 8|18~ P~ |73 I (ky, ko) |l 2,
K (k1] + [ka|) e . O

IA

Lemma 3.10. Ag; € Z and it is determined by
Ay = (Id — Fo) ' (c; = Y, ca = ) + Ud — Fo) " (Fo(Ag1)).  (83)

Moreover,

IA@slz < K8*+2|log 4.

Proof. 'We recall that Ay, satisfies equation (69) given in Lemma 3.6; that is, we have
that

(Id — Fo)(Aga) = I(c; — ¥, cr — &) + Fo(Agy).

Hence, since by Lemma 3.8 the operator Id — Fy is invertible in Z, to prove (83) is
equivalent to checking that both 7(c; — ¢, 2 — ¢9) and Fy(Ag;) belong to Z. As
in Lemma 3.9 we have proved that I (k;, k;) € Z for all k, k; € C, the functions
I(ci — c?, cy — cg) and Agp; =1 (c‘l), cg) belong to Z. Moreover, in Lemma 3.8, we saw
that Fo(Z) C Z, and hence Fy(A¢;) € Z, which implies that Ag, € Z.

Now we will prove the second part of the lemma: the bound of || Ag; || z. Since Agp;
satisfies the identity (83),

[A@allz < I1Ad — Fo) Mz (1 — ¢}, ea — Nz + [ Foll zl Api ]l 2)-

Taking into account bound (63) of ¢, ¢9, and bound (70) of Lemma 3.6 to estimate
c1 — Y, cr — Y, we are able to bound Ag; = 1(c?, ¢9) and I (c; — ¢?, 2 — ¢)) by using
Lemma 3.9. We also bound || Fy|| z and ||(Id — F;) ' || z by using Lemma 3.8 and finally

we obtain that, if § is small enough,

IA

[A@2llz < 2K (e — ] + lex — 3)) + K872 Tog 8] e (|c)] + |€3])

K 5°P*2|log 8],

A

and the lemma is proved. O
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End of the proof of Proposition 3.3. We note that, since 73 A@(0) = 73Agp(0) = 0,
then 773 A, (0) = 0. Moreover, by Lemma 3.10 and definition (74) of || - || z, it is clear
that

712 Ay (0)] < K8%P2|log 8] e,

and Proposition 3.3 is proved. |

3.4. Proof of Proposition 3.4

We recall that w3¢; (0) = 0, and hence we only have to compute Ay (0) = w12 Ag; (0).
We also notice that

AY1(0) = (¢, DT, (84)

where c(l) and cg were defined in (61). Moreover, by Lemma 3.1, c(l) = g; hence, we only

have to calculate c(l’.
We recall that by definition (11) of M, we have 7' M (0) = §” F|(0, 0, §29(¢), §) =
8P(f +ig)(0,0, 8z9(t), 8). Moreover, since (f, g)(0, 0, 8z, 8) = O(|(8z, 8)|?), one has

(f+i8)(0,0,82,8) = 6" ag(8)+8"ay (8)z+8"Par(§)27+ ) 67 "a,(8)7", (85)

n>3
where a, are bounded and analytic functions in B(§y). Consequently,

7' M) (1) = §73ay(8) — 87 3a,(8) tanh t + 87 3a,(8) tanh?

+ Z 8P (—1)"a, (8) tanh” . (86)
n>3
We denote
+oo inh” .
I, = I,(a.c) = / _ ST ierhs gy, 87)
oo (COShI’)'hLH‘C

and we observe that, by expression (86) of M (0) and definition (61) of c(l), we have that

) =8"5ag(8) Iy — 87 Pay (8) 1) + 8" P ax(8) I + Z(S”"(—l)”an((S)Iﬂ. (88)

n>3

To get the asymptotic expression of Proposition 3.4, we have to estimate I,,. First we
claim that 7, satisfies the recurrence relation
1 o n—1

I, = — In—
n+ic § l—i_n—i—ic

I, .

The claim follows easily by doing parts in definition (87) of 7,. We define the sequence
{J n }nEO by

L LY =1
n_l’l+iC(S n—1, 0 — 10,
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and we claim that I, = J,(1 4 I,,) with I, satisfying that Ip = I} = 0 and [I,| <

§|IT(n + 1 4+ ic)|. Indeed, it is clear that I; = J; and that [, satisfies the recurrence
relation given by

I, =0.

- - 5\’ _ -
ILh=1,_1+m—-Dn—-1+ic) (a_> (I+1,-2), 1o
i

Now we proceed by induction. Let us assume that [I;| < §|['(k+1+ic)| forall k < n.
Henceforth,

— 82
I, <8I0 +i0)] + (= Dln = 14icl (14800~ 1+ie))

A

52 5
5T (n +ic)|(1 + 50— 1)) + (1= Dln—1+icl—

Sir+ 011+ -+ L2
n —(n— _
re o Tn—1+ic) o

SITn+ic)n <8IT(n+1+ic)l,

IA

if § is small enough, but independent of n. Here we have used that I'(z 4+ 1) = zI'(2)
and that n/|[T"(n + ic)| is bounded for all n.
Now we are going to estimate J,. We have that

& 1 ail” ai\" Td+io)
Jy = —) h=(=) —————J, n>1. 89
Hk+ic<8> 0 <3> Tn+1+io " " (89

Performing the change of variables s = tanhr, we get that
e 1 irls : (—1+ie)2+ai/(28) (—1+ie)2—ail(28)
Jo = : edirld g, :/ 1+5)C +ic)2+ai 1—5) +ic)2—ai ds.
0 /_oo (coshr)!+ic _1( ) (1=s5)

This integral can be expressed as a confluent hypergeometric function (see page 505,
[AS92] for the definition):

M(a,b,z) = Lb)zl—beﬂ2
'b—a)l(a)

1
X/ e—zt/2(1 + t)h_a_l(l _ t)a_l dt, Reb > Rea > 0,
—1

takinga = (1 +i¢)/2 —ia/(25), b = 1 +ic, and z = 0. It is well known that
M (a, b, 0) = 1. Hence, we have that

. 1 1+ i 1+i i
o =12 r(— ) p (22,
T(d+ic) 2 s 2 28

and thus, substituting the previous expression of Jy in (89), we have that

. n 1 ) 1 . . 1 . .
o= (1) L pep (e ey (lhic i) g
5) Th+1+io 2 28 2 28
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Now we use that for any z € C such that |arg(z)| < 7, T'(z4+a) =T'(z + b4t +
O(z™")) for arbitrary a, b € C (see [EMOTS53], page 47), we obtain that

p(te @) Cp (L ed) (22 4 o
2 28) " \27 28 28
(taking z = +ai/(28), a = (1 +ic¢)/2 and b = 1/2), and thus, using that I'(z)I"(z) =
IT'(z)|?, from (90) we have that
@\ | (1 el
§) Tm+1+io| \2 7 23
ant (o] '€ 1 1 il
-n _ - - F _ .
1(5) (a) T(n+1+ic) <2+25>

where O(8) is independent of n. Finally, using that I'(z) = e~2 e~ 1/2logz(o)12(] 4
O0(z™")) for any z € C with | argz| < 7, we have that, if § is small enough,

2 . i|05| ic
N5 | T+ 036)

I

2
1+0@), ©Oh

1 ilel\[? lal
C{=+— ) =2me ™l ). 2
‘ <2+25)‘ e (14 0(5)) (92)

Therefore, using (92) in (91), we obtain that for any «, ¢ J, can be expressed as

ant (o] \€ 27 _
Jn _a (¢ 7 |a|/(28) 1 0 , 93
1(5)<3) T+ 1+ic) . (1+00) ©3

and therefore

I, ¢) = 1" (g) (M) I emlel@) (1 4 0(3)(1 +Ty(@ )

) ) 'h+14+ic)
ant o] \'¢ 27 lal28) o
= i"(= - N o' e n|a|/(26)7
! (5) (a) Tn+1+ic) OO

provided that 7, (a, c) satisfy that |1, (a, ¢)| < 8|T(n + 1 +ic)l.

To finish the proof of Proposition 3.4, we introduce m, = (—1)"a,(0), forn > 3. If
we substitute the above asymptotic expression in equality (88) and we take into account
that I, = O (87" e "1*/29) 'we obtain an asymptotic formula for c?. Then, we only need
to use the fact that, by (84), 712¢01(0) = Ay (0) = (c‘l), cg)T.

4. Conclusions

The main result in this paper is Theorem 1.4, where an asymptotic formula for the ex-
ponentially small distance between the (one-dimensional) unstable and stable manifolds
of the two critical points of family (5) is obtained rigorously.

This result is a first step towards the complete understanding of the Hopf-zero sin-
gularity of vector fields in R?. The application, of the result obtained in this paper, to
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families X, of conservative vector fields in R? that meet the singularity for some value
of the parameter & = o, is of use when considering the behavior for u close to wg. In
particular, one expects these families to experience a Shilnikov bifurcation, that is, the
existence of a homoclinic orbit to one of the critical points, and chaos, for values of the
parameter arbitrarily close to .

Of course, the result in this paper is only a small contribution to the whole problem of
the Hopf-zero singularity, and there are some challenging problems that can be naturally
considered and solved by using these, and more sophisticated, techniques.

In the case of the heteroclinic connection considered in this paper, it is clear that the
next goal is to prove conditions for its break-up in the case p = —2. The derivation of
an asymptotic formula in this case will solve the problem for generic unfoldings. As we
explained in Section 1.4, to deal with this case, we have to obtain suitable approximations
for the invariant manifolds in complex domains which no longer form the unperturbed
heteroclinic connection. These approximations are special solutions of the so-called
inner system and one expects the distance between the perturbed invariant manifolds
be dominated by their difference. In their study of the “inner system,” [BS] proved
the existence of suitable approximations of the invariant manifolds as well as give an
asymptotic formula for their difference that depends on the full jet of f + i g in (1).

Of course, the study of the inner system does not solve the singular problem at all. In
this case, the most difficult part will be the derivation of an asymptotic formula for the
break-up, naturally different from the one obtained in this paper, and that involves, as the
leading term, the results for the inner system. The authors plan to estimate the formula
and to check it numerically before trying to apply matching techniques to prove it.

On the other hand, to obtain the existence of homoclinic orbits for these families (and
therefore Shilnikov bifurcations), for both p > —2 and p = —2, itis not enough to prove
the break-up of the heteroclinic orbit between the critical points. The reason is that, as
was stated in Lemma 1.2, the close integrable system we use as an unperturbed system
has a heteroclinic surface that is the two-dimensional stable and unstable manifolds
associated with these critical points. Then, it is necessary to show that, when the higher
order terms of the family are considered, these coincident two-dimensional manifolds
also break up and intersect transversally along one (or two) heteroclinic orbits. We expect
similar results to the one in this paper, validating the prediction of the Melnikov vector
when p > —2 and a more difficult task also in the singular case p = —2.

There is a long way yet to go to achieve the complete result, and the work presented
in this paper is only a first step. However, the result in this paper is also interesting in
its own right, mainly because it deals with an unusual case, autonomous vector fields
in R? where these exponentially small phenomena occur. Finally, we point out that the
techniques used in this paper are more in the spirit of the first work in this area [HMS88]
because they do not use any geometric properties of the system considered.
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