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Abstract. We consider a singular or weakly hyperbolic Hamiltonian, with n 4 1
degrees of freedom, as a model for the behaviour of a nearly-integrable Hamiltonian
near a simple resonance. The model consists of an integrable Hamiltonian possessing
an n-dimensional hyperbolic invariant torus with fast frequencies w// and coinci-
dent whiskers, plus a perturbation of order u = €P. The vector w is assumed to
satisfy a Diophantine condition.

We provide a tool to study, in this singular case, the splitting of the perturbed
whiskers for £ small enough, as well as their homoclinic intersections, using the
Poincaré—Melnikov method. Due to the exponential smallness of the Melnikov func-
tion, the size of the error term has to be carefully controlled. So we introduce
flow-box coordinates in order to take advantage of the quasiperiodicity properties of
the splitting. As a direct application of this approach, we obtain quite general upper
bounds for the splitting.

1. Introduction and main results. The existence of transverse intersection of
the unstable and stable manifolds of a (partially) hyperbolic transitive invariant
object has been pointed out as one of the main causes of chaotic behavior in a
dynamical system. In nearly-integrable Hamiltonian systems with n 4+ 1 degrees of
freedom, n+1 > 2, the role of the invariant objects is played by the whiskered tori, of
dimension at most n, which are associated to the resonances of the frequencies of the
unperturbed integrable Hamiltonian. An expansion in the perturbation parameter,
say €, reveals that both the unstable and stable manifolds (the whiskers) of a
whiskered torus coincide up to any finite order in e, giving rise to separatrices.
However, in general, the whiskers do not coincide, but their distance turns out to
be exponentially small with respect to €. This phenomenon, called exponentially
small splitting of separatrices, takes place in nearly-integrable Hamiltonian systems,
and was first detected by Poincaré [Poi90, §19] by means of what is nowadays known
as the Poincaré—Melnikov method.

Moreover, for a nearly-integrable Hamiltonian with n+1 degrees of freedom, the
computation of the splitting of separatrices is a very important problem. Indeed,
the existence of splitting with transverse homoclinic orbits implies the existence of
heteroclinic orbits connecting close enough whiskered tori (at least for whiskered tori

1991 Mathematics Subject Classification. 7T0H08, 34C37, 34C30, 70K45.

Key words and phrases. Hyperbolic KAM theory, flow-box coordinates, Poincaré—Melnikov
method.

Research partially supported by the Catalan grant 2001SGR-70, the MCyT-FEDER grant
BFM2003-9504 and the INTAS grant 00-221.

785



786 AMADEU DELSHAMS, PERE GUTIERREZ AND TERE M. SEARA

whose distance is similar to the splitting distance), and gives rise to the transition
chains mechanism, due to Arnold [Arn64], designed to detect, for n + 1 > 3, the
phenomenon of instability called Arnold diffusion.

In the exponentially small case, the validation of the Poincaré—Melnikov method
for detecting the splitting becomes a difficult problem due to its singular character.
This validation was first carried out for hyperbolic periodic orbits of Hamilton-
ian systems with 2 degrees of freedom (the case n = 1 in our setting) and for
saddle fixed points of area preserving maps (see, for instance, [DS97, DR9S)), at
least when the perturbation was small enough near the compler singularities of
natural parameterizations of the separatrices. In fact, Lazutkin was the first to in-
troduce complex parameterizations of the separatrices, in the case of the standard
map (see [Laz03, Gel99]), although in this case one needs to consider a different
unperturbed model in order to validate the method.

In more dimensions, n > 2, the arithmetic properties of the frequencies of the
n-dimensional whiskered torus, together with the quasiperiodicity properties of the
splitting, also have to be taken into account in the validation of the Poincaré—
Melnikov approximation to the size of the splitting. Upper bounds for the splitting
appear in [Gal94], and the role of the arithmetic properties was detected in [Sim94],
and rigorously established in [DGJS97] for the quasiperiodically forced pendulum.

On the other hand, for n-dimensional whiskered tori of a Hamiltonian with n+ 1
degrees of freedom, it turns out [Eli94, DG00] that the splitting vector distance and
the Melnikov vector function are the gradient of scalar functions, called respectively
splitting potential and Melnikov potential. This property, closely related to the
Lagrangian character of the whiskers, implies directly the existence of homoclinic
intersections and translates the problem of searching for such intersections to the
problem of searching for critical points of a scalar function. In the same way, the
transverse intersections can be translated to nondegenerate critical points.

Such study has been carried out in [Sau01, RW00, LMS03], by looking at two dif-
ferent solutions of a Hamilton—Jacobi equation, which correspond to both whiskers
of the torus. Their difference is shown to be exponentially small in the parameter
perturbation € by expressing it in some flow-box variables for the n 4+ 1 variables
of the whiskers, where it is a quasiperiodic function.

In the present paper, flow-box coordinates are introduced in a small neighbour-
hood containing a piece of both whiskers (but excluding the whiskered torus),
straightening in this way all the 2n + 2 coordinates and not only half of them
(see also [PVO01, PV04]). These coordinates are global in the angular variables of
the whiskers, and we construct them with the help of an iterative process which
allows us to control their complex domain.

The flow-box coordinates provide a tool to study the splitting of the perturbed
whiskers in the singular case, as well as their homoclinic intersections, using the
Poincaré-Melnikov method. Indeed, these coordinates allow us to take advantage
of the quasiperiodicity properties of the splitting, closely related to its exponential
smallness. This tool makes a difference with respect to some previous works (see
for instance [Gal94]), where the splitting was expressed in the original coordinates.

As a direct application of the results obtained, sharp upper bounds follow for the
exponentially small splitting of separatrices. It is worth noting that the straight-
ening of all the 2n 4 2 coordinates seems to indicate that such result is also valid
in other non-Hamiltonian settings. Therefore, we believe that such flow-box coor-
dinates can be useful in other situations where a total description of the dynamics
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close to a whisker of a Hamiltonian system is needed, as well as in other settings,
like reversible systems.

Besides, we provide an accurate upper bound for the size of the error term of the
Melnikov function. In the paper [DG04], for some more concrete perturbations in
the case of 3 degrees of freedom (n = 2), it is seen as a consequence of this bound
that the Melnikov function dominates the error term. This implies the validity
of the Poincaré—Melnikov method to give asymptotic estimates for the splitting,
showing the existence of transverse homoclinic orbits. This can be done thanks to
the fact that all the results obtained in the present paper are quantitative enough.

A more precise description of the setting and of the results of the present paper
follows.

1.1. Setup: A singular or weakly hyperbolic Hamiltonian. We consider a
Hamiltonian system, with n 4+ 1 > 3 degrees of freedom, depending on two pertur-
bation parameters € and p. In canonical coordinates (z,y, ¢, I) € T xR x T™ x R™,
with the symplectic form da A dy + dp A dI, our Hamiltonian is defined by

H(l’,y,(p,[):Ho(l‘,y,l)—‘rqu(l‘,gO), (1)
Ho(x,y,l):(wg,l>+%<AI,I>+%+cosx—1, @)
Hi(z,¢) = h(z)f(p), (3)

where A is a symmetric (n x n)-matrix, and h(z) and f(¢) are analytic periodic
functions. We work with fast frequencies of the form

(4)

where w € R" is fixed, and € > 0. (We also assume g > 0 with no loss of generality.)

Notice that Hy consists of a pendulum, given by P(z,y) = y?/2+ cosz — 1, and
n rotators with fast frequencies, ¢ = w. + AI. Then, the Hamiltonian Hy has an
n-parameter family of n-dimensional whiskered tori (or hyperbolic tori) given by
the equations I = const, x = y = 0. The stable and unstable whiskers of each
torus coincide, forming in this way a unique homoclinic whisker. We shall focus
our attention on a concrete whiskered torus, located at I = 0, whose frequencies
are assumed to satisfy a Diophantine condition (see hypothesis (H2) below). We
denote 7 this torus and W its homoclinic whisker.

The two parameters of the Hamiltonian will not be independent. On the con-
trary, they will be linked by a power-like relation of the type p = P with a suitable
p > 0 (the smaller p the better). Then, one usually says that the considered problem
is singular for € — 0 (one can also say that the Hamiltonian is weakly hyperbolic, or
a-priori stable). A motivation for the singular problem is given in Section 1.2. In
fact, our approach will be to work with (1-3) first as a regular problem: with e > 0
fixed and p — 0 as the perturbation parameter (i.e. starting with a hyperbolic
situation for p = 0). By proving our results under smallness conditions of the type
u < eP they will also be valid for the singular case.

The following hypotheses will be assumed:

(H1) The Hamiltonian Hy is isoenergetically nondegenerate:

A
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(H2) The frequencies w satisfy a Diophantine condition: for some 7 > n — 1 and
v >0,
~
k[
(H3) The function h(z) is a trigonometric polynomial of degree | > 1.
(H4) The function f(¢p) is analytic in a complex strip [Im¢| < p and there exists
a > 0 and a constant ¢ > 0 such that, for any 0 < d < p,

(k)| =

vk € 2"\ {0} .

C
1£1l,o5 < 5

(We denote || f[|,_ s the norm of f () on the complex strip {¢ : [Im ¢ < p —d};
see Section 1.5.) Notice that this hypothesis provides a control on the size of
the perturbation near a “pole-like singularity of order «”.

1.2. Context and motivation: Simple resonances of nearly-integrable
Hamiltonians. We will see from KAM theory that, under hypotheses (H1-H2),
for p small enough the whiskered torus persists (we denote 7 the perturbed torus),
as well as its local whiskers. However, if the local whiskers are extended to global
ones, one can also expect in general the existence of splitting between the perturbed
stable and unstable whiskers (denoted W and W™), since they will no longer co-
incide. The study of this splitting, which is important in relation with chaotic
behaviour and Arnold diffusion, is simpler in the case of transverse intersections
between the whiskers (which give rise to transverse homoclinic orbits, contained in
both whiskers). If one considers ¢ fixed and p small enough (i.e. the regular case),
such transverse intersections can be detected by applying the Poincaré-Melnikov
method, which provides a first order approximation in pu for the splitting. However,
a difficulty that goes back to [Arn64] is that the Melnikov function is ezponentially
small with respect to €. Then, a direct application of the method also requires p
to be exponentially small in €.

Such an approach does not work in the problem considered in the present paper,
since we work with a singular situation: the two parameters are linked by a relation
of the type p = eP. To motivate such a situation, we stress that the singular Hamil-
tonian (1-3) can be considered as a model for the behaviour of a nearly-integrable
Hamiltonian near a simple resonance. Indeed, after rescaling the coordinates y, I
and time, we can rewrite (1-3) in the form

NO(y7I) + ENl(‘T) + EMHI(J")QDL

1 2
No(y, 1) = (w. 1) + 5 (ALT) + %
Ni(x) =cosx — 1.

Note that Ny is a completely integrable Hamiltonian, whose trajectories all lie in
(n+1)-dimensional invariant tori with frequencies (y,w+ AI). Then, we could con-
sider Ny +e&N; as the truncated resonant normal form of some perturbed Hamilton-
ian, near the simple resonance given by y = 0. This normal form is integrable, and
for € > 0 it has a family of n-dimensional whiskered tori with coincident whiskers,
along the resonance. Finally, the term euH; could be the remainder of the normal
form, containing higher-order terms in €. This is the reason to consider u = €P with
p > 0. (For a more general case and details, see for instance [DGO1].)

The key point to overcome the difficulties of the singular case and obtain expo-
nentially small estimates is to carry out the bounds on complex domains. Under
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hypotheses (H3-H4), we will obtain bounds for the splitting function on a complex
domain. Then, the quasiperiodicity properties of the splitting function, together
with an analysis of its Fourier coefficients that can be done under hypothesis (H2),
lead to an exponentially small upper bound for the splitting.

In this way, in a general setting like the one described in (1-3), it is possible to
obtain exponentially small upper bounds for the splitting distance. However, one
cannot establish the existence of transverse homoclinic orbits, unless some more
information on w, h(z) and f(p) is provided. This is carried out in the paper
[DG04], for a much more concrete example with 3 degrees of freedom (n = 2),
giving asymptotic estimates for the splitting and showing the existence of transverse
homoclinic orbits, under the condition p < P (with a suitable p). This requires to
establish the validity of the Poincaré—Melnikov method in this singular case, despite
the fact that the Melnikov function is exponentially small.

1.3. The unperturbed torus and its whisker. For the unperturbed Hamil-
tonian Hy defined in (2), recall that we denote 7 the whiskered torus located at
I = 0, and W its associated homoclinic whisker. The torus can obviously be
parameterized by

To:  Z:(0)=(0,0,6,0), 6€T"

The whisker Wy (or more precisely its positive part, y > 0) can be easily parame-
terized from the well-known homoclinic trajectory of the pendulum P(x,y),

Wo - Zo(s,0) = (x0(s),y0(s),0,0), seR, T (5)
2
. 6
cosh s (6)
Note that the inner Hamiltonian flow on Wy, associated to Hy, is given by § =1,
0 = we, i.e. the trajectories are Zy (s +1t,0 + wet), t € R, for any initial s, §. In

fact, we shall consider complex values for the parameters s, 6, and the singularity
at s = +im/2 is going to play an important role.

xo(s) = darctane®, yo(s) =

1.4. Description of the results. The main contributions of this paper can be
summarized as follows. We express the Hamiltonian (1-3) in flow-box coordinates,
in a neighbourhood containing a piece of both whiskers. This allows us to exploit
the quasiperiodicity properties of the splitting, leading to exponentially small upper
bounds for the splitting function. On the other hand, we provide an accurate upper
bound for the error term in the Poincaré—Melnikov method, to be used in the paper
[DGO4].

In Section 2, we establish the persistence of the hyperbolic torus and its local
whiskers under the perturbation. To such end, we put our Hamiltonian in local
hyperbolic coordinates (u,v,p,I), in which the unperturbed whiskers become co-
ordinate planes. Then, we apply the hyperbolic KAM theorem (in the version of
[Nie00]), which provides, after a symplectic change, a normal form for the per-
turbed Hamiltonian, ensuring the persistence of the torus and its local whiskers. It
is important to control the loss § of complex domain in the angles ¢ (this will be
useful in order to estimate the exponentially small splitting, by choosing § = £* for
some a > 0). We also give an improvement of the estimates valid if h(z) = Oz(x)
in (3), i.e. when the torus 7 remains fixed under the perturbation (for instance
h(z) = cosx — 1, see also [DG04]). The improvement consists in smaller exponents
of § in the estimates.



790 AMADEU DELSHAMS, PERE GUTIERREZ AND TERE M. SEARA

In Section 3, we prove the flow-box theorem (Theorem 4): near a piece of the local
stable whisker (excluding the torus), we introduce symplectic flow-box coordinates
(S,E,p,I) in such a way that the expression of the Hamiltonian becomes very
simple. As before, in this theorem we keep a control on the loss ¢ in the angles.
We stress that the flow-box coordinates cannot be defined in a direct way, because
the normal form provided by the hyperbolic KAM theorem is not explicitly known.
To overcome this difficulty, we first put the integrable part of this normal form
in flow-box coordinates and, afterwards, we carry out an iterative process that
removes the remainder. In fact, the part coming from the non-small term % (AL T)
in (2) also has to be removed (in order to obtain a quasiperiodic splitting function
in Section 4). Although this makes us accept a strong reduction of domain in
the actions I, the domain of the flow-box coordinates will contain a piece of both
the local stable whisker and the global unstable whisker, and this will be suitable
enough for our purposes.

In Section 4, we mainly show that a piece of both perturbed whiskers actually
enter in the domain of the flow-box coordinates, define a function measuring the
distance between the whiskers, and compare this function with the Melnikov func-
tion. To such end, we first define parameterizations Z* (s, #) for the local perturbed
whiskers (Section 4.1), which can be extended in a natural way to global whiskers
with the help of the extension theorem (Section 4.2). Next we define the Melnikov
function M (s,0), and show that it is the gradient of a scalar function L(s, 6), called
the Melnikov potential (Section 4.3). We show that the Melnikov function provides
a first order approximation in y for the splitting distance (Section 4.4). However, we
have to translate the parameterizations of the whiskers to the flow-box coordinates
in order to have a quasiperiodic function giving the splitting distance (Section 4.5).
After a further reparameterization, we define the splitting function M(s,#), which
becomes also a gradient of a scalar function L(s,#), called the splitting potential
(Section 4.6). In Theorem 10, we provide bounds for both the splitting function
and the error term R(s,d) (defined as the difference between the splitting function
and the Melnikov function), in a complex domain (always with a control on the loss
d in the complex domain). We also establish the quasiperiodicity of M and R.

Finally, in Section 5 we use the quasiperiodicity of the splitting and the bounds
of Section 4, and obtain exponentially small upper bounds for the splitting function
M restricted to the real domain (see Theorem 12): under a condition pu < ¢1e?,
we provide a bound of the type

C(5,p
M) < 2 exp{ H} )

T el/(2m+2)

with a constant which depends on the complex widths in the parameters s, 6:

T /(TJFl)
m - 1 TP’y !
c(Fo)-(1+3) (L) (¥

and some exponents p*, p** > 0 depending on n, 7, [, «. However, in the general case
considered in this paper one cannot ensure the existence of transverse intersections
(i.e. simple zeros with respect to 6 of the splitting function, or nondegenerate critical
points of the splitting potential), because lower bounds for the Melnikov function
are necessary in order to see that it actually dominates the error term R. This is
carried out in the paper [DGO04], where a much more particular case is considered,
and asymptotic estimates for the splitting are given. For such a case, the asymptotic
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estimates obtained in [DG04] show the optimality of the upper bound (7), since the
constant C'(%, p) is replaced in that paper by a function of e (periodic in Ine) whose
minimum value is C(F, p).

1.5. Some notations. To express the bounds of functions in a given norm |-|, we
write | f| < |g| if we can bound |f| < ¢|g|, with some constant ¢ not depending on
any of the parameters that will be relevant to us: €, u, 6. In this way, we do not
describe the (usually complicated) dependence on amounts like n, 7,7, p,7, ... and
include this dependence in the ‘constants’. We also write f ~ ¢ if we can bound
c1lgl < |f] < ez2lg| with ¢; > 0. In particular, the expression |f| < 1 means that
|f] is smaller than a suitable constant, and |f| ~ 1 means that |f| can be bounded
from above and from below by positive constants.

In Section 2, we introduce “hyperbolic coordinates” (u,v,p,I). Later, in Sec-
tion 3, we introduce “flow-box coordinates” (S, E, ¢, I). For a vector-valued func-
tion f with images in the (u, v, ¢, I')-space, the notation

1f1 = (911 lg2])

will be used to express separate bounds for the (u,v)-components and the (p, I)-
components of the function f. We use the same notation for a vector-valued function
with images in the (S, E, ¢, I)-space. In this way, we achieve some improvement of
the exponents involved in the bounds.

We also introduce here the complex domains of functions in the different kinds of
variables or coordinates. In the hyperbolic coordinates, we define the “cross-like”
domain

Sryp = (w00, 1) (Juf <7 Jo] < vyor ful <7, [v] <7),
Rep e T", |Imy| < p, |I| <~}, 9)

which contains the whiskered torus and its local whiskers. In the flow-box coordi-
nates, we define

Bn,o’,n,p,( = {(S,Eﬂ@,I) : ‘RGS| S Ky |ImS| é g, |E| S B
Rep € T, [Imy| < p, |I] <}, (10)

a domain which will contain a piece of the local stable whisker and a piece of the
global unstable whisker, but not the whiskered torus.

For an analytic function f(u,v,,I) in (a neighbourhood of) the domain S, - ,,
the supremum norm in this domain will be denoted |f], , . However, we mainly
will use the following norm, which takes into account the Fourier expansion in the
angular variables:

£l p = D |filpqy €2, where f(z,y,0,1) = > falw,y, De!®9 (1)

kezn kezn
(Ifkl, . denotes the supremum of each coefficient). In the same way, we denote
| flompc and [Ifll; .., ¢ the analogous norms for a function f(S,E,¢,I) in the
domain B .1,p,¢-

The width of the complex domains has to be reduced along (a finite number of)
successive normalizing transformations: KAM, flow-box, ...Of course, there is a
lot of freedom in the choice of the reductions from the initial widths ro = r, v =y
and pg = p. Thus, we denote r;, v; and p;, 7 > 1, the successively reduced widths,
but we do not have to worry about the concrete values of 7; and ;. Indeed, it
suffices that r;_1 —r; and ;1 —~; are ~ 1, because these reductions only influence
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the unwritten constants in the bounds. On the other hand, the reduction in the
angles has to be more carefully controlled, and we need p;j_1 — p; ~ , where 0 < p
is a free parameter to be chosen later as a power of € (see Section 5.2 and also the
paper [DGO04]). For instance, we can take p; = p — jd.

We will also bound functions of the parameters s, 8 of the whiskers (these param-
eters have been introduced in (5-6)). We define the following domain of complex
parameters

Pewp =1(s,0) : |Res| <k, [Ims| <v, Ref € T", |Im0| < p} (12)

and, for a function g(s,#), we denote |g| its supremum norm on this domain

K,V,
(note that |g|, o, is then the supremum nogm on the real domain). In the same
way, we can denote | e 01 || , the norms of functions depending only on s or only
on 6, respectively.

On the other hand, recall that w. denotes the (fast) frequency vector of the
unperturbed torus, introduced in (4). We shall denote @, the frequency vector of
the perturbed torus, and w. the vector that indicates the quasiperiodicity of the
splitting function. Those vectors, defined in (28) and (51) respectively, are close
and proportional to the initial one.

We say that a function g(s, ) is @.-quasiperiodic if it satisfies the equality

9(s,0) = g (0,0 — &es) (13)

for any s, 6. In other words, the function g only depends on 8 — &.s. This property
can also be expressed by the following partial differential equation:

asg + <@Ea 80.9> =0.

We also stress that the 8-average of a quasiperiodic function does not depend on s,
i.e. g(s,-) = const. If a function ¢ is analytic on P, ,, , and w.-quasiperiodic, this
implies that the function ¢(0,-), that in principle is defined only for [Im 8| < p, is
actually analytic on a much wider domain:

{0 —&cs : |Imb] < p, |Ims| < v}.

To end this section, we introduce several exponents of § or ¢ that will appear
along the paper. These exponents depend on 7, [, a and n, and can explicitly be
computed in concrete cases (see an example in [DG04]). In fact, there will be some
improvement of the general estimates if h(z) = Oz(x) in (3), i.e. when the torus
7o remains fixed under the perturbation. The first three exponents, in the “general
case”, are

p1 =37 +a+3, p2=T+a+1, p3 =27 +a+1, (14)
and, in the “case of a fized torus”,

p1=T+a-+2, P2 = Q, p3 =T+ a. (15)
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Then, the remaining three exponents are computed as follows from the three initial
ones:

pa = max(ps + 1,20 + o), (16)
ps = max(ps + 2,2l + a), (17)
pe = max(ps + 2l + a+ 3,4l + 2a + 1,2p3 + 4), (18)
pr = max(ps + 2l + a+ 1,p2 + p3 + 3), (19)

max(p1,ps + 3,2l + e+ 2) (20)

_ , 20
bs 27 + 2
max(ps+n+1,2l+a+n
27+ 2

2. Hyperbolic coordinates and local normal form.

2.1. Moser’s transformation to hyperbolic coordinates. We put the unper-
turbed Hamiltonian Hy in some local coordinates (u, v, @, I), that we call hyperbolic
coordinates, in which the local whiskers (in a neighbourhood around the torus 7)
become coordinate planes. This comes from a well-known Moser’s result [Mos56] on
the convergence of the Birkhoff normal form for a 1-degree-of-freedom Hamiltonian
near a hyperbolic equilibrium point.

More precisely, there exists a symplectic transformation (x,y) = T'o(u, v), defined
in a neighbourhood around (0,0) of some radius r > 0, taking the pendulum P to
a function of uv:

PoTy(u,v) = guv) = uv + Oz(uv).
The linear part of I'y can be chosen as
_(VE e
DI‘O(O,O)<1/\/§ 1/ﬂ>

It is then clear that the transformation T'(u,v,p,I) = (To(u,v), ¢, I) takes our
Hamiltonian H into the form

G=Hol =Gy + uGy,
Gofu 0, 1) = {w=, 1)+ 5 (AL 1) + g(uv), (23)
Gi(u,v,) = Hy o' = (hoTqg(u,v)) - f(p). (24)

In order to apply the hyperbolic KAM theorem of [Nie00], we restrict G to the
domain S, . ,, defined in (9). Recall that v is the constant in hypothesis (H2) of
Section 1.1 and also that, according to the notations introduced in Section 1.5, we
write pg = p — d. Note that hypothesis (H4) provides a bound for H; and hence
for G1:

(22)

1G4l (25)

1
TY5P1 = 5704'
2.2. The hyperbolic KAM theorem. The persistence, for ¢ small enough, of
the Diophantine whiskered torus and its local stable and unstable whiskers concerns
KAM theory. In fact, we need a normalizing transformation convergent in a whole
neighbourhood of the torus, in which the existence of the perturbed torus and its
local whiskers becomes transparent, and making possible the study of the dynamics
near them. We give in this section the hyperbolic KAM theorem, in a version
established in [Nie00], which provides the refined estimates that we need for our
purposes. Indeed, in that paper there is a control on the loss § of complex domain
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in the angles ¢; this is important because it leads to exponentially small estimates
for the splitting (taking ¢ as some power of ¢; see Section 5.2).

Another fact to be pointed out is that the paper [Nie00] deals with exact sym-
plectic transformations. Using this, one can establish the existence of homoclinic
intersections. This idea, that goes back to [Eli94], was used later in order to in-
troduce the splitting potential as a function whose gradient gives a measure of the
splitting distance [DGO00] (see also [Sau01, LMS03, RW00] as related papers). De-
noting n = —(ydx + Idy), we recall that a symplectic map W is exact if the 1-form
U*n — n is exact (i.e. it has a global scalar primitive). The symplectic transforma-
tion to normal form that we provide in Theorem 1 is not exact, but it can be made
exact by composing it with a translation in the actions, I — I + a.

Another useful point (that we follow) is that [Nie0O] establishes the theorem
under the isoenergetic nondegeneracy. It is a well-known fact (see for instance
[DGY6]) that under this condition one obtains a perturbed torus lying exactly on
the same energy level, though its frequencies @, are proportional to the unperturbed
frequencies w..

The following statement comes from [Nie0O, Th. 2.2]. The main point is the form
of the remainder, R = Oy(uv, I'), which gives directly the expression (in the normal
form coordinates) of the perturbed torus and its local whiskers (see Section 4.1).

As said in Section 1.5, there is an improvement of the estimates valid in the
case of a fixed torus, i.e. h(z) = Oz(x) in (3) and hence G; = Oz(u,v) in (24).
Indeed, since in this case the torus 7y with frequencies w. remains fixed under the
perturbation, the proof of the theorem becomes simpler because one only has to
worry about the whiskers. (Recall that, as defined in Section 1.5, we take r; < r,
Y1 <7, p2=p1—9.)

Theorem 1 (hyperbolic KAM theorem). Let the Hamiltonian G(u,v,p,I) = Go+
puGh as given in (23-24), real analytic on S, ,, . satisfying hypotheses (H1-H2),
7 >n—1, and with Gy satisfying (25). Assume the conditions

e N e L S (26)

Then, there exists an analytic symplectic map ® : Sy 1 0o — Sry,p1, and there
exist a, b, V', such that G = G o ® takes the form

G = (@ 1) + 3 (ALT) + bglwo) + R(w,v,, 1), R=Og(uw, 1), (27)

where we write

b'w
Ve
and ® is such that ®oT, * is exact symplectic, with T, : (u,v, ¢, 1) — (u,v, ¢, [+a).
Besides, the following bounds hold:

(28)

@ =bw, =

. m 1
|CI) - 1d|7”1:“/17P2 j 5? (1’ 6) ’ (29)
M
lal b= 1, [t = 1] = <=, (30)
M
IR (31)

T1,71,P2 — 5p3+1'

In the case of a fized torus one has ®—id = O(u,v,I), a =0, b = 1. The exponents
P1, P2, P3, in both the general case and the case of the fized torus, have been defined
in (14-15).
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Proof. We write the integrable part (23) in the form
GO = <w€aI> + uv + f(’U/U,I),
where

fluww, I) = % (ALLI) + g(uww) — uwv = Oz(uv, I).

So we are in the framework of [Nie00], with /¢ instead of &, and a change of time
scale that does not affect the results. According to bound (25), we also have p/6*
instead of p. We have to check that, for some m > 0,

A we
wl 0 v

The isoenergetic condition (H1) implies a bound of the type

A w
w0 )"
and we easily obtain

A we vy - Avy + wev9 S Avy + wevg

wl 0 ve )| wl vy = w vy

o 5) (3 )05 )==(0)]
w Ve Ve v2

Then, we can apply the results of [Nie00, Th. 2.2] and obtain a symplectic map
DSy vips — Sriyprs With @ 0 T,7! exact, such that

Go® = (¥, I)+ buv + F(u,v,p,I), F = Os(uv,I),

and we get bounds (29-30) for [ —1id|,, . ., la] and [b' — 1| (with the use of the
notation ‘<’, we avoid the complicated constants of these bounds). Although a
bound for |b — 1| (the variation in the Lyapunov exponent) is missing in [Nie00], it
is not hard to deduce such a bound from the proof.

We get the expression (27) by writing

>m vl Vv € R™H,

>m|v| Vv € R**1

R=F— % (AL, T) = b(g(uv) — uv) = F — f — (b—1)(g(uv) — uv).

A bound for ||[F'— f[,,  ,, is also given in [Nie00]. Then, using also the bound
for |b — 1|, we obtain (31).

The bounds provided in [Nie00] concern the case of a general perturbation. The
case of a fixed torus, G; = Os(u,v), is carried out by reviewing carefully the proof
given in [Nie0O] and taking into account that, for this special case, several terms

vanish in the normalizing procedure. O

Remarks.

1. In the paper [DGOO] (that follows an approach introduced in [Eli94]), the
translation T, ! was included in the normalizing transformation and then the
normal form in (27) was expressed in terms of I — a instead of I. However,
this is not strictly necessary in the current paper.

2. Another feature of the paper [DG00] (also following [Eli94]) is that the nor-
mal form was expressed in the original coordinates (x,y, ¢, I) instead of the
hyperbolic coordinates (u, v, ¢, I) defined in Section 2.1. To get this, the nor-
mal form can be composed again with I'™! in order put it back (locally) in
the (z,y, ¢, I)-coordinates. Also, we do not need this here.
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3. As a technical point, the bound for |® — id| is given in [Nie00, Th. 2.2] with
more detail than in (29), separating it in four components: 5% . (17 1,1, %)
However, this feature does not allow us to obtain better estimates for the
splitting.

4. Another technical remark is that the result of [Nie00, Th. 2.2] is stated using
always the supremum norm. However, a close look at the proof shows that
the bounds given in that paper do not change with the norm (11).

5. It can also be seen from the proof given in [Nie0O] that the third condition
of (26) can be removed in the case of fixed tori. This is due to the fact
that " = 1 in this case, i.e. the frequencies remain unchanged: &. = w..
Nevertheless, the estimates for the splitting that we obtain if this condition
is kept in (26) are not worse.

3. Flow-box coordinates. We are going to introduce, near a piece of the lo-
cal stable whisker, symplectic flow-box coordinates in which the expression of the
Hamiltonian will become very simple. In fact, the local stable whisker will be a
coordinate plane, and then the global unstable whisker will be considered a man-
ifold close to this plane. In the flow-box coordinates, we will easily deduce the
quasiperiodicity of the splitting function (that will measure the splitting distance)
and, with a good control of the complex domain in the angles, we can get that the
splitting is exponentially small with respect to e.

Our aim is to express the normal form G in (27), in terms of flow-box coordinates.
But, unlike [DS97, DGJS97], the normal form is not integrable in general and the
change to flow-box coordinates cannot be defined explicitly. On the other hand,
flow-box coordinates for a system that is not integrable are defined in the paper
[DGO0] but, due to the use of Poincaré sections and implicit functions, it becomes
more difficult to carry out an accurate control of the loss § of complex domain in
the angles.

To overcome those difficulties, we carry out two steps. We write the normal form
G in (27) as some integrable Hamiltonian éo plus a perturbation:

~ ~ 1 ~
G:GO+§<AI7I>+R(’M’U’¢7])7 G0:<@E7I>+bg(uv)

(compare also with (23-24)). First, in Section 3.1 we define (in a simple way)
flow-box coordinates for the integrable part éo. In Section 3.2, we obtain the flow-
box coordinates for the whole Hamiltonian G by means of a convergent iterative
process; this makes it easier to control the loss of complex domain.

We stress that a different approach, but related to ours, appears in [Sau01] (see
also [LMS03, RW00]). In these papers, the whiskers are given by two solutions of
the Hamilton—Jacobi equation. Their difference is shown to be exponentially small
by putting it in flow-box coordinates, which only involve the variables (s, 6) of the
whiskers instead of all coordinates of the phase space. The iterative process we
carry out in order to construct the flow-box coordinates is reminiscent of the one
used in [Sau01].

On the other hand, in [PV01] the flow-box coordinates are constructed without
using an iterative process. Indeed, this paper considers flows defined for complex
times, in order to construct a suitable analytic conjugation of vector fields giving
the flow-box coordinates.
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3.1. Unperturbed flow-box coordinates. We define here flow-box coordinates
for the integrable part éo. We choose some fixed vy with 0 < vg < rq, for in-
stance vg = r1/2, and consider first a symplectic change (u,v) = Ag(S, E), in a
neighbourhood of (0, vp), defined in the following standard way:
g_ log(vg/v)
=—=—
g'(uv)
Note that (0,v9) = Ag(0,0). The new coordinates (S, E) are the usual time-energy
coordinates for the Hamiltonian g(uv).
Defining A(S, E, ¢, 1) = (Ao(S, E), ¢, 1), the Hamiltonian K = G o A has the
expression

» E=g(uw). (32)

1
K =Ko+ 5 (ALD+Q, (33)
where
Ko=GooA= (., I)+bE, Q=RoA(S,E ¢ I)=0(EI).  (34)

According to (31), the remainder @ will be small with respect to u. In fact, this
remainder @ and the term %(AI ,I) will be removed with additional symplectic
transformations in Section 3.2. After these transformations, the whole Hamiltonian
will be reduced to Ky, whose associated Hamiltonian equations are very simple:

S=b, E=0, ¢=a., I=0. (35)

Recall that the normal form G is valid in the domain Sriv1,ps- The following

lemma provides a domain where the new expression K of the Hamiltonian holds
(recall the definition (10) for the new domain).

Lemma 2. For suitable k,0,m ~ 1, with ¢ > ©/2, one has A : By onpsyn —

S

T1,71,P2 "

Proof. Note that the change (32) can be inverted as

~1
w= 9 E) (@) 2 ee T @)s,
vg
Let |ReS| < k, Im S| < o, |E| < 1, and we want to see that |u| < v, |v] < rq.
Since ¢(0) = 0 and ¢’(0) = 1, we can assume (taking 1 small enough) that, for
[E| <,

g (B) <21Bl, g (97 (B)) — 1] < 2¢|E],
with ¢ = ¢”(0). We have
[Re g (971 (E)) S]| < [Re g (97 ())]| - [Re S| + [tm [g" (g~ (E)) ]| - [Tm |
< (14 2¢n) K+ 2¢eno < 2k,
provided 2¢n < k/(k + o). Then,
’eig'(g_l(E))S) < 6211 <2

if k < (In2)/2. Finally, recalling our choice of vy,

4n

luf < = <m, o] <200 =1,

Vo

if n <r171/8. O

Remark. It is a technical point that we need o > 7/2 (for instance o = 2); this
can be reached by taking n small enough, but still ~ 1 (independent of €, u, §).
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The reason for this requirement on o is that we need the splitting function defined
near the singularity at +im/2 in order to get exponentially small lower bounds on
the real domain (see Section 5).

3.2. Perturbed flow-box coordinates. Now our aim is to put the whole Hamil-
tonian in flow-box coordinates. In this section, we are going to carry out further
symplectic transformations in order to remove completely the “perturbation” from
the expression described in (33-34). The expression of the Hamiltonian in the new
flow-box coordinates will be just Kj.

Nevertheless, a difficulty comes up when constructing this transformation. In
order to get a quasiperiodic splitting function, we should also remove the term
% (AI,I), appearing in (33), and coming from the unperturbed Hamiltonian H.
This term is not “small” with respect to the perturbation parameter p, but we
overcome this difficulty by restricting the domain to a small neighbourhood of the
stable whisker (given by E = 0, I = 0). The width of this neighbourhood will be
~ ¢ in the actions I, and we will show in Section 4.5 that the new domain contains
(a piece of) both invariant manifolds if x is small enough.

To be more precise, we carry out a previous step consisting of a symplectic
transformation Y(9) that removes the term 1 (AI,I). This transformation is very
simple and can be given explicitly, and the new Hamiltonian K(® = KoT(© can be
written as Ko+ Q(©), where Q(© is now small (with respect to p), but the domain
in the actions I shrinks to a width ~ 4.

In a further step, we are going to obtain a symplectic transformation (near to the
identity) removing the small perturbation Q). This transformation is constructed
using a standard iterative process, based in Lie series, quite simple because there
do not appear small divisors. In fact, we do not use at all in this section that the
frequency vector w satisfies the Diophantine condition (H2) of Section 1.1.

It has to be stressed that the flow-box coordinates we obtain are global in the
angles . The following two results describe the two normalizing steps.

Proposition 3. Let K = K| —&—% (ALLI)+Q as in (33-34), analytic on By o, pyy: -
Then, there exists a symplectic map YO : By 501 oe 86 — Bropaims With B~ 1,

such that
KO =Kor®=K,+Q®, QO =0,E,I), (36)

and one has

for

Proof. We define the map

S HQ”fs,o’,n,pza’Yl : (37)

K,0,11,p3,30

TO(S, B, 0,1) = (&E ~ g AL D) g+ DAL I) : (38)

clearly symplectic because it is the time-one flow of the Hamiltonian Uy = % (AL ).
We obtain the expression (36), with Q(®©) = Q o Y(©) = Oy(E, I).

Concerning the domains, note that we can assume b > 1/2 and then
<2(k+0)|A| B0 <4, (39)

ALD|< NG <n-m, |l

L
20

provided we choose 3 small enough, but ~ 1 (independent of ¢, u, 9).
Finally, the norm of Q(© is easily bounded. Taking the Fourier expansion Q =
> kezn Qi (S, E, Ie*k#) and analogously for Q(¥), we have
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1 .
Q](CO)(S7E,I) = Qk (S,E — % <AI, I> ,[) GZ%<k7AI>,
and we deduce from (39) that

(0) lEls
’Q’“ n,a,m,ﬁaS'Q’“'Wmm €
and then
d+p3) _
Qv <Y 1@l ) = Q) .
H K,0,M1,03,88 nezn K,0,7,71 K,0,1M,P2,71
O
Remarks.

1. To have a reduction ¢ of the complex domain in the angles ¢, we have accepted
a drastic reduction of domain in the actions I. However, this is not important
because for p small enough the reduced domain still contains a neighbourhood
of both whiskers, as shown in Proposition 9.

2. According to this proposition, an “anisochronous” system with equations S =
b, ¢ = & + Al can be taken into an “isochronous” system S =0b, Y = We.
At a first view, this fact can seem strange, but it is due to that the flow-box
coordinates are defined for (S, ¢) in (a subset of) the cylinder R x T", and
the invariant torus (at S = £00) has been excluded from the domain of these
coordinates.

Theorem 4 (flow-box theorem). Let KO as in (36), analytic on By o .ps.56-
Assume that

(0) =< 2. 40
HQ 57017717P3756 - ( )

Then, there exists a symplectic map Y : B, o1.n2.p4,8:6 — Br,on1.p3,85, With
T —id = O(E,I), such that

KO ot = K,,
and the following bound holds:

1
S I = I 41
K,0,M1,p3,80 ( 5) (41)

The proof of this result involves a standard convergent iterative process, based
in Lie series, and we defer it to Appendix B.

: 0
|T B ld|l€1;01,772’/)47515 = HQ( )

Remark. We see from (37), (34) and (31) that
|@© <l

K,0,11,p3,060
and hence condition (40) can be written as

p = P33, (43)

< _F ,
T1,Y15,P2 = §ps+1

<zl

K,0,1,02,71
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4. The perturbed whiskers and the splitting function.

4.1. Local whiskers. First, we translate the initial torus and its local unperturbed
whiskers to the hyperbolic coordinates (u, v, ¢, I), introduced in Section 2.1. Recall
that, in these coordinates, GGy is the unperturbed Hamiltonian and G = Gy + puG,
is the perturbed one. The unperturbed torus is given by the parameterization

7o : Yy (0) = (0,0,60,0), |Im6| < p;. (44)

Its stable whisker can be locally parameterized by
Wy Y5 (s,0) = (0, Ae™*,0,0), Res > qo, [Im6| < py, (45)
where the constant A > 0 is such that (xo(s),yo(s)) = I'o(0, Ae~*), and hence
Zo(s,0) =T (Y, (s,0)). In fact, we see from (22) that A = 4/2. We can also take

go = In(A/r) (and then one has Y, (s,0) € S, -, , the domain of Gy). Analogously,
we parameterize the unperturbed unstable whisker by

Wy Y, (s,0) = (Ae®,0,0,0), Res < —qo, |Imb| < pq (46)

(with the same A and ¢o). Note that the inner flow of Gy on these whiskers is given
by $=1, 6 = w..

According to Theorem 1, the perturbed Hamiltonian in the normal form coordi-
nates is G = Go® (see (27)). It has exactly the same torus, and the local whiskers
as in the parameterizations (45-46). The only difference is that the inner flow as-
sociated to G becomes § = b, 6= we, and the parameterizations have to be slightly
restricted:

tRes>q, |Iml| < po,

where ¢; = In(A/r1) (in order to have Y5 (s,0) € S, +,.p,, the domain of Q).

Now, we can translate the parameterizations of the perturbed torus and the local
perturbed whiskers, from the normal form coordinates to the hyperbolic coordinates
(using G = G o ®) and the original coordinates (using G = H o I'):

T Y*(0) = (Yy(9)),

Z(0) =T (Y*(0)), o] < ps,
YE(s,0) = @ (Y5 (s,0)),
Z%(s,0) =T (Y*(s,0)), +Res>qy, Im6| <pp. (47

W:I:.

loc *

In components, we shall write Z+ = (Z;Ct7 Z;E, ij, Zli) and similarly for the other
parameterizations.

The following lemma provides an asymptotic formula for the local whiskers Wlfc
near the torus 7. It includes also bounds for the distance from the perturbed
objects Wlfc and 7 to the unperturbed ones W, and 7y respectively. A much
simpler statement is also given for the case of a fixed torus.

We state this lemma in terms of the hyperbolic coordinates, because it gives
local information around the whiskered torus. It only concerns the stable whisker,
but it is completely analogous for the unstable one. We write go = In(A/r2).

Lemma 5. For any Res > go, |Im0| < po, the parameterizations defined above
satisfy the bounds:

e—Res
() [V (5.0) = Vi (5,0) =Y (0) + Y5 (0)] = —F (1(1;)
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1
+
b) |YT(s,0) — Y5 (s 9)] <1, :

R
() [Y*(0) - 5 (15)

In the case of a fized torus, one has Y*(0) = Yy (0) and hence bounds (a) and (b)
can be written together as

) [Y*(5,0) — Yg (5,0)] = e (1 1).

oP3 )
Proof. First, we write
YH(5,0) = Vi (5,0) = Y (O) + Y5 (0) = p [ (Y (,0)) — D1 (5 (8))]
= 1 [®1(0,Ae™",6,0) — ©1(0,0,6,0)],
where we have written ® = id 4+ u®;. Now, taking a partial derivative we get
|10, @1 | =< |®—id

|T1’717P2
(due to that the reduction of domain is ~ 1; see Section 1.5), and applying (29) we
obtain part (a), with the slight additional restriction that Re s > go.
To prove (b), we write

Y+(579) - Y()Jr(&a) = p®y (YO+(S79)) )

and we use (29) again. We obtain (c) similarly.

Finally, in the case of a fixed torus we have Y*(0) = Y (), and bound (a’) is
then an obvious consequence of (a). O
Remark. These bounds are of the same order if we express them in the original
coordinates. Using that |[DI'| < 1 (because I' is defined independently of €, y, 0)
we can obtain, for instance,

T2,72,02

|2 (s,0) — Zo(s,0)| = 5p (12) Res > go, [Im6| < po. (48)
4.2. Global whiskers and the extension theorem. Now, we extend the pa-
rameterizations of the whiskers )/VloC7 valid for =Res > ¢, to further values of s
using the fact that the whiskers are formed by trajectories of our Hamiltonian H.
We denote W the global whiskers obtained in this way.

The extension theorem given below provides a bound for the distance between
the global perturbed whiskers and the unperturbed homoclinic one. As one can
expect, this bound is worse than (48) because of the closeness of trajectories to
the complex singularity at s = +im/2. Previous results for somewhat simpler but
similar situations are given in [DS97, DGJS97, RW98].

The initial parameterization (5-6) of the global unperturbed homoclinic whisker
W, can be defined in a complex strip of the parameters s, 6:

Res e R, Im s| < g, Im 6| < p.

The reduction of the widths of this complex strip has to be carefully controlled,
in order to get exponentially small estimates for the splitting. Recall that we
write p; = p — j6, j > 1 (see Section 1.5). Here, we shall also use the notation
v; = /2 — jo for the successively reduced width of [Ims|. We consider § as a free
parameter (6 < p and § < m/2) to be chosen later.

Again, this theorem is established here for the stable whisker but, of course, a
symmetric result can also be given for the unstable whisker. In the stable case,
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we extend the parameterization from Res > ¢o to Res > —q,, where ¢, is a fixed
value such that

g2 < g« ~ 1.
Theorem 6 (extension theorem). Assume condition (26) and also that
e SN T ¥ LERRV/E (49)
Then, the parameterization Z*(s,0) of WT can be extended to
Res > —q,, Im s| < vy, Im 6] < ps,
and with the exponents p; defined in (14—17), one has the bounds:

. poop 1
(a) [27(5,0) = Zo(s,0)] = (m’am+ 51%)‘

(b) ’ /OT [0,H1 (ZF (s +bt,0 + Qct)) — Do Hi (Zo (s + bt, 0 + ©ct))] dt

Ll (nn
— §2lta+l \ §pa (szﬁ
The proof relies essentially on Gronwall estimates and is straightforward. How-
ever, it involves some technicalities like a good choice of the solutions of the varia-
tional equations close to the singularities of the homoclinic whisker Zy(s,6), so it

is deferred to Appendix A.

>,f0rany0<le.

4.3. The Melnikov potential and the Melnikov function. It is well-known
that the Poincaré—Melnikov method provides a first order approximation in g for the
splitting between the global whiskers. In our case, the unperturbed Hamiltonian Hy
decouples in a pendulum and n fast rotators (a more general situation is considered
in [DGO0]). Then, the Melnikov function can be defined as the following absolutely
convergent integral:

M(s,0) = — / [0,Hy (Zo (s +bt,0 + @ct)) — 0, Hy (Z5 (0 + @:t))]dt,  (50)
which is analytic for [Ims| < 7/2, Imf| < p. As pointed out in [DGO0], the
(vector) Melnikov function is the gradient with respect to 6 of a scalar function,
called the Melnikov potential: M (s,0) = 0pL(s,0), where

(oo}
L(s5,0) = — / (Hy (Zo (5 + bt, 6+ .t)) — Hy (22 (6 + .4))] dt + const
— o0

(the constant can be chosen in such a way that L has zero average with respect
to 6; this average does not depend on s). The Melnikov potential L is very useful
because its nondegenerate critical points (with respect to ) give rise to simple
zeroes of M and, for u small enough, to transverse homoclinic orbits.

It is an important point the quasiperiodicity in s of both the functions M and
L. More precisely, defining

O bw. Vw
b b by
these functions are w.-quasiperiodic (this notion has been defined in (13)). Indeed,
one easily checks the equality L(s,0) = L (0,0 — &.s) for any real s, and therefore
also for complex s (using analytic prolongation).

As a slight difference with respect to [DGO00], we stress that the perturbed fre-
quencies and Lyapunov exponent (&, and b) have been introduced in the formulas,

(51)
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instead of the unperturbed ones (w. and 1). In this way, the Melnikov function
and the splitting function will have the same quasiperiodicity vector w.. Then, the
“error term” that we define in (70) will also be quasiperiodic and it is possible to
obtain exponentially small estimates for it (see Lemma 11).

Note that, because of the particular form (3) of the perturbation, the Melnikov
potential and function can be written as

L(s,0) = - /jo [h(zo(s+bt)) — h(0)] - f (0 4+ &ct) dt + const,
M(s,0) = - /_oo [h(zo(s + bt)) — h(0)] - Oy f (0 4 @ct) dt. (52)

Next we provide an upper bound for the Melnikov function, to be used later.

Lemma 7. For any (s,0) with |Ims| <wvq, Im| < pa, one has in (52) the bound
|M(s,0)| < 1/82+,

Proof. We first use hypothesis (H3), which says that h(z) is a trigonometric poly-
nomial of degree [ and hence h(zo(s)) has poles of order 2 at s = +im/2 (this
comes from the equality e?°(5) = (i — sinh )2/ cosh? 5). This implies, for [Im s| <
vy = /2 —§, the bound

e 1
/_OO (h(aols + b)) — A(O)| dt < =1,
which can be deduced as a consequence of Lemma 15 in Appendix A. On the other
hand, we deduce from hypothesis (H4) that |8@f|p2 =<1/6%*1 and we then obtain

the expected bound for |M (s, 8)]. O

4.4. A first order approximation for the splitting. In this section we show
that, for u small enough, the Melnikov function M gives a first order approximation
for the splitting between the global whiskers W¥ (in the original coordinates) pro-
viding, in addition, an estimate for the remainder (often called the “error term”)
in terms of the loss § of complex domain.

Recall that, in Theorem 6, the parameterizations Z¥(s,6) and Z~(s,0) have
been extended to Res > —gq. and Res < g, respectively. Hence their splitting
can be measured for |Res| < ¢.. In fact, we measure the splitting in the (n-
dimensional) I-direction, considering the I-component of the parameterizations:
Z; (s,0) — Z (s,0).

Proposition 8. Consider the parameterizations Z*(s,0) as in Theorem 6, and
assume conditions (26) and (49). Then, for

|Re s| < gu, [Im s| < vy, [Im 6| < ps,

and with the exponents p; defined in (14-16), one has the bound

) N 1 2 2
|ZI (379) - ZI (879) - ,LLM(S,9)| = S2l+a+1 (SE + 5p2\ﬁ ’

Proof. To begin, we write

Zy (5,0) = Z{ (s,0) = [Z; (5,0) = Z7(0)] — [Z] (5,0) = Z; (0)] .
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Using that I= —10,Hy is one of the Hamiltonian equations associated to H =
Hy + pHq, we get

~ 4
21 (s,0) — Z3(0) = —/O 2 (54 0,0+ Bt) — 27 (04 2ut)]

=p /OO [0p,H1 (Z7F (54 bt,0 + @ct)) — 0, Hy (Z* (6 + @ct))] dt.
0

Proceeding similarly with Z; (s,0) — Z7(0), and taking into account the expres-
sion (50) of the Melnikov function, we obtain

ZI_(Saa) - Z}"'(sve) - IU‘M(Sva)
0
= —u {/ [0,H1 (Z7) = 0,H1 (Zo) — 0,H1 (Z7) + 0, H (Z5)] dt

+ /Oo [0,H1 (Z7) — 0,H, (Zo) — O,Hy (Z*) + 0,Hy (Z5)] dt|(53)
0

where, for shortness, we denote
ZE =7 (s+bt,0+at), Z°=2Z"(0+0.t), (54)
Zo=2Zy(s+bt,0+act), Zi=2Z;(0+ @ct). (55)
Since the two integrals in (53) are analogous, we are going to bound only one of

them, say the second one. We break the integral fOOO in three parts, 7, + Zo + Zs,
defined as follows, with a suitable ¢o(s):

to(S)
7, — _/ [0,Hy (27) — 0,H, (Z3)) dt,
0
to(s)
7= [ oo (2%) o, (0]t
0

7, = / [0 Hy (Z+) — 0,Hy (Zo) — 0, H (Z7) + 0,H, (7)) dt,
to(s)

and our aim is to apply the bounds of Lemma 5 to the integrals Z; and Zs, and

Theorem 6 to the integral Z,. Recalling that |Res| < ¢. and that we consider

@+ > g2, we choose

to(s) = (g2 —Res)/b  if Res < ¢o,
o0 if Res > ga,

so that, in the integral Z3, we have Re s+bt < g2. Note that to(s) < (g2 +¢.)/b < 1.
Among the three integrals, the second one will have the largest bound, which
comes from a direct application of part (b) of Theorem 6:

1 L %
22| = §2l+a+1 ((5;)4 + 5p2\/g> :

To bound the integrals Z; and Z3, we first write them in terms of the parame-
terizations ‘Y’ introduced in (44-45) and (47):

to(s)
7, - / [F(Y*) - F ()] dt,

zf/oo [F (") - F(Yo) - F(Y") + F(Y7)] dt,
to(s)
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where we denote F = 9,H; o' = 0,G (see Section 2.1), and Y+, Y;©, Y*, Yy are
analogous to (54-55). We have Y, Y§ € S;, 45,55 and, since bounds (b) and (c) of
Lemma 5 are < §, we also have Y, Y* € S, 5, 5,. The results of Lemma 5 can be
applied replacing s by s + bt, and provide the following three bounds:

* * 1% 1 + + 12 1
v (1) s (ng),
—(Re s+bt) 1
+ + * * € H
DG +Y0|j§p3.<1,5>.

Note also from (44-45) that
|Y0+ _ YO*| j 67(R68+bt) . (1,0) .

We are also going to use the next bounds, easily deduced from (25):

1 1 ) 1 1 1/6
|DF|T1,717P2 = Jotl ’ (1’6) ’ |D F|r1,’¥17/?2 = Jotl ( 1/5 1/52 ) ’ (56)

where the elements of the matrix give bounds for the second partial derivatives
(analogously to the notation of Section 1.5).
Using these ingredients, the integral 77 is easily bounded:

Tl < (IDF| Y= Y51) =

T1,71,02 — §psta+3’

The integral Z3 requires some extra work. First, we write
F(Y*)=F(Y) - F(Y") + F (¥y)

= /1 (DF (" +u (YT =Y5h)) . YT —Yh) du
0

1
- [ OF (5 Fu vt =¥, - ¥ du
0

1
/ (DF (Y +u (YT =Y")) = DF (Y5 +u(Y* = Yg)), YT =Y ) du
0

1
+/ (DF (Y +u(Y* = Yy)), YT - Y  —V* 4+ ;) du
0
Then, using the previous bounds we obtain:
|F(Y*) - F(Y) - F(Y") +F(Yy)|
< (I0F] L (Y = Ye [ Y e Y g - v )

)

T1,71,P2
+(IpF| VoY o Y+ Yy
. 6—(Re s+bt)M
= T gpstats
and then

T1,71,P2

(57)

1
sl = 5orars

Note that it is essential to have the exponential factor in (57), because this bound
has to be integrated over an infinite interval.

Now we compare the bounds obtained for |Z;|, |Z2| and |Z3|. Using that py+21 >
ps3 + 2, we see that |Z3| has the largest bound (coming from the extension theorem),
which gives the expected bound for (53). O
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Remark. The case of fixed tori is a bit simpler, because in this case it is enough
to write the integral [~ in (53) as 7] + T4, with

to(s)
7= [ ot (7) - 0, (0]
0

T = / [ale (Z1) — 0,H, (ZO)} dt.
to(s)
However, no extra improvement in the bounds is obtained.

4.5. The splitting distance in the flow-box coordinates. Next, we translate
the parameterizations of the whiskers to the flow-box coordinates (S, E, ¢, I) in-
troduced in Section 3. Recall that our Hamiltonian, in the flow-box coordinates,
becomes

Ko=HoWU=GoAoT oY= (3., I)+bE,

on the domain By, o, n,,p.,8:5- We have denoted
U=TodoAoYTPDoT (58)

the whole transformation from the original coordinates to the flow-box coordinates.
The domain of Ky contains a piece of the local stable whisker ngc, which can
be parameterized as

Wit (s,0) = (s,0,6,0), (5,0) € Pryor.pa (59)

(recall the notation (12) for the domain of the parameters (s,8)). The inner flow on
this whisker is given by § = b, § = @.. It is easy to establish the relation between
this parameterization and the one introduced in (47):

N4 (WJ(S79)) = Z+(S + 8076)7
This comes from the following steps:
(
Wit (s,0) — Wi (5,8) £ Wi (s,8) V25 Yo (s + 50,0) =2 Y (5 + 50, 0)
o ZF (s + s0,6), (60)

where we have used that A (W (s,0)) = (0,v0e7%,6,0) = Y5 (s + s0,6); in this
way we define
50 = In(A/v9) (61)

(recall that in (45) we introduced the constant A = 44/2) as a translation between
both parameterizations, in order to have W' (s, #) defined around s = 0. Recall also
that T(© and T leave this whisker unchanged, since these maps are id + O(E, I).

According to the extension theorem (Section 4.2), a large piece of the global
unstable whisker YW~ remains close to the stable one for p small enough. Then, it
is natural to define the following parameterization for the part of this whisker that
enters in the domain of the flow-box coordinates:

W™ (s,0) = 0" (Z7 (54 s0,0)). (62)

In components, we shall write W~ = (Wg,Wg, W, W ). We are going to es-
tablish in Proposition 9 that this parameterization can be defined essentially in the
domain given in Theorem 6 and Proposition 8 for the parameters s and 6, with
a reduction of only ~ ¢ in their imaginary parts. Note that this requires to take
into account the drastic reduction of domain for the flow-box coordinates, in the
I-direction, that we had to carry out in Proposition 3.
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Comparing the I-components in (59) and (62), we can consider the function
W, (s, ) as giving the splitting distance. Our use of the flow-box coordinates im-
plies that this function is &.-quasiperiodic (recall that @, is defined in (51)). The
next theorem provides a bound for this function, and also says that the approxi-
mation given in Proposition 8, in terms of the Melnikov function M, remains true
after changing from the original coordinates to the flow-box coordinates. In fact,
since the translation (61) in the variable s has to be taken into account, we use the
notation M;,(s,6) = M(s + so,0).

Proposition 9. Under conditions (26) and (49), the parameterization W~ (s,0)
can be defined for (s,0) € Py, vs.ps, and with the exponents p; defined in (14-19),
one has:

- + H H H H
(a) ’W -W ’Hz,l’z’PS = <§m + oP2\/e’ 5P + 5:02\/5)'
? 1’
(b) ’W; - /"LMSO‘ =
(c) W~(s,0) — Wy (s,0) = (WST -5, Wg, W, — H,WI_) 18 W, -quasiperiodic.

K2,V2,05 — §P6 + AV

Proof. First, we point out that the flow-box coordinates can be defined if condi-
tions (26) and (43) are fulfilled. Notice that condition (43), needed in Theorem 4,
is included in condition (49), required here.

To prove part (a), we have to consider the effect of the successive transforma-
tions (58) on the bounds provided by Theorem 6 and Proposition 8. In order to
write the successive bounds in a simple way, we introduce the following notations
for the intermediate steps in (62), to be compared with (60):

—1

Z7 (s + s0,0) oy (s + 50,0) 2 Y5 (s + 50,0) A Wi (s,0)

(1)
1 (0) -1 _1
) W (5,0) F— W™ (5,0).

We begin with the following bound, given by Theorem 6:
|Z7 (s +50,0) — Zt (s +50,0)| 2|27 = Zo| + |2 — Zo|

[ K
=< =
- (5:05 7 §P4 T oP2 ﬁ) ’ (63)

|Re(s + s0)| < gs, |Ims| < vy, [Im| < ps.

Let us study the effect of the successive transformations on this bound. The key
points, in order to show that the final bound does not get essentially worse than (63),
are that ™' and A~! do not touch the I-component, and that ®~' and Y~! are
close to the identity. On the other hand, the transformation (T(O)) ! will easily be
controlled.

First, recall the form of the change to the hyperbolic coordinates: I'(u, v, p,I) =
(To(u,v),¢,I). We have |D (F51)| =< 1 on its domain, and then from (63) we
directly obtain

- poop [
Yy (s +50,0) — Y+(s+so,9)’ = (5%, 5o T 6P2ﬁ) : (64)

Next, we consider the transformation to the normal form coordinates, provided by
Theorem 1. For this transformation, we easily see from (29) that |® —id| < (1,0)
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and we have @' : S,, 1, s — S yype. Writing @1 = id + pd and applying
now (29) to |®~! —id|, we obtain

W 1 1/
R 7] ( 16 1/8 ) : (65)

where we use the notation of (56). Then, in the same domain we have ‘D (@‘1)} <

‘uD@

Id + ’ ,uD@‘. Applying this bound, we obtain again

- poop 0
‘Y(z)(s—i—so,@) — y0+(s+so,9)’ = ((Sps’ Goe + 61)2\@) )

The change A~ to the unperturbed flow-box coordinates works like I'"!, and then
the bound remains also unchanged:

— + meop I
’Wu) (s,0) =W (&9)‘ = (M’(Sm + 5”2ﬁ> :

. . -1 . . . .
Next we consider the transformation (T(O)) , which can explicitly be written
from (38), and the O5(I)-term in this transformation provides a new term in our
bound. Indeed, denoting (-)g, (-); the S, I-components, we have

Wey =Wy = (0’ 3 (0 (V0), (7)) =5 (W6) 4 (), ’O)

and we deduce the bound

- N [ noop 1
W .0 - )| = (o Gl ) o)

Finally, for the transformation Y~! provided by Theorem 4, we proceed as with

®~1. So we write YT~1 = id + T and, applying (41) and (42) to ’T_l —id|, we
obtain
A u 1 1/8
’“DT’ = gpat+l ( 1/6 1/6% )° (67)
and hence |D (T’1)| <Id+ ’;LDYA". Applying this to (66), we obtain the bound of

part (a).

We also have to establish the condition on p, for which W~ (s,0) can actually
be defined in Py, ., 5, Without leaving the domain of Ky. The only important
restriction comes from Proposition 3, where the domain in the actions I shrinks to

a width ~ 6. In order to keep W(E)(S,G) = (T(O))_l (W(I)(S,Q)) in the domain,

according to (66) we clearly need

B,
)P4 + 5;02\/5

=9,

and this condition is included in (49).

To obtain part (b), we have to relate the function W, with the difference Z; —Z;
that has been estimated in Proposition 8. This is quite simple because the only
two transformations that touch the I-component are ®~! and YT~!. We write
(@‘1)1 = I+ pd; and (T_l)l =TI+ puY; (the subscript (-); always denotes the
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I-component). Recalling that (WOJF)I =0 and (YJ)I = 0, we have

Wr(s,0) = (W(2)) (s,0) +p[ ( )—Y,(Wg(s,e))}
- (W(> (s,0) +u{ ( ) T (W (879))}
= (Vo) 0 +n [T ( (2)<s 9))—Yz (W (5,0))]
_ [(y(;)) (s+so,9)—y+(s+so,e)}
i [Or (Vi (s + 50,0)) = &1 (V¥ (5 +50,0))
(

W(2) ) TI (Wo (s ,9))]

= [Z7 (s +50,0) — Zf (5 + 50,0)]

(y (s + 50,0 )—(i)I (Y+(s+so,9))}
(

Wi (5,0)) = 11 (Wg(5,0)) ]
Now we subtract uM (s + sg,d) and apply Proposition 8, and bounds (64) and (66)
together with the second row of (65) and (67). We obtain statement (b):

+M1

+M1

+N1

|W 89) uM(s+sO, )|

MZ /1/2
- 52l+a+1 5;04 5102 ) T Jp3+pat3 + 5p2+P3+3\@

p I

= 5ps + 5197\@’

since pg = max(ps+2l+a+1,ps+ps+3) and p; = max(pa+2l+a+1,pa+p3+3).
Finally, part (c) is a direct consequence of the fact that the inner flow on W~
is given by § = b, § = &, and the Hamiltonian equations (35) in the flow-box
coordinates. For instance, from the equation I=0we get that the I-component
W (s, ) is we-quasiperiodic:
d

0=+ W, (54 bt,0 + @ct) = bW, (s,0) + (-, 06W; (5,6)).
t=0

O

4.6. The splitting potential and the splitting function. It has to be pointed
out that the quasiperiodicity of the function W (s, §), established in Proposition 9,
does not lead directly to exponentially small estimates for the splitting, because an
essential ingredient still missing is that the function considered has to have zero
average with respect to the angles. This is closely related to the main result of

[DGO0], which says that, after a suitable change of parameters (s,60) = A (5, é),

the function W, (s,6) becomes the gradient of a scalar function £ (5, 5), called
splitting potential. The change A is defined as the inverse of

F=Wg(s,0), 0=W,(s0) (68)
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Then, the global unstable whisker YW~ can be seen as a graphic over the local stable

whisker W, _ given in (59). Indeed, in the new parameters the whisker W~ becomes

W=(s,0) = (WS_(S,Q),WE(S,H),W;(S,O),WI_(S,Q))
- (5,5 (g,é) 0, M (g,é)) .
We stress that part (c) of Proposition 9 implies that, in the new parameters, the
inner flow on W~ is still given by § = b, 6 =&.. To study the splitting, we only
need to consider the function M, that we call the splitting function. The function £

is directly related to M by the energy conservation, as will be seen in (72). Besides,
as in [DGOO0] we shall have:

E=0:L, M=0;L. (69)

So the function M (5, 5) is a reparameterization of the function W~ (s, 8), becom-

ing now the gradient of the splitting potential. We then define the error term for
the Poincaré—Melnikov method as the function

R(se) =M <50) —uM (§+50,5). (70)

Theorem 10. Under conditions (26) and (49), the splitting function M (5,5) can

be defined for (5, é) € Pry,vs,pe, and with the exponents p; defined in (14-19), one
has:

Iz 1
(a) ‘M|53,u3706 j 6? + 5P2ﬁ'
2 2
Iz Iz
(b) ‘R|n3,u3,p6 = 5% t W

(¢) M =L for a scalar and &.-quasiperiodic function L (5, 9~)

Proof. First, using part (a) of Proposition 9, we see that the change (68) is close
to the identity. More precisely, for (s,0) € Py iy, ps

1 1 [ 1

5@4_5?2\/5’ 5?4_5?2\/5'
We see from condition (49) that these bounds are < ¢ and we deduce that (s,6) =
A (5, 5), i.e. the inverse of (68), can be defined for (5, 9~) € Pryvs,p6- Lhen, part (a)

is obvious from part (a) of Proposition 9 (taking only the I-component).
To establish part (b), we write

|55 =

‘é—e‘ < (71)

R(é,é) = [W; (5,0) — uM(s + s0,0)] + p [M(s—kso,@)—M(é—i—so,é)].

The most significant term in this sum is the first one, and has been bounded in
part (b) of Proposition 9. For the second term, we deduce from Lemma 7 the
bounds

1 1

|85M50|H1,V2,p2 = §2l+a+1? |89M50|H,V17p3 = §2l+a+1
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and, using also (71), we obtain

M(s—i—so,é’)—M(é—i—so,é)‘

p p f p
= S2lta+1 <§p5 + 5p2\/g) + §2l+at1 (51’4 + 5?2\@)

1 1% 1%
= §Errart (5;75 + 5p2ﬁ) '
Putting this bound and the one of part (b) of Proposition 9 together, from the
inequality ps + 2l + o + 1 < pg we can keep pg as in (18) and obtain the expected
bound for |R|.

Concerning part (c), the existence of the splitting potential £ (5, é) was estab-

lished in [DGO0], from the fact that there exists an exact symplectic map O (close
to the identity), defined in a neighbourhood of a piece of the local stable whisker
ngcv taking this whisker into the global unstable one, W~. In fact, the parameter-
izations of these whiskers are linked by this map: © (Z% (s + s9,0)) = Z~(s+ 50, 0).
This map can be moved to the flow-box coordinates: O=0"1000 ¥, and hence
5) (Wy (s,6)) = W(s,6). Nevertheless, there is a small difference between [DGO00]
and this paper. Indeed, in this paper one of the ingredients of ¥ is not exact in
general, since the transformation ® to normal form (provided by Theorem 1) is
not exact, but rather a translation of it, ® o T, !, is exact. But it is not hard to
see that, even with this remark, the map O is exact. Once this is established, the
existence of a splitting potential £ (5, 5), satisfying (69), follows as in [DGO00]. Its

we-quasiperiodicity is a consequence of the Hamilton—Jacobi equation and the fact
that both whiskers belong to the same energy level:

0= K, (5,0,5,0) - K, (5,5 (g,é) 6, M (5,9))
= b€ (3 é) + <w/\/( (3 9)> = bOsL (3 é) + <@E,a§,c (50)> . (72)
O
Remark. It is an obvious consequence of part (c) that the error term R is also
we-quasiperiodic, since both M and M have the same quasiperiodicity parameter.
This has motivated definition (50). It is also clear that R is a gradient, because so
are M and M. These facts are used in the paper [DG04] (for a concrete example) to

show that the Melnikov function M dominates the error term R and, consequently,
gives asymptotic estimates for the splitting function M.

5. Exponentially small estimates.

5.1. Quasiperiodic functions and exponentially small estimates. The no-
tion of a quasiperiodic function of the parameters (s,#) has been introduced in
Section 1.5. The following standard lemma allows us to deduce that the splitting
function (and some related functions), which are quasiperiodic, with zero average,
and analytic on a complex neighbourhood of the type (12), become exponentially
small (with respect to &) when restricted to a real domain. For simplicity, we
assume in this lemma that the quasiperiodicity vector is w. instead of @w.

For a function g(s, §), we consider its Fourier expansion Y, ;. gr(s)e'*%. Note
that, if g is w.-quasiperiodic, then

() = g(0)e~ s thwe), (73)
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In particular, we see that the average value gy does not depend on s.

We next provide a result concerning the exponential smallness in ¢ of an w,-
quasiperiodic function. This is nowadays standard (similar results are given in
[DGJS97, Sau01]), but we include here the proof for the sake of completeness.
Recall that the vector w. is defined in (4) in terms of the initial frequency vector
w, assumed to satisfy the Diophantine condition (H2) with 7 > n — 1 and v > 0.
In fact, the vector w. will have to be replaced by the true quasiperiodicity vector
We, defined in (51).

We use the following notation for the constant appearing in the exponentials:

Clv,p) = (1 n 1) (ropT )T (74)

Recall from Section 1.5 that |'|n,0,0 is the notation for the supremum norm on the
real domain: s € R, [s] <k, 6 € T™.

Lemma 11. Let g(s,8) analytic on Py ., and w.-quasiperiodic. One has:
(a,) ‘gk|,€ 0 S |g|f~i vip 6*(P|k\+l’|<k7ws>|) Yk c 7.

190 { C(u,p)}'

(b) 19 = golx.00 = S7aria) P\ ~ /G2
Proof. We easily deduce part (a) from the inequalities gk, , <lgl, , , e PI*l using
also the relations (73). To prove part (b), we consider some § to be chosen, with
0 < d < p. For given s € R, |s| < k, 6 € T", we write

19(5,0) — g0l <> lgr() < gl > (67<m|m+u\<k,w>|> . efw)

k0 k#£0

j |g|;<;,u,p exp {_ C(Vv pl) } ’

on 51/(27’+2)

with p; = p — J. We have used the bound Y, e/l < 1/6" and the following
standard inequality, in which the Diophantine condition (H2) plays an essential
role:

vy > C(l/7p1)
|k‘7—\/g — gl/(@r+2)’

(this inequality comes from finding the minimum of a function like ax + bx~" with
respect to = |k|). Finally, the choice

§ = e/ r+2) (75)

pulk| +v[(k,we)| > pr k| + Vk # 0

allows us to replace p; by p. Indeed, we have

C(v,p) C(v,p1)

cl/(27+2) el/(27+2)

expd Cwp) 1 o Clvp)
P\ T oG Py TG (0
which implies estimate (b), because the replacement of p; by p only affects some
constants that we do not write down. O

=1,

and we deduce that
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5.2. Exponentially small upper bounds for the splitting function. As a
simple consequence of Lemma 11, we can deduce an exponentially small upper

bound, on the real domain, for the splitting function M ([9', é) Notice that the

constant C (g, p) in the exponential is the one introduced in (8).

Theorem 12. Assuming
ex1l,  p=em (76)
with the exponents ps and py defined in (20-21), one has the upper bound

C (5.0) }

I
Mls00 2 gxp{w

Proof. Recall from Theorem 10 that M is defined in Py, ., ,, and w.-quasiperiodic,
with &, as in (51). Note also that My = 0, since M is the gradient of the splitting
potential £. Now, we apply Lemma 11 to the bound given in part (a) of Theorem 10.
Taking ¢ as in (75), we see that conditions (26) and (49), the ones required in
Theorem 10, give rise to the smallness condition (76), since ps = max(p1, ps +
2)/(27+42). Note that, from our choice of §, the conditions containing the exponent
p2 in (26) and (49) have been ignored, since py > p3 + 1 > ps + 7+ 1. Then, we
deduce from Theorem 10 the bound

| 5(1/3196)
|M|n3,0,0 = gzexp {_M} , (77)

since pg = (ps +n)/(27 + 2) (as before, the bound containing the exponent ps has
been ignored). We have written, instead of (74),

. 1 4 1/(r+1)
C(vs, ps) = (1+ 7_) (TV3PGT : b’y)

(note that, since we have replaced w. by &, the Diophantine constant is now
b’y /b). However, recalling that vs3 = 7/2 — 35, pg = p — 65, b'/b =1+ O (udP2),
and proceeding as in the proof of Lemma 11, we can replace 6(V3, pe) by C (%7 p)
n (77), obtaining the expected bound. O

Remarks.

1. The upper bound obtained for the splitting function M has been obtained
without using at all the Melnikov function M introduced in Section 4.3. Nev-
ertheless, using it one could obtain a somewhat better upper bound for M
under a somewhat stronger smallness condition on pu, i.e. a smaller exponent
pg but a larger exponent pg. To get this, one could deduce from Lemma 7 an
exponentially small upper bound for the Melnikov function M, and see that
this upper bound dominates the upper bound for the error term that one can
deduce from part (b) of Theorem 10. This is done better in the paper [DG04]
with a concrete example, for which accurate upper and lower bounds for the
dominant coefficients of the Melnikov function can be obtained.

2. In a concrete example of Hamiltonian (1-3), the exponents ps and py can
easily be computed applying (20-21), from the values of n, 7, [, a.
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Appendix A. Proof of the extension theorem. In this section we are going
to prove Theorem 6. In fact, we first prove the following result, which bounds
the distance between actual trajectories on the perturbed stable whisker W7, and
the unperturbed one Wy. Afterwards, we will deduce statements (a) and (b) of
Theorem 6.

We recall that the exponents p; appearing in this appendix have been defined
in (14-17).

Theorem 13. Let be Z7 (s, 0) the stable whisker defined for complez (s,0) as in (47)
and verifying bounds (48). Then, if the condition

1 =< 5P4+2

holds, for any (s,0) such that Ims| < vy, g2 < Res < 2¢o and [Im 6| < ps, this
whisker can be extended by the flow for real times —T < t < 0, where T' X 1,
verifying:

|Zt (s + bt, 0 + Oct) — Zo(s +t,0 + wet)| < (6% 6%) .

Before proceeding to the proof of this theorem, we will introduce some notations
as well as some auxiliary results.

In the sequel, s,  are complex parameters in the strip [Ims| < v; = 7/2 — 4,
Im6| < p3 = p — 39, and ¢ will be the real time. The complex singularities of
the unperturbed whisker at s = +imw/2 are going to play an important réle in our
bounds. For the case 0 < Im s < vy, which will be first considered, we define

Ti=t+s—in/2|
as a variable which controls the distance to the singularity im/2. The case —vy <

Im s < 0 will be analogous.
We introduce the vector-valued function:

u(t) = ZT (s +bt,0 +@ct) — Zo(s + 1,0 +w:t) = (£(t),n(t), (1), J (1)),

which satisfies the system of differential equations with respect to the variable ¢:

£ =,

n = sin(xo(t+8) + &) —sin(xg(t+ 8)) — ph'(zo(t + 8) + &) f(0 + w:t +¢)
C' = AJ (78)
J = —ph(xo(t+5) + &0, f(0 + wet + Q).

One can easily see [DGJS97] that the variational equations around the homoclinic
solution (6) of the pendulum equation can be solved, and a fundamental system of
solutions is given by the functions

U(u) = yolu) = do(u),
O(u) = yolu)W(u) = U(u)W(u),
where
W(u):/b yocéz)z’ )

b being an arbitrary complex number. It is very important to choose adequately
this parameter b to get a function W (u) as regular as possible, near the singularities
of yo. For the case 0 < Ims < vy, we choose b = 7i/2. In this way, at the point
u = 7i/2, since yo(u) has a simple pole, W (u) has a triple zero and yo(u)W (u) has
a double zero.
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Using these functions one can obtain, as in [DGJS97], integral expressions for
the solutions:

E() = Ut + 5) [@'(@5(0) ~ 2600 - [ 00+ 99(6(0).6(0).0) do—]
Lt s) [ws)s(m S 0E0)+ [ ¥+ s)gl€(0).<(o).0) da} (80)
n(t) = V(i + 5) [@%s)s(m ~0(91(0) = [ 8(o+99(6(0),c(0),0) da]

L@ (1 s) [—ws)g(m S0+ [ Bo+90(60).<(o).0) do} (81)

C(t) = ¢(0) + AJ(0)t — / A(t - 0)N((0), ¢(0), 0)do (2)
J(t) = J(0) / N(E(0), (o), 0)do (83)
0
where we define
g(&,¢t) = sin(xo(t+ s) + &) —sin(xo(t + s)) — cos(zo(t + ))&
—ph' (zo(t + 5) + €) f(0 + wet +¢), (84)
NECH) = ph(aolt+ )+ €, (0 + wet +O). (35)

Using these integral equations we have to solve a system of implicit equations for
(£,¢) given by (80) and (82), and later, we can obtain explicitly the actions (7, J)
using (81) and (83). In order to proceed we need the following technical lemma,
whose proof is straightforward, using hypotheses (H3-H4) of Section 1.1, Taylor
formula and Cauchy estimates (for more details, see [DGJS97]):

Lemma 14. For 0 < Ims < vy = 7/2 =6, |[Imé| < p3 = p—3§ and 7 =
|t + s —mi/2| 2 T, the following bounds hold, where | and « are defined in hypothe-
ses (H3-Hj4):

a) [T(t+s)| ==, [@(t+s)| 27%  |[U(t+5)| = [@(t+s)| 27

1 1

( ; h ﬁa

(b) |hD (zo(t + 5))| < —5;» where hU) means the j-derivative of h(z).
T

)
1
(@) 170 +wet)] 3 5 10570+ < ey, 1020+ )] < =iy
(d) If & ()] = A/TP <1 and |¢;(t)] 2 Q =5, j = 1,2, then the function g defined
in (84) verifies

(60600 -~ 9(&0.a0.0] = (o + ) 160 - &)

§—(a+1)
G -Gl

and the function N defined in (85) verifies:

—(a+1)
NG, G0~ Ne0.60.0 < 6w - a0

§—(a+2)
a0 - GOl
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The proof of Theorem 13, for the moment for s € DT = {s € C: 0 < Ims <
w/2—4}, is based on the next Propositions 16 and 17. In the first one, the solutions
of system (78) with initial conditions verifying bounds (48), will be extended up to
some time ¢ = —t1(s) defined bellow. In the second proposition, we take t = —t;(s)
as the initial time.

We divide the complex strip DT in two parts

D" = {SGCZW/2—52/3SIIHSS?T/Z—(S},
DIvn = fseC:0<Ims<n/2—5%}
and define the separation point —t1(s) by

—62/3 for se DU,

_tl (S) + Res = { O7 for sé& Ddown'

During this proof we will use the following technical result (an analogous one is
proved in [DS92]).

Lemma 15. Lett, ty real, s complex, such that
Ims| <7/2, ¢2<Res<2qp, -T<t<ty;<O0.
Then, given B € R, the following inequality holds:
to do
S K'pi(ﬁil) 5),
/t \0+577ri/2|ﬁ [t,to] (s)
with K = K(q2,T,3) > 0, and
1
sup ———————, if B#0,
,0[;50](5) = |O'+S—7T7I/2|ﬁ
sup|In(|o + s —7wi/2|)|, i B=0,
where the supremum is taken for o € [t, to].

Proposition 16. Let u(t) = (£(t),n(t),{(t), J(t)) a solution of system (78) with
initial conditions satisfying
" 1
1= 4 (15)- (56)

Then, under the hypotheses of Theorem 13, u(t) can be extended for t € [—t1(s), 0]
and satisfies there the following bound:

[(re(®),7n(0). €0, TO)| = (= + sortas 5ors + s ) - (87)

Proof. We shall use the method of successive approximations. We begin the iter-
ation process with & (t) = 0, (o(t) = 0 and consider, for n > 0, the recurrence
suggested by the system of equations (80), (82):

Earn () = W(t +5) [@'<s>£<o> —2(9100) ~ [ 8o +)9(60(2).61(0).) do}
(1 5) [ws)f(m FU0)+ [ Blo+9)0(60(0):Go(0).) do}

Cot(£) = C(0) + AJ(0)E — /0 At = O)N(£n(0), Co(0), 0)do.
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For the first iteration we obtain (£1,(7) as:
1(0) = (e +5) | ()500) ~ 2(5)1(0) — [ 0o +3)9(0.0.0) o]
+O(t+s) {—\I/’(s)f(()) + U (s)n(0) + /0 V(o +5)g(0,0,0) da] (88)

(1) = C(0) + AJ(0) — /0 At — G)N(0,0,0)do (89)

This first iterate can easily be bounded, using the initial conditions (86), and Lem-
mas 14 and 15:

ul 1 (o1 1 1 1
Q=2 |5+ (a0 + 1) 5] 4t [ B ] 00

An analogous bound for 7&; (t) follows immediately. Now, using that for s € Ddown
we have

e <
and for s € D"P we have
p[fol](s) <772 for 0<t+Res<Res,
p[fol](s) <672 <462 for —t1(s) + Res <t +Res <0,
and, consequently, in all the strip D, i.e. for s € DT and t € [—t1(s), 0], it follows

that

Tp i (s) <673 (91)

We remark that the value of t1(s) has been chosen just in order that bound (91)
holds. In this way, we can bound |7&;(¢)| in a uniform way:

1 1
IT& ()] 2 p (6173 + W) :

On the other hand, the bound for (; is immediate:

] —(21-1) 1 7 H
|C1 (t)l j W + /’[’p[t70] (3) 50¢+1 j 5p3+1 + 52l+a .

In order to prove the convergence we proceed by induction. To begin the iteration
process, we introduce the norm

1€, Ol = sup (|r€(B)] + [6°¢C(1)])
where the supremum is taken for s € DT and t € [—#1(s),0]. The above bound on
7€1(t) and ¢ (¢) reads now as

1 1
e 6l =1 55+ ez )

Assuming that ||(&5—1, Ca—1) ||, [|(€ns Gl 2 1 (555 + 52— ), We now consider

buni() —6alt) = —U(t+s) / “B(0 + 5) [gn — gu1] do

+0(t+5) [ Vo +9) o0 gui]do

where g,, denotes g(&,,(0),¢n(0),0). Now, we apply part (d) of Lemma 14, with A =
(535 + W), fB=1and Q = 5t + mfrs- By the hypotheses of Theorem 13,
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these amounts verify that A < 6% < 1, and =< §, which are the conditions needed
in this lemma. We will use the notation 7(c) = |0+ T — 7i/2|, and we will use
again Lemma 15, as well as inequality (91). We obtain:

|T<sn+1<> (0]
< [( S ) (o) = (o)

7_

a+1)

e () Calo) <n_1<a>|}do

0 [ (o + 220 ) o) — sl

puo~ (a+1)
|<n( ) <7z—1(0'):| do

()2
{(’\”[?101( )+ 0 p, G (8) = (14 p, G (s)) )
7% (Mgt () 0~y ) o~ o)) |
NEn = a1, Cn — Car)||
j (5;‘::'2 + 62l+(1+1) H(&n £n71;<—n - Cnfl)H .

We can also obtain an analogous bound for [62 ((ut1(t) — Cu(t))]-
Since by the hypotheses of Theorem 13 we can take 525 + gzrfasr small enough,
it follows, by induction, that the following inequalities

1 1
6l < 206l =0 (35 + g )

S A 1 (S WA

are valid for n > 1, and consequently (&,,(,)n>0 converges uniformly for s € D
and t € [—t1(s),0] to the components £(t),((t) of a solution of system (80), (82)

satisfying
1
2
[rE®] + [0%CH)] = (51,3 521+a2>'

For the component 7(t), we simply use its integral equation (81), and it is
straightforward to check that

1 1
700] = 4 (555 + gactecs )

One can bound J(t) from its integral equation (83) by applying Lemma 14 with
§&1=¢ & =0,¢ =¢and (o =0. Then we have A = i (555 + 52— ), 5 = 1 and
Q = (55372 + 5= ), and we obtain
© Ko —(21-1) 1 1
T = gt + ol (8) Sk <6m+1 + 52l+a> '

Now, putting this bound for J(¢) in the integral equation for {(t), we obtain the

PN

IN

desired bound (87). O
We get from bound (87) the following global estimates for the components (£, 7):
[ [ [ 7
‘f(t)‘ = §ps+1 + W7 |77(t)| = §pa+2 + 52l+a’
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for t € [—t1(s),0]. On the final point ¢ = —t1(s), bound (87) gives a better estimate:

[ [ 1 [ p 1
Nt =) — 250 T e ) 2
()] < ((m + 52l+a_2) o @l = (5,,3 + 521+a_2) 72

which gives, using that 7, = |t (s) + s — 7i/2| > §2/3:

0 0

p 0

t a2/

These and the corresponding bounds for (¢, J) given by (87), are the initial condi-
tions for the next proposition.

Proposition 17. Let u(t) a solution of system (78) with initial conditions satis-
fying (87) for t = t1(s). Then, under the hypotheses of Theorem 13, u(t) can be
extended for t € [T, —t1(s)] and satisfies there the following bound:

(5(” 77(t)7§(t)7j(t)) < (52 K L)

2 r Jp3+2 + §2lta’ §ps+l + 52+« (92)

Proof. We shall use exactly the same method of successive approximations as in
Proposition 16, but replacing the initial condition 0 by —t1(s), in the integral
equations (80-83).

The first iteration gives (£1(t), (1(t)) as provided by equations (88-89) but with
—t1(s) instead of 0. Proceeding like in Proposition 16, but using now the initial
conditions (87), we can bound the first iterate &;(¢) as in (90):

1 1 (21— 1
&) = a {&,3 + SAra—3 + (p[t)(il(i))] (s) + 1) 50‘}

T

2 1 1 —921 1
T opaTd T §2l+a—273 Pty (s)] (3)571 )

where 7 = |—t1(s) + s — in/2|. Now the following inequalities hold, for positive
values of 3:

p[;fitl(s)](s) <P <5008 < 58, pﬁ’_tl(s)] (s) < 7P, (93)
and consequently we can bound flT—(Qt) as
a1 (1 1 1 /1 1 . 1 1
2 | S\ G Y ammaz ) T3t G T smraz ) 2 H  Grere T e
where we have used that 7 > 71 > 62/3. For the component (;, we have:
1 1 —(21-1) 1 1 1
01 = (g + gt + e e gt ) =0 (G + )
In view of these bounds, we define now the norm
£(t)
6. =suw (|52 + 1¢001).

2
-
with the supremum taken for s € D' and t € [-T, —t;(s)]. With this new termi-
nology we have proved that

1 1
(€1 ¢l 2 <5p3+2 + 52z+a) ’

and therefore, for the component &, we have:

1 1
& ()] = p (W + §2l+a) 7.
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For the successive iterates we apply Lemma 14, with A = Q = p (m% + 521%) =<9,

B = —2, and Lemma 15, as well as inequalities (93), obtaining
1
§(§n+1(t) —&a(t)
< S 1@ |V ) 16 - 6o
- 9 n n—1\0
3 tl(s)

—(a+1)

ey () Calo) <n_1<a>@ do
t 1
>{ At
uo~ (a+1)
o)

1 5 —a —(21-5) —(a+1) —(20-3)
(e

)60~ &ia(o)

o) - cnl(a)] do

FAPP 8™ g a6~ 2 (0, Ga) = (€, G|

= (5p5+2+521+a+1)ll<£m<n) (n-1: G-Il

and similarly for |(,41(t) — ¢n(t)]. We have denoted 7(0) = |0+ s — wi/2|, and
p” instead of p[ﬁt —t1(8)] (s). Like in Proposition 16, it follows by induction that for
n>1

1 1
e =

1
||(£n+1,4n+1) - (gmgn)” < 5 ”(fan) - (€n—1an—1)H )

and consequently (&, (,)n>0 converges uniformly for s € D and t € [-T, —t;(s)]
to the components (£(¢),((t)) of a solution of system (78), satisfying the required

bound (92).
As in Proposition 17, we can now bound 7(¢) and J(¢) from their integral equa-
tions (81) and (83), and we finally obtain that they also verify bound (92). O

Proof of Theorem 13. First consider 0 < Ims < v; and fix ¢ < Res < 2¢s.
Putting Propositions 16 and 17 together, as well as bound (92), we immediately
obtain Theorem 13 for the case 0 < Im s < v, with the required estimates.

For —v; < Ims < 0 we only have to choose b = —7i/2 in definition (79) of
W (u), in order to get a second solution ®(u) of the variational equations of the
pendulum with a double zero at w = —mi/2. An analogous Lemma 14, as well as
Propositions 16 and 17 are also valid in this case, and consequently Theorem 13
follows for any s with [Im s| < ;. O
Proof of Theorem 6 (extension theorem). The proof of the extension theorem is
almost direct from the results of Theorem 13. In fact, there is only one difference
between Theorem 13 and statement (a) of Theorem 6. Indeed, in Theorem 13 we
compare trajectories on the whiskers W+ and Wy, whereas in Theorem 6 we have
to compare points on the two whiskers given by the same values of the parameters.
Let us take some values 3, 6 with

q2 > Res > —q,, Im 3| < vy, ’Imé’ < ps.
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To apply Theorem 13, consider the initial parameter s = 2¢2 4+ ¢Im s and time

= %(Reé — 2¢2) < 0. Note that s + bt = 3, and consider also 6 such that
0 + &.t = 6. Now we can use Theorem 13, as well as Taylor theorem for the
unperturbed homoclinic solution Zy, and bounds (30) of Theorem 1. We obtain
the desired bound (a) of Theorem 6:

\Z*(s‘, 0) — Zo(5,0)| = |Z" (s + bt,0 + @&ct) — Zo(s + bt, 0 + @ct)|

IN

|ZF (s +bt, 60 + ©ct) — Zo(s +t,0 + wet)|
+1Zo(s + 1,0 + wet) — Zo(s + bt, 0 + Oct)]

poop b —1] -
= (5 5m)+( g lwe — Gl

H Hoop M B H
= <5p T g o 5172\@) 2 <5p F 5p2\@> - 09
In order to bound the integral in statement (b) of Theorem 6, we use the previous
results and part (d) of Lemma 14. To this end we define

& = Zf(s+bt,040ct) —xo(s+1), G =2Z5(s+bt,0+Dct)—0—wet
& = wo(s+bt)—zo(s+1t), G=0+o1t—0—wct.
By the results of Theorem 13 we have
‘§1|—5Ejl |C1\_5p4_5
and, by Theorem 1 we have
b —1] p
(o] = —— = mom S Gl S e —we| 2 51,2\[

and the hypotheses of Theorem 6 imply |(2| < ¢, and hence we can apply part (d) of
Lemma 14. Note also that we have given bounds for |§; — &| and |(1 — (o] in (94).
Applying also Lemma 15, we obtain the desired bound (b) of Theorem 6:

T
| [0u (2 5+ 0.6+ @ut)) — 0, Hu(Zo(s + .6+ 1)) e
0

1

T
;/0 [N(€1,C1ot) — N (€2, Co, t)] dt

T 5 (a+1) T 5— (a+2)
/ O e — o]t + / Gl — G| dt
0 0

1 14 1 1% 1% 1 1% 1%
= 52lta  §ps + §2ltatl (5104 + 5p2 ﬁ) = §2l+atl (5174 t o2/ )

IA

O

Appendix B. Proof of the flow-box theorem. In this appendix, we rename
the widths involved in Theorem 4, writing k, o, 1, p, (, instead of k, o, 11, ps3, 49,
and also k — Kk, 0 —a,n—1, p—p,  — é, instead of k1, o1, 12, p4, B16. Besides,
we deviate slightly in this appendix from the notation introduced in Section 1.5:
for a vector-valued function f with images in the (S, E, ¢, I)-space, we now write
If] < (lg1l, 921, 193], |g94]) to mean separate bounds for the S-component, the E-
component, the p-component and the I-component of the function f.
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For the norms on By o,p,¢ defined in Section 1.5, we shall use the following stan-
dard properties, which can easily be proved (for instance, see in [P6s93] analogous
properties in a somewhat different context):

/]
(Pl) ‘f|n,o’,n,p,< < Hf”/{,o’,n,p,(:7 ||fHI€,G‘,’I7,p*ﬁ,C = H’P#W (We shall not use the

second one).

1 111
P2) IDf| . .o . < (222,
(P2) | f‘mfmofrf,nfn,p*p’cfc = |f|f~t,0m,p,c <min (k,6) 0 p’ C>
111
||Df||n—%,o—&,n—ﬁ,p—ﬁ@_é < ||f||,‘£70',77,p7< : <m1n( ) 5 ?7 é)
4
(P3) IS, 9} ls—s 06 m—np—pc—c = — (M A m) 1l N9,
min ( A7), 67, ep¢
(P4) If U], ,c < Lmin (my &, ﬁé), then the Hamiltonian time-one flow of U
maps T2 By s o sn-np-pi-¢ " Broisro-s/2m-is2p-pac-i 2nd one
has
. 1 1 11
T —idl o sm-ip-pic-¢ = 2Wlonpc (77 min (7,6)" ¢’ ﬁ)

1 A
< 5 (min(&,6),3,5.C).
(P5) I Ul o pc < 4oz min (/%17, o1, eﬁf), then its Hamiltonian time-one flow T
satisfies that, for any function f given,

||fOT||H R,0—6,n—"0,p0—p,C— C —2||f||,<a'npg
The proof of Theorem 4 relies on applying iteratively the following lemma.

Lemma 18 (iterative lemma). Let K = Ko+ R, analytic on By o, p.c, with Ko =
(@e, I) + bE = (b, I) + bE and R = O3(E,I). Fork <k, 6 <o,n<n, p<p,
¢ < (¢ given, assume that

min (&, &, i)
<

HR”;{,J,n,p,C — 8e2¢ ’ (95)
where ¢ = 2(k + 20). Then, there exists a symplectic map
1. .
T Bm—%,a—&,n—ﬁ,p—ﬁ,(—( — Brompc
such that
KoYW® =Ky + RW,
with Y —id = O(E,I) and RY = O3(E, I). Besides, one has the bounds
HR(I) 166||R||/qonpc 7 (96)

rko=en=np=pC=C " min (/%77,&77,€PC)
1 1 11

< 2Rl 0 e ( b ) (")
7’ min (£,6)° (" p

We first establish the following lemma, which provides an estimate for a solution
of the linearized equation appearing in the proof of Lemma 18. We point out
that such an estimate does not involve small divisors. Its only difficulty lies in
the choice of the suitable solution to be estimated. Our approach is analogous to

‘T(l) —id

k—R,0—&,n—0,p—p,C—C
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the one introduced in [Sau0l] (see also [RWO00]), and we give here the proof for
completeness.

Lemma 19. Let R analytic on By o,n.p,c. Then, the linear equation
1
0sU + (we,0,U) = ER (98)

has a solution U satisfying the bound

U] <c|R|

K,0,1,0,6 — K,0,1,0,¢

(with ¢ as in Lemma 18).
Proof of Lemma 19. 'We use the Fourier expansions: U =, ;.. Ux(S, E, Ieitke),
and analogously for R. Then, we get from equation (98) that each coefficient Uy,

has to be a solution of the following simple linear ordinary differential equation
(with respect to the variable S):

OsUy +1i </€ w€> U, = ng

Following [Sau01] we choose, among the solutions of this equation, a very concrete
one:

Ux(S, B, I) / Ry, (8, E, 1) e k@) (5=5")qg",

where
o if (k&) > ,
ap = 0 <k’,(f) > =
—o if (ko) < O

It is then clear that we have ’671'(1@,@5)(5—5’) < 1 along the path of integration.

Then, using that b > 1/2 and |S — iax| < Kk + 20, we obtain

‘Uk| <2(/€+20)|Rk|

K,0,1,§ — £,0,1,6
and we easily deduce (99). O
Remarks.
1. The bounds would be worse if, instead of the norm ||-|| (that takes into ac-

count the Fourier coefficients), the supremum norm |-| was used. In fact, a
denominator p", as in property (P1), would appear.
2. In this lemma (and hence in this appendix), we do not need the frequency
vector to satisfy a Diophantine condition like (H2).
Proof of Lemma 18. In this proof we consider, for j = 0, 1,2, the widths x; =
H_j/%/2a 05 = O—_jé—/2a nj = 77_377/27 Pi = p_j[)/2a Cj = g_J</2> the domains
Bj = Bu;.0;m;.p5.¢;» and the associated norms ||-|; and [-|; on these domains (as
introduced in Section 1.5).
Using the Lie method, we are going to construct T as the time-one flow of a
generating Hamiltonian U. We write

KoTW =Ko+ R+ {Ko, U} + RY,

and we choose U such that {U, Ko} = R, that is, the function U has to be a solution
of equation (98). According to Lemma 19, we can choose U satisfying bound (99):
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IUll, < c||R|ly,- Then, denoting T; the time-t Hamiltonian flow associated to U,
and T(l) = Tl,

1 1
R(l):KoT(l)—KO:/ %[(Ko+tR)0Tt} dt:/ t{R,U} o Ty]dt, (100)
0 0

which is quadratic with respect to the size of R. Note also that if R = O5(FE,I),
we get U = Oy(E, 1), T; —id = O(E, I), and RY = O3(E, I).
Concerning the bounds, from (95) we deduce that

1 . /o s
10l < gz min (i, o, i)
and we then have T, : By — By with the bound

) 1 1 11
T, —id|, < 2[|U]|, - < —, = A) ,

7’ min (k,6)" ¢ p
which clearly implies (97). On the other hand, we have

32[|Rlly - U]l
min (7,7, ¢4

b

{R, U} o Tl < 2|{R, U}, <

and using (100) we obtain bound (96) for ||R(1)H2. O
Proof of Theorem 4 (flow-box theorem). Recall that, in this appendix, the initial
widths in the statement of Theorem 4, k, o, n1, p3, B, are written as x, o, 7, p,
¢, and that the final widths k1, 01, 12, p4, 510 are written as Kk — R, 0 — &, n — 1,
p—p,C— f We also define:

= , = —q1, qg=2c-
q1 Re2c q2 9 a1 q

min (&, &7, epC ) .2 ( L

| =

1

Note that, since we take p,( ~ 4, and &,5,7 ~ 1, we have

11
q1,92 ) q ( ) 7635)

We are going to carry out an iterative use of Lemma 18. So we begin with
K© = Ky+Q© on the domain By = By o.y,p.c. For p > 1, we choose the successive
reductions &, = &/2P, 6, = 6/2P, 7, = ©/2P, pp, = p/2P, C}, = (/2°. We write
kp =k — (k1 + -+ -+ Rp), which tends to k — &, and analogously o, np, pp, (p. We
consider the domains By, = By, 0, ,1,.0,.¢,+ and denote [|-[|, and |-|, the norms on B,
(see Section 1.5). Besides, we consider the final domain B, = BK—&,O—&m—ﬁm—ﬁ,C—f
and the norms ||-|| and |-| .

In order to describe the p-th iteration, we start with K®—1) = Ky + Q@1 on
By—1, and write pp,_1 = ||Q(p_1) Hp_l. The iterative lemma can be applied if

N (e

8e2c T 4p’

Hpor < (101)
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and we then get T : B, — Bp_1, with Y® —id = O(E, I), such that K =
K®1 o7® = K, 4+ QW with the bounds

16cp? 4Pp2
y < P P (102)
min (npnp, GpTp, eppCp> 42
1 1 1 1 ~
‘T(p)—id SQCMp—l Ty T A A~ s R A ZQP,Up—lq-
p fp min (kp, ;) Cp Pr

Let us check that (101) holds for every p > 1, and this implies that all the
iterations can be carried out, under the condition of Theorem 4. First, for the first
iteration (p = 1) we need

q1
Ho < 1 ~ 6%

Assume now that p > 1 iterations of the procedure have already been done. Using
induction, we see from (102) that

4
< o 160\ °
He = o2 q2 '

MOS%N627

Then, if

we deduce that
2 16po _ po Q1

Fr=pv2 " 7y, T 4 =

and the (p + 1)-th iteration can also be carried out. The condition po < 62 is the
one required in Theorem 4.

Since p, tends to 0 as p — o0, it becomes clear that the Hamiltonians K® tend
to Ky. On the other hand, from the bound

i ‘T@) ~id

p=1

(oo}
11
< 21,19 < 4poq ~ 1,1, -, = 103
p—pz:; Hp—19 = 204 /’1/0(77576)7 ( )

we see that the maps T o-..0T® tend to a symplectic map T : Boo — By, with
T —id = O(E,I), and (103) also gives a bound for |Y —id|__ (notice that the two
first and the two last components in this bound are put together in Theorem 4). [
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