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Abstract. In this paper we consider the standard map, and we study the invariant curve obtained
by analytical continuation, with respect to the perturbative parameter €, of the invariant circle of
rotation number equal to the golden mean, corresponding to the case ¢ = 0. We show that, if we
consider the parametrization that conjugates the dynamics of this curve to an irrational rotation, the
domain of definition of this conjugation has an asymptotic boundary of analyticity when € — 0
(in the sense of the singular perturbation theory). This boundary is obtained by studying the
conjugation problem for the so-called semi-standard map.

To prove this result we have used KAM-like methods adapted to the framework of singular
perturbation theory, as well as matching techniques to join different pieces of the conjugation,
obtained in different parts of its domain of analyticity.

AMS classification scheme numbers: 30B40, 34C50, 39A10, 39B32, 40A05, 41A58

1. Introduction

We consider the following family of exact symplectic diffeomorphisms of the cylinder to itself:
F:(g,p)eS'xRi> (g+p+V'(@),p+V'(g) eS' xR (1.1)

where S! = R/277Z and V (g) is an analytic function, 27 -periodic in g. We will refer to these
maps as ‘standard-like maps’. In this context, it is usual to consider the case where V (g) is an
even trigonometric polynomial and ‘small’. This smallness can be expressed, for instance, by
saying that V = O(e), where ¢ is a small parameter. In particular, when V(q) = —e cosg we
obtain the so-called ‘standard map’ [4],

(g, p)— (g +p+esing, p+esing). (1.2)

In spite of its simple formulation, the standard map displays a very complex behaviour. For
this reason, it has become a classical model for studying several non-integrability phenomena,
such as the creation of hyperbolic objects due to the breakdown of resonant invariant curves,
the splitting of separatrices and the chaotic behaviour associated with it, the existence and
breakdown of irrational invariant curves, etc. We can refer to the extensive literature on the
topic (see, for instance, [1, 8, 11]).

If we take V = 0 in (1.1), we obtain an integrable twist map:

(g, p) €eS' xR (g+p, p) €S xR. (1.3)
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For any po € R, we have that S' x {p} is an invariant circle of (1.3), and that the dynamics
on the variable ¢ is a rotation of angle w = py. If we consider the perturbed map (1.1), it is
natural to ask for which irrational values of the rotation number w /25 there exists an invariant
curve, close to the unperturbed one, with the same quasi-periodic dynamics. This problem
has been considered by several authors, mainly for the case of the standard map, and it is one
of the most classical examples of a small divisors problem. To ensure the persistence of the
invariant curve, the rotational number has to be irrational enough to control the small divisors

involved. For instance, if the rotation number is Diophantine, that is,
w n Co

~ |mle

nmeZ m#0 (1.4)

2 m

for certain ¢, > 0 and 0 > 2, KAM theory [12] ensures that, if V(g) is small enough, then
there exists an invariant analytic curve close to the unperturbed one, having the same quasi-
periodic dynamics up to a smooth change of variables. This curve can be found by looking for a
parametrization (g, p) = (u1(8), u2(6)), with@ € S', such that the dynamics on the variable 0
corresponds to the desired irrational rotation, thatis, F (u1(0), u2(0)) = (u1(0+w), ur (6 +w)).
Now, by using (1.1), we have that u(0) = u(6 + w) — u;(0) — V'(u;(0)), and this system
of functional equations can be reduced to the following second-order difference equation for
u(@) = u,(0):

u@+w) —2u@) +ud —w) =V u@®)) (1.5)

usually called the Lagrangian formulation of this conjugation problem. Moreover, if we
want this curve to be an analytic continuation of the unperturbed one, we have to look for
u@@) = 0 + £(0), with £(0) 2m-periodic in 8. We will choose £(6) with zero average, for
instance, in order to avoid the indetermination of the origin for 6.

In the Diophantine case (1.4), it is known that, if V = O(e), £(0) is of the same order for
moderately large values of | Im(6)|. The aim of this paper is to study the existence and the
analytic properties of £(6) when | Im(6)| grows. In order to present concrete results, and for
the sake of simplicity, we are going to consider the case of the standard map and we will work
with the invariant curve with rotation number y, where y = (+/5 — 1)/2 is the golden mean.
Let us introduce the main ideas of our approach.

There are several works in the literature (see, for instance, [2,3,5-7,9, 10]) devoted to
finding the critical value of the perturbation parameter & corresponding to the breakdown of
this y-invariant curve, since there is strong evidence that it is the most robust invariant circle
of the unperturbed case. Nevertheless, the goal of this paper is to find an asymptotic estimate,
when ¢ — 0, for the width of the strip of analyticity of the function £(9).

A direct application of KAM theory in this context only gives the existence of £(0), if ¢
is small enough, for complex values of 6 with | Im(6)| < C, where C > 0 is independent of
&. A more careful analysis, also using KAM-like methods, allows us to improve this estimate
in theorem 2.1 and corollary 2.4, obtaining that the curve is analytic for | Im(6)| < log(A/¢),
where A is independent of ¢ (this result also follows from [9]). Nevertheless, with the direct
KAM approach we are far from obtaining the ‘optimal’ value of A in this expression. This is
because KAM methods are based on an iterative process which converges to the solution
of equation (1.5) quadratically (Newton-like method), and therefore, we can only expect
convergence in a domain where the solution is a small perturbation of the initial approximation
£©(8) = 0 (which is the solution when V = 0). In the case of the standard map, if we look
for the function £(0) as a power series with respect to ¢, it is straightforward to check that

esinf

_ 2
O = s @y =1 TOE
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Then, the solution is not perturbative when | Im(6)| = log(1/¢e) + O(1). In order to study the
behaviour of £(8) for Im(0) ~ — log(1/¢), it is natural to perform the change of variables

0 = —ilog <é>+n+t I(t) = £(0) v(t) =1 +1(1) (1.6)

where 1 = 4/—1, and hence,

u@) =0+1 (ilog (é) -7 +0> = —ilog (é) + 1+ v(T). (1.7)

With this new variable, the boundary of the domain where we will ensure convergence of the
Newton method (see section 2.4), corresponds to values of T with Im(r) = O(1). After this
e-dependent change, equation (1.5) reads

v(t +27my) — 20(1) +u(r — 27y) = 3ie"® — 2 lie ™. (1.8)

Now, if we put ¢ = 0 in (1.8), we obtain a new unperturbed problem, usually called the
inner equation in the context of singular perturbation theory. In our case, the inner equation
corresponds to the Lagrangian equation (1.5) of the y-invariant curve of the so-called semi-
standard map,

(q.p) > (q+p+1ie, p+iie) (1.9)

which is obtained from (1.1) taking V(q) = %ei" . This map was introduced in [7], and it can
be seen as a limit of the standard map in the negative half-plane for Im(t). Actually, we expect
the lower boundary of the domain of analyticity with respect to 7 of the invariant curve of the
semi-standard map, to have similar behaviour to that of the standard map, at least for small
values of €. By assuming that both boundaries have this close behaviour, the semi-standard
map has the advantage that the periodic solutions of its Lagrangian equation can be found by
a power-series expansion, by means of the change x = e'’. In lemma 3.2, we will see that this
power series has a finite radius of convergence Ry > 0. Then, it is natural to expect Ry to be
the asymptotic value of A.

To establish this result, we will prove, in theorem 5.3 and corollary 5.4, that the solution
of (1.8) can be obtained, as a perturbation of the inner solution, in a complex domain for
the variable t of the form —log (R(¢)) < Im(r) < —log(B), where lim._,o R(¢) = Ry,
and we will take the constant B > 0 to be small enough in order to overlap this complex
domain with the domain of analyticity of the invariant curve u(8) = 6 + £(6), obtained by
means of the standard KAM approach. Going back to the original variable 6, we prove (by
using matching techniques) that the solution obtained is the analytic continuation of «(6) until
Im(0) > —log (R(¢)/e), and so, — log (Ry/¢) is the asymptotic lower boundary of its domain
of analyticity. To prove this result, we will be forced to modify the Newton method in order to
obtain a suitable formulation to work close to the boundary of the strip of analyticity. Of course,
by the symmetry of the standard map, we have an analogous result for the upper half-plane,
giving rise to the following theorem.

Theorem 1.1.

(a) The semi-standard map (1.9) has an invariant analytic curve of degree one, whose
dynamics is analytically conjugated to a rotation of angle w = 2my. If we denote this
conjugation by (vgo)(t), véo)(r)), where vio)(r) — T and véo)(t) are 2w -periodic analytic
functions, with vio)(t) — T having zero average, then there exists 0 < Ry < +00, such that
the Fourier expansions ofvio) (t)—tand véo) () are convergent only if Im(t) > — log Ry.
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(b) The standard map (1.2), for ¢ small enough, has an invariant analytic curve of degree one,
whose dynamics is analytically conjugated to a rotation of angle w = 2wy, and which is
an analytic continuation, with respect to &, of the invariant circle S' x {w} corresponding
to the case ¢ = 0 (1.3). If we denote this conjugation by (u,(0), u>(0)), where u,(0) — 6
and uy(0) are 21 -periodic analytic functions, with u;(6) — 6 having zero average, then,
we have that they are analytic (at least) in the complex domain for 0 given by

[ Im(0)] < log (R(e)/e)

where R(g) behaves, as a function of &, as R(g) = Ry — O(e'/4~%), for any o > 0.

(c¢) When we approach the lower border of the domain of analyticity, we have that the y -
invariant curve of the standard map is a small perturbation of that of the semi-standard
map, in the sense that there exists a constant 0 < D < Ry with Ry — D small enough,
such that

lim [1(0) = 0) = " (M) = D) =0 lim Jus(8) — vy (1)| = 0
if

~log (R(e)/¢) < Im(6) < —log(D/e)
and we take T = 0 +ilog(1/¢) — 7.

Remark 1.2. In view of the results displayed in theorem 1.1, we can say, roughly speaking,
that Im(0) = —log(Ry/¢) is, asymptotically, ‘the natural’ (lower) boundary of analyticity of
(u1(6), u2(0)).

Remark 1.3. Of course, we have an analogous result to (c) in the upper half-plane, but we
have to reformulate (a) in terms of the following ‘alternative’ definition of the semi-standard
map:

(q.p) — (q+p— %ie ™, p— Lie ™).

Remark 1.4. In spite of the fact that to present these results we have focused on the invariant
curve of the standard map with rotation number equal to the golden mean, the methods used
in this paper can be applied to any invariant curve having a Diophantine rotation number (1.4).
Moreover, we can also deal with the general case (1.1), taking V(q) = ¢P(q), with P(q) a
trigonometric polynomial.

This paper is organized as follows. In section 2 we formulate the Newton method used to
construct a sequence of functions which converge to the solution of equation (1.5). This result
is summarized in theorem 2.1 and its application to the standard map is given in corollary 2.4.
Section 3 is devoted to the study of the domain of analyticity of the inner solution obtained
after the change of variables (1.6) and (1.7). In section 4, we construct the modified Newton
method which allows us, in section 5, to obtain the invariant curve near the inner domain. This
result is stated in theorem 5.3, and a more quantitative version of the domain of convergence
is given in corollary 5.4. Finally, the proof of theorem 1.1 is also given in section 5. In the
appendix, we give the technical details of the proofs of several results appearing throughout
the paper.
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2. The Newton method

In this section we will discuss the formulation of an iterative scheme, based on the standard
Newton method, to compute general invariant curves of (1.1). To do that, we allow any
Diophantine w (1.4) and any periodic and entire V (q) (not necessarily small, in principle), and
we will study the requirements to ensure convergence in this general context.

First of all, we consider the following linear operators corresponding to first- and second-
order differences with respect to w:

LoE(0) =0 +w) —E(0)
and
L2EO) =60 +w) — 2£(0) +£(0 — w).
We have the following elementary properties:
L2EO +w) = (L,)*6(0) Lo(EO)N(0)) = (Lu& )10 + @) +E(0)Lon(0). 2.1
With this notation, equation (1.5) becomes
L2u(@) = V' (u(®)).

Now, let us suppose that we know u(6) = 6 + £(6), an approximate solution of this equation,
with error

e(0) = L2u®) — V' u(®)). (2.2)

If we want to improve this approximation by means of a Newton method (formulated in an
infinite-dimensional space), the correction & (6) has to verify

L2EO) = V' (9))E©O) — e(®). (2.3)

This is a linear difference equation of second order, with a periodic dependence on 6. Due
to this periodic dependence, there are no direct methods for solving this equation. Then, it is
natural to look for a linear change of variables, 27 -periodic in 6, that reduces the homogeneous
part of (2.3) to constant coefficients, that is, to use a Floquet-like method for linear difference
equations.

2.1. Reducibility of invariant curves

To discuss the resolution of equation (2.3), let us begin by giving some heuristic ideas about
the reducibility to constant coefficients of the homogeneous part of such an equation. We point
out that the final method obtained to solve (2.3) is analogous to that formulated in [9], where
the threshold for the maximum value of ¢ for which the y-invariant curve of the standard map
exists, is studied by using computer-assisted proofs.

Let us start by assuming that u(6) is a true solution of (1.5), and let us consider (2.3) for an
arbitrary e(0) (2 -periodic in 6). In this case, we can construct explicitly the periodic change
of variables we are looking for. To do that, we put

51(0) = £(6) £(0) = L,50)
and (2.3) becomes
Lo61(0) = 6(0)
L,50) = V'@ +)81(0) + V' + @)(0) — e(0 + ).
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Introducing

0 1
A®) = ( V'@ +») V' +w) ) 24

we obtain the following linear system of difference equations for ¢;(6) and £, (0):

. 61(0) — A0) G@\ 0 . 25)
£(0) £2(0) e(f0 +w)

Then, what we want to do is to reduce A(0) to constant coefficients. First of all, let us note
that if u(0) is a solution of (1.5), then u’(0) is a solution of its variational equation:

L2y(0) = V" (u(9))y (). (2.6)

By assuming that u'(6) # 0 for any 8 € S' (as u/(6) = 1 + £/(6), this holds, for instance, if
£(#) is small enough), and, as in the case of second-order differential equations, we can look
for another independent solution of (2.6) taking the form

y(0) = c(@)u'(0). 2.7
Then, c¢(0) has to verify

L2 (c(0)'(0)) = V" (u(6))c(®)u'(©)
and hence

WO +w)Lyc®) —u' (B —w)Lyc(@ —w) =0. (2.8)
Now, if we define

h(9) = L,c(0) (2.9)
and we multiply (2.8) by u’(0), we obtain the relation

Lo,(h(@)u'(@)u' (0 +w)) =0.
Thus, we can characterize 1 (6) by the following expression:

hO)u' O)u' (0 +w) =«

with k an arbitrary constant. In order to choose «, we note that if we consider the corresponding
fundamental matrix of (2.5),

we)  yo)
vO= ( Low'(®) L,y(0) ) @10

it verifies that det(®(0)) = k. So, it motivates the choice x = 1. At this point, we introduce
1
=(h h@)= ——— 2.11
a=h O = @™ @10
where
1 2
(h) = —/ h(6)de
2 0

is the average of a 2w -periodic function in 6. Let us remark that, if 4(6) is a complex analytic
function, we can define its average by shifting the path of integration to a suitable Im(@). If
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a # 0, it is not possible to compute from (2.9) a 27 -periodic solution c(#). Of course, this
is not a surprise, as the case when ®(0) is periodic is, clearly, a degenerate one. Thus, if we
write c(0) as

c0) =ve) + Lo
w
then we can look for v(0) as a 2 -periodic solution of
L,v(0) = h(0) (2.12)
taking (v) = 0, for instance, where we define fz(@) as
h(0) = h(0) — (h). (2.13)

In (2.12) we find the classical first-order difference equation related to the inverse of the
operator L,,. To solve this equation, we expand % (0) in Fourier series,

h®) = theik9 (2.14)
keZ
and then v(0) is given by
- he
0) =L, (h(9)) = . ko 2.15
v(©) = L, (h(6)) kezz\{o,e‘k‘“—le (2.15)

This expression involves small divisors coming from w, but it is convergent if /4 (6) is analytic
and w/2m verifies the Diophantine condition (1.4) (see lemma A.1).
Now, we have constructed a matrix ¢ (0) such that £,®(0) = A(0)P(0), and moreover

1 27a/w )

OO +27) = ©(9) ( 0

Then, we proceed to perform the Floquet reduction analogously to the case of periodic systems
of ordinary differential equations. We define

B:(O a/w)
0 o0

') v(O)u'(0) )

and introduce

(2.16)

P®)=d0B)e 8 = (
Lo’ (©0) L,(w@)u'©))+au' (6 +w)

It is clear that P () is 2w -periodic in 6, and that det(P(#)) = 1. Now, we perform on (2.5)
the change of variables:

¢ =P@O)n
where ¢ = (¢1, £). To give the transformed system, we use that, by the properties (2.1)

0 a
L,PO) = (L, 20)e B+ DO +w)L,e® =A0)PO) — PO +w) ( o o ) (2.17)

and then, by using again (2.1) and (2.17), we obtain for n = (11, n2),

@ =" “ Voo - Poraryi| ° 2.18)
@M=V o )" PN eorw) | '
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This is a new system of difference equations of first order, which has the homogeneous part
reduced to constant coefficients. For this reason, and with analogy to the case of linear
periodic systems of differential equations, we will refer to P (6) as the Floquet matrix of the
homogeneous part of (2.5). Moreover, we remark that the non-homogeneous part of (2.18)
can be rewritten in the following form:

P'(0) <e((;) > = ( _”1(9) ) W' ©)e(6).

where we have taken advantage of the fact that det(P(6)) = 1.
Thus, it can be immediately checked that if a # 0 and (u’e) = 0, we can solve n(0) from
(2.18), with an indeterminate value for (n;).

2.2. Formulation of the iterative method

Now, we want to adapt the methodology explained in section 2.1 to solve (2.3) when u(0) is
not an exact solution of (1.5). In section 2.1 we have used the fact that u(6) is a true solution
of such an equation to reduce (2.3) to (2.18), which is a system of difference equations with
constant coefficients, by means of the (explicit) reducibility of invariant curves. Now, in the
case of a quasi-solution, we will be forced to replace reducibility by quasi-reducibility, that is,
to reduce equation (2.3) to a system of difference equations with constant coefficients, except
for a ‘small’ non-constant contribution in the homogeneous part. Hence, to ‘solve’ (2.3) in the
context of a quasi-solution, we will only take into account the ‘reduced’ part of the system,
and we will add the truncated ‘non-reduced’ remainder to the error due to the Newton method.
Then, we will use this scheme to construct a sequence of functions u™ (@), n > 0, that we
will define iteratively, by solving equation (1.5) with an error in the (n + 1)th step which is
‘quadratic’ with respect to the error in the nth step.

Let us start by assuming that u™ () = 6 + £™(0), with (£™) = 0, is an approximate
solution of (1.5) with error ¢ (6) as defined in (2.2). Then, we consider v () as introduced
in (2.11) and (2.12), and we define ™+ (6) = u™ () + £™ (), with

EM©@) = u' ™ @)\ (0) + v (@)’ W (O)n"” (6) (2.19)

where 7™ () = (11" (9), nS”(6)), 27-periodic in 6, is obtained by solving the following
system of first-order difference equations (with constant coefficients):

0 o0

0 a™ (Ore]
L™ (0) = ( a ) n" (@) + ( o 1+ ; ) u' "0+ w)e™ (6 + w) (2.20)

where, a®™, defined as in (2.11), is assumed to be non-zero. We observe that, in order to
compute a periodic solution for 775") (0) from (2.20), we need that (1’ ™e™) = 0. Let us check
that it holds in the present context. To prove this, we multiply the equation defining ™ (8)
(see (2.2)) by u’ ™ (#). Then, we have

u' @)™ B) = L2 ©0) + (L2 (0)' ™ (©B) — V'™ ©))u' ™ (©).
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Thus, as £2¢™(0) and V' (u™ (0))u’ ™ (©) = £V (u™ (9)) have zero average, we have
(u/(”)e(")) — ((Eig(n))g/ (n))

1 2w
=5 7O +w) — 20" ) + £ (6 — w))e' ™ (0) do
T Jo

1 2
=5 LD O +w)l' M (@O) — 26 0)¢' ™ () + £ (0)¢' ™ (0 + w)) db
T Jo

= % (€70 + w)e™ () — (e<">(9))2]§” =0. (2.21)

Since the equation for £,,7" (6) holds for any value of (r];”)), we will choose it so as to have
a periodic solution for ni") (0), that is,

n 1 n n n
(n; )y = _Tl)("( D! MMy (2.22)
a

Moreover, we remark that we also have a free choice for (n%"))

zero average for £7*D (),

. Then, we define it to keep the

(") = =t P§") = (O y3?). (2.23)
The important thing in this method is that if we consider u”*" () to be defined in such a way,
then we have that e+ (9) is O((e™)?). To prove this, we write the new error as
"V @) = L2u"V©B) — VWD)
=e"O)+ V'™ (®) = V'@ ©) + L3 ®)
="V (0) + " () (2.24)
where
" 1(6) = L2EMO) = V'™ ()5 0) + ™ (6)

(n+1) 1. (n) "o (n) n) o) o (225)
e, (0) = V'™ @) + V'™ (©0)EMW©O) — V'™ +£"0)).

Asitis clear that eé"“) (©) is O((€™)?) (and hence O((e™)?)), then we only have to discuss the

smallness of ei’””(@). For this purpose, we remark that if we put £ ™ () = (;f”’(@), ;2(")(9)),
with

£(0) = ™) 2"(0) = L™ ()
then, by (2.19) we have
") = (P"(©) '™ O)

where P™ (9) is defined as P (#) in (2.16), just adding the superscript () to the formula. Asin
the case of P (#), the matrix P (0) is still 27 -periodic in @, and, from the definition (2.12) of
v (8), we also have that det(P ™ (0)) = 1. Nevertheless, as u™ (8) is not an exact solution of
(1.5), then the matrix & () (given as in (2.10)) is not an exact solution of the homogeneous
part of the system of linear difference equations associated with the Newton method at the
nth step (see (2.5)). Consequently, we cannot ensure that the linear transformation defined
by P®™ (@) reduces this homogeneous part to constant coefficients, and so ¢ ™ (9) is not a
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solution of equation (2.5) at the nth step. In order to obtain the equation verified by ¢ ™ (0), it
is straightforward to check that

L, (©0) =AM @)D" (©O) + 0 MO +w)
¢ 1 ™ +w)
and hence the matrix P (0) verifies, instead of (2.17),
0 a™w
L,P™®)=A"@O)P™©O) — PO +w0) 0 o
° ° "6 +w) (2.26)
+ e +w). .
1 v +w)

This implies that

0 , 0 0
Lat ™) = AVEXE) - < " (0 +w) ) AL ( 1 v® @ +w) ) V"o

Then, by writing this equality by components we obtain
Lot("(0) =5, ©)
Lo8"(0) = V'@ + )5 0) + V" (™6 + )5, ©)

—e™ @ +w)+e D@ +w)(n]”(©) +v™ 6 +w)nd” ©))

and, from here, we derive the following expression for einﬂ):

") = & ™ @) (" (O — ) + v @) (O — ). (2.27)

2.3. Convergence of the iterative method and uniqueness of the solution
We will work with 27 -periodic analytic functions defined in complex domains of the form
D(p1, p2) ={z € C: p; <Im(¥) < p2} (2.28)

with —oco < p; < pp < +00. When working with these domains, we will not restrict ourselves
to the case when D(py, p;) is symmetric with respect to the real axis. Moreover, we will also
allow one of the boundaries to go to infinity in the purely imaginary direction. To control
the size of 2m-periodic analytic functions f(6), defined in (2.28), we will use the following
weighted norm:

1 f lloror = Lfol + D 1 fel ™+ > | file ™ (2.29)

k>0 k<0

defined from the Fourier expansion of f(6) (see (2.14)). In principle, one may think that it is
more natural to work with the standard supremum norm in the desired domain. Nevertheless,
as we will see in the proofs, to work with this weighted norm simplifies the estimates we will
make on the 27 -periodic functions involved. Of course, || - ||,,,5, is an upper bound for the
supremum norm. Besides, this definition keeps some useful properties of the supremum norm,
that we display in lemma A.1.

Now, let us study the convergence of the iterative method described in section 2.2. It
is clear that to ensure this convergence, we need to have an initial approximation, u® () =
0 +£© (), with error ¢ () (see (2.2)), which is small in some complex domain D(,ofo), ,oéo)).
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Nevertheless, as we are going to see, the smallness of ||| JRORRCY is not the only condition to
1 72
take into account to control the iterative process. Hence, to formulate the convergence of the

method rigorously, we have to consider constants u§°>, ces u§°> such that

0 (0) 0 (0)
1€ 0 0 < py 1€ 0 0 < 13

1
(©) ©) (©0)
e o o < _ 2.30)
” ”pl oy Y ,bL3 u/(())(e) pio),pém X /“L4 (
(0) 0 O ©)

0 <pus <a“ < pg ||V”’||p;0>_ﬂ<]0>_,,p§0)+u(10>+1 < U

where a(©) is the value of a defined in (2.11) corresponding to u® (9).
Then we can formulate the following result for the convergence of the iterative method.
The proof is given in section A.2.

Theorem 2.1. Let w € R suchthat w/2x is a Diophantine number (1.4), for certaino > 2 and
Co > 0, and let V(q) be an entire function, 21 -periodic in q. Let £ (0) be an analytic function
defined in D(,ofo), ,oéo)), for certain —oo < pfo) < ,050) < +oo, 2m-periodic in 0, and with
(€Y = 0. We consider the constants ,uEO), j=1,...,7, introduced in (2.30), and we assume

that /,Lg()) < 1. Then, there exists a constant ¢ > 1, depending on uio), M(20)’ ,uflo), Mg())’ ,uéo)

and /L(70) , such that given any 8© > 0 verifying

8@ < min {1, L (p” — o)} (2.31)
(©)

and provided that |15 is small enough such that

201

2

0 : 1,0 (0

Zeps <ﬁ> <min {3157, 1}
Py = P

16 o-l (0)
A=c (W) ,bL3 <1

we can ensure that the sequence u"™ (9) defined in section 2.2, beginning with u® (0) =
0+ £©(0), converges to an analytic solution of (1.5), u(@) = 6 +£(0), with £(0) 2w -periodic
in 0, defined in D(pfo) + 680, péo) — 68 and with (£) = 0.

Moreover, in this domain we have for £(0) the bounds (2.30), now with u, = ,uﬁo) +
2e1§” /62D,y = s +2eu” /62, g = enf, s = u$” /2 and e = 2ug,
where ) < ;LgO) + 1 and pu, < Méo) + 1.

On the other hand, £(0) is a small perturbation of £ (0) in the sense that

0 —
[£©) = €O 0,550, 59 _gs < 2015 /GO

(2.32)

€@ —¢@®|

Remark 2.2. This result gives us the functions (u;(0), u,(0)), with u,(0) = u(f) and
u(0) = u (0 +w) —uy(0) — V'(u;(0)), which are a parametrization of an invariant curve of
(1.1), with a domain of analyticity of at least D(,ol(o) +650, ,050) — 68©). Moreover, with this
parametrization we have that the dynamics on the curve is conjugated to a rotation of angle @
in the variable 6.

0 0)y20—1
" +65® , pf” —65© < 2epy) /()L

Nevertheless, theorem 2.1 only gives the existence of a true solution of equation (1.5),
that is close to the first approximation u® (6), but does not guarantee, in principle, that this is
the only one. However, we can adapt the proof of theorem 2.1 to obtain the following result
concerning uniqueness. See also section A.2 for a proof.
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Proposition 2.3. With the same hypotheses as theorem 2.1, let us assume that ii(8) = 6 +£(0),
27 -periodic in 0, analytic in D(py, p2), where py > pfo) +68©, and py < péo) — 689, and

with (£) = 0, is another solution of (1.5). Then, if we have that u(0) and u(0) are close
enough,

1€l 5.5 < 14 1€ —€llz. 5 < A (2.33)
where

2(p2 — p)* D

A=
CM;0>26(U—1)

(2.34)
then we can ensure that u = u.

2.4. Application to the standard map

Even though theorem 2.1 can be applied to the general map (1.1), and for an arbitrary
Diophantine w/27, now we want to give more concrete results by considering the standard
map, with V(q) = —e cos g, and more concretely, the invariant curve with rotation number y .
Thus, we have that w = 27y verifies (1.4) with o = 2, for certain constant ¢, > 0, that, in
order to simplify the notation, we will denote by ¢, . In this case, we start by taking u® (9) = 6
as a first approximation, which is the solution of (1.5) for ¢ = 0. With this choice we have,
independently of the domain, that ,uﬁo) = ;Lg)) =0, ,ufto) = 1 and a® = 1. On the other hand,
as ¢©(9) = —esind, it is clear that /,Lgo) depends on the initial domain. In order to choose
this domain, let us point out that as we are working with real analytic functions, it is natural
to consider a symmetric domain with respect to the real axis. If we start with D(—p©@, p©),
then we have that || || _ 0,0 = ee?” = Mgo). Our interest is to look for the largest p@ for

which theorem 2.1 can be applied, for ¢ small enough. This requires uéo) to be small. Hence,
the ‘optimal’ selection for p® seems to be of the form p© = log(A® /e), where we will need
A® > 0tobe ‘small’.

Corollary 2.4. We consider w = 2wy, which is of Diophantine type (1.4), with 0 = 2 and
Co = ¢y. Letus take 0 < A© < 1/16c, where ¢ > 1 is the constant provided by theorem 2.1
associated with the values ,uio) = pL(ZO) =0, pcfl(» = Mg)) = ,uéo) =1and ugo) =e/2.

Then, if

[AO AO

& S min {?7 e(4CA(o1>1/3 }
the Lagrangian equation (1.5) associated with the standard map has a solution u(6) =
0 + £(0), where £(0) is 2m-periodic in 0, with (£) = 0 and analytic at least in the complex
strip D(—log(A/e), log(A/e)), where A = A© /e85 with §© being any value verifying
(16cAO)1/4 < 5O 1,
Moreover, we have the estimate ||€]| - 1og(A/e) 1oz(ase) < 2¢A© /(@) < (/cA© /3.

Proof. The proof of this result is straightforward. We only have to check the statement of

theorem 2.1, with V(q) = —e cos g, by taking ,oéo) = —,01(0) =10g(A©/e). So, we have that

Mg‘)) = A In addition, the condition ¢ < A® /12 guarantees that (,oéo) —0\")/24 > 1in
(2.31), and in the same way the remaining conditions (2.32) are easily verified, and the result

follows. U
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3. The inner variables

Corollary 2.4 ensures the existence of the solution u(6) of equation (1.5) for complex 6, with
[ Im(0)| < log(A/¢), for some constant A > 0. We do not claim that the constant A given by
corollary 2.4 is optimal. On the one hand, the estimates used in the proof can be improved.
However, even though these estimates were as optimal as possible, we could not ensure that,
with the previous approach, we can reach the ‘optimal” value of A. The reason is clear: the
Newton method needs the initial error M§0) to be small or, which is the same, the solution u(0)
to be a small perturbation of the first approximation u® (6) = 6. Expanding £(6) in Taylor

series with respect to ¢, one can check that

esinf £2sin 26

+ +0O(eY).
2(cos 2my) —1) 8(cos 2mwy) — 1)(cos (4mry) — 1)

£©O) =

It is clear that if [Im(f)] = log(l/e) + O(1l), both terms displayed contribute to the
final solution with order one with respect to . A more careful analysis gives that for
[Im(0)| = log(l/e) + O(1), all the terms in this series are of order one, and hence, the
perturbative analysis with respect to ¢ fails. This phenomenon prompts us to perform the
change of variables given by (1.6) and (1.7) in order to study the behaviour of £(6) for
Im(0) ~ —log(1/e). This change of variables transforms equation (1.5) into equation (1.8)
for v(t). Therefore, for values of t with Im(z) = O(1) it is natural to ask whether v(7) can
be found as a perturbation of v@ (t) = 7t +1© (7), with I (t) = m(z) defined as the periodic
solution, with zero average, of the inner equation:

[,2

Sy () = 3, (3.1

Before considering this perturbative analysis, in the next section we are going to study the
existence and the domain of definition of m (7).

3.1. The inner equation

First of all, we need to know that equation (3.1) has a solution m(t) for some range of complex
values of 7. If Im(7) is big enough, it is natural to look for this solution as a perturbation of
m©(z) = 0, and this can be done by applying theorem 2.1 to equation (3.1), obtaining:

Corollary 3.1. We consider = 2wy, which is of Diophantine type (1.4) with 0 = 2 and
¢y = Co. Letus take ¢ > 1 as the constant provided by theorem 2.1 associated with the values
w0 =pu =0, 1 = 1l = 1l = 1and 1 = e/2, and let p©@ > max{0, log (8¢)}.
Then, equation (3.1) has a solution m(t), 2m-periodic in t, with (m) = 0 and
analytig)at least in the complex strip D(p @ + 68, +00), where 89 is any number verifying

Bce P H/* < 50 < 1.

Proof. To prove this result we again use theorem 2.1 applied to equation (1.5), now with
Vig) = %ieiq, and taking ,01(0) = p© and péo) = +00. Then, ,ugo) = e’p(O)/Z. With this

choice we have that v(t) = t + m(7) is the solution we are looking for. O

Corollary 3.1 only guarantees the existence of an analytic solution m(t) when the
imaginary part of t is big enough. However, again due to its perturbative character, this
theorem is not useful for knowing what happens for the values of T outside this perturbative
range. For instance, with this result we are not able to decide whether the solution m(t) is
entire or if it has some natural lower boundary.
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To study this solution in more detail, let us point out that, in this case, m (t) has only positive
Fourier harmonics. To compute the Fourier coefficients of m(t), we introduce x = e'*, and
define m(x) = im (7). Then, m(x) takes the form

m(x) =Y mx* (3.2)

k>1
with my € C (as we want (m) = 0, we take mo = 0). Moreover, m(x) verifies
m(xQ) — 2m(x) + 1 (x/ Q) = —ixe™™ (3.3)

where Q = el®, with w = 2my. In corollary 3.1 we have proved that (x) has a positive
radius of convergence Ry, for certain Ry > erV+68” - ),

Let us display the recurrence for the coefficients my. For this purpose, we put F(x) =
e™® and expand

F(x) =Y Fux*

k>0

having Fy = 1 and, by using that F’(x) = m’(x) F (x), one obtains
1 &
Fk = % j;jmj‘Fk_j. (34)

Thus, it is straightforward to check that
Fy
4Dk+l

Mpy1 = (3.5)

for any k > 0, where we define Dy, = 1 —cos (kw) = 2 (sin (ko /2))%. Inthe way, we have that
all the coefficients m,, are real and positive, for any k > 1. By using this fact and equation (3.3),
it is not difficult to check that m(x) has a finite radius of convergence. (See [5] for a similar
result for curves with rotation number of Brjuno type.)

Lemma 3.2. The solution m(x) of equation (3.3), with m(0) = 0, has a finite radius of
convergence Ry < 8/e. Moreover, its Taylor expansion converges uniformly up to the border
of the disc of convergence, |x| < Ry.

Proof. We take any 0 < r < Ry, and we start by considering the real part of (3.3) evaluated
atx =r. As m(r2) and m(r/2) are complex conjugated, we have

2(Re(m(rQ)) — m(r)) = —ire” .
Then, as the coefficients m; are positive, we have that
max [Re(m(x))| = m(r).
From here, we deduce
m(r) > gre™?”
or in an equivalent way,
r < 8m(r)e ™", (3.6)

Now, if we assume a non-bounded radius of convergence, we will have that lim, _, o, m(r) =
+00. However, if we take this limit at the right-hand-side of the previous expression, we have
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a contradiction, as 8m(r) e ") < 8 /e, which is an upper bound for the radius of convergence
Ry. Moreover, from (3.6) we can derive another consequence for m(x) at the border of its
domain of convergence: its Taylor expansion is uniformly convergent, and hence, m(x) is (at
least) a continuous function in the closest disc. This result is also a consequence of the same
argument, as if we assume that m(r) — +o0o when r — Ry, then on the left-hand-side of (3.6)
we obtain that » — 0, which is also a contradiction. Thus, we have |m(x)| < m(Ry) < +00
if |x| < Ry. ]

3.2. The Newton method for the inner variables

We recall that our purpose is to prove the existence of an analytic solution v(7) of equation (1.8),
in a domain whose lower border is as close as possible to the domain of analyticity of m(7), and
that, when written as a function of 6, overlaps with the domain of the solution u () provided by
corollary 2.4. So, once we have proved the existence of a solution of the inner equation (3.1),
it is natural to look for v(t) by applying again the iterative (Newton) method of section 2 to
equation (1.8), taking as the first iterate v (t) = 7 + m(7).

From the statement of theorem 2.1, it is clear that to ensure convergence we need to know
the constants M;O), j=1,...,7,defined in (2.30), in this domain. Thus, this method needs us

to have a good control of the function v¥ (7) and its derivative near the boundary of its domain
of analyticity. Lemma 3.2 gives us that m(7) is continuous up to the lower border of its strip
of analyticity and, due to the fact that it only has positive Fourier harmonics, it is clear that
m(t) — 0when Im(t) — +00. This shows that MEO) isbounded, and 1 = ¢©@ = ugo) = uéo).
On the other hand, the perturbation term in equation (1.8) is unbounded when Im(t) — +oc.
Therefore, in order to control the constants ugo) and [L(70) , we have to take an initial domain
with a finite upper boundary.

A bigger problem arises when we try to estimate M;(’) and ,uflo). A small reduction of the
domain of analyticity of m(z) allows us to control the size of v’ ¥ () by means of the classical
Cauchy estimates, obtaining /,Lgo). However, since the function v'()(t) can have zeros inside

its domain of convergence, we are not able, in principle, to control the constant uio) inside this
domain. Then, for this technical reason, theorem 2.1 can only work until v’ © (t) reaches its
first zero (or until this happens for any iterate v’ ™ (1)), but it is not reasonable to think about
this as a real obstruction for the solution of (1.8) to exist.

We point out that v(7) vanishes (or, thinking about the original variables, if u’(8) = 0,
with u(6) the solution of (1.5)) and is not an obstruction to the well defined character of
the conjugation. The reason for this is that the invariant curve is given by two components,
namely (u1(0), uz(0)), where u; (0) = u(6) and u,(0) = u(0 +w) —u(®) — V'(u(0)). So, this
parametrization is degenerate only when u/ (6p) = u5(6y) = O simultaneously, for some 6y,
and this happens if and only if u’(6y) = u’(6y+®) = 0. On the other hand, if #(0) is a solution
of (1.5), and u’(8y) = u'(6y + w) = 0, for certain 8y, and we use the fact that u’(0) verifies
equation (2.6), then we have that 1’ () = 0 in a dense set of values of 6 with Im(6) = Im(6,),
and this cannot happen in the domain of analyticity of u(6). Nevertheless, a sole zero of u’(6)
(or of v'(7)) does not have, in principle, a special meaning, and it does not seem reasonable to
think that this is a real obstruction for the Newton method of section 2.2.

Looking more carefully at the method of section 2.2, one can see that this technical
obstruction comes from the way in which we have constructed the second solution y(0) =
u'(@)c(0) = u'(@)(v(0) + £0) of the variational equation (2.6) associated with u(0), in the
case when u(0) is a true solution of (1.5) (see section 2.1). Equations (2.11) and (2.12) show
that the zeros of u’(6) seem to become singularities of v(0).
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In order to investigate this phenomena, and analogous to the case of second-order
differential equations, where the simple zeros of the first solution do not cause singularities in
the second one, we have that if u’(0) does not have a couple of zeros with difference equal to
o, then the apparent singularities of v(6) cancel in the final expression for the second solution
y(0).

Nevertheless, we cannot expect ‘these cancellations’ from the zeros of u’(6) to singularities
of y(0), to also be true in section 2.2, where y™ (6) is defined in the same way as y(0)
in section 2.1, but when u () is not a solution of (1.5). Thus, it is natural to ask
whether there is a different way to construct y (), and more concretely, its periodic part
w™ (@) = v™(@)u’' ™ (), not involving additional singularities to those coming from u ™ (8),
at least if we shrink the domain of analyticity of " (6) slightly. In the next section we are
going to describe how to formulate a modified iterative method following this method, and
its application to equation (1.8) is given in section 5. This new method will also be Newton-
like (that is, with ‘quadratic speed’ of convergence), and based on the same quasi-reducibility
considerations used to construct the sequence u™(86) of section 2.2. For these reasons, we
will refer to it as the ‘modified Newton method’.

4. The modified Newton method

As we have done in section 2.2, to formulate this modified iterative method we consider the
‘generic case’ of (1.1), and we resume the Lagrangian formulation (1.5) with an arbitrary entire
function V (g) (not necessarily ‘small’) and a fixed Diophantine w/27. Let us describe the
basic ideas used to construct this method.

If we go back to section 2.1, we recall that if u(0) is an exact solution of (1.5), then
the Floquet matrix P (#) (2.16), can be written in terms of u’(6) and u’(6)v(0), which is the
periodic part of the second independent solution y(6) (2.7) of the variational equation (2.6),
and that we will call w(@). Then, w(0) is given explicitly by

w®) = y@®) — geu/(e)) 4.1
and verifies the equation
L2w®) +a' O +w) —u' (O — o) = V' u®)w®). 4.2)
Moreover, the Floquet matrix P(0) can be written in terms of u'(0) and w(6) as
u' (6 w(b
PO = ( waf/(;) L,w(0) +(ab)t/(9 + ) ) 43)

We recall that this matrix verifies that det(P(6)) = 1, and that
0 a
L,PO)=AB)PO) — P +w) 0 o 4.4)

where A(6) is defined in (2.4). Then, provided with this matrix, in section 2.1 we have made
the periodic change of variables { = P (6)n, which transforms the linear system of difference
equations (2.5) for ¢ (9) into equation (2.18) for (6), which is the one we solve when we apply
the iterative method of section 2.2. Now, by using this new notation as a function of w (@), the
non-homogeneous part of (2.18) can be written as

(PO + )™ 0 _ (e (6 + ).
e(0 +w) u' (0 + w)
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In view of this, the modified Newton method will consist in looking iteratively for u(8) and,
simultaneously, for w(#). Moreover, the iterative computation of w(6) will be formulated in
terms of the Floquet matrix P(6). Thus, we will look iteratively for a 2w -periodic matrix
P™ (), having the form (4.3), which solves in an approximate way the corresponding
equation (4.4), with an error that goes to zero ‘quadratically’ as the error of ™ (6). This
method of constructing w™ (#) has the advantage that, as det(P (6)) will be close to 1, the
singularities appearing in section 2.2 due to the vanishing character of u’® (0) will not be
present here.

4.1. Formulation of the modified iterative method

Let us start by considering ™ (9) = 6 + £ (#) and w™ (0), with £0” () and w™ (9) analytic
and 27 -periodic in 6, and with (£/) = 0. We suppose that both functions are approximate
solutions of equations (1.5) and (4.2), with errors ¢ (6) and f (), respectively. More
concretely, we have

e (@) = L2u™©) — V'™ ) 4.5)
PO =L2w™O) +a™ W PO +w) —u' MO — ) = V'@ ©)w™@). (4.6)
From u™ (#) and w™ () we introduce the approximate Floquet matrix
u' ™ w™ (6
P(n)(e) — ©) ©) 4.7
Lo ™) Low™ @) +a™u' ™ +w)
where we assume that a™ # 0 is given in such a way P (0) verifies
(det(P™)) = 1. 4.8)

Let us note that, in section 2.2, the role of w (8) was played by u’' ™ (0)v™ (6), and the
definition (2.12) of v(6) implied det(P™(8)) = 1. Now, with this modified construction,
u™ (@) and w™ () are given independently and then we cannot ask that det(P™ (9)) = 1.
What we have in this case is that if we write det(P™ (0)) = 1 +d™ (9), with (d"™) = 0, then
the size of d () is of the same order as ¢’ ™ and f. We can check this by using (4.5) and
(4.6), and computing

L, (det(P™(6))) = u' ™ (0 + 0)[Low™ (O + @) +a™ Lou' P (0 + w)]
+ Lo @O Low™ (0) +a™u' ™0 + w)]
—w™ O + o) Lou' MO + ) — (Low™ ) Lou' " (6)

=u' PO +0) fPO+w) — w0 +w)e O +w). (4.9)
By solving equation (4.9), we obtain for d (6)
d™©) = L'/ ™M@ + ) f™ O +w) — w™ O +w)e ™6 +w)] (4.10)

where £;! is defined in (2.15). Moreover, if we denote by E®™ (9) the error of P™(9),
0 a®
E™(©) = L,P™©O) — AP O)P™©O)+ P70 +w) o o 4.11)

equations (4.5) and (4.6) give us that

0 0
(n) 0) = . 4.12
RO ( MO +w) PO +w)+ae MO +w) ) @12
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Once we have P (6), now we can follow the same method as that explained in section 2.2 in
order to compute u"*D(8) = u®™ (0) + £7(0), where

W ©) = u' ™ O\ (0) +w™ (O)nd"” (6) (4.13)

defining the vector n™ (9) = (ni") ), n(ln) (0)), 2 -periodic in 6, as the solution of the system
of difference equations given by

@ 0 a® @ w6 + w) ®
L,n"(0) = 0 0 n' () + D+ ) e (0 + w) (4.14)

where as we want (€®) = 0, we choose (7\") = —(w™n{”) — (' @7F") as in (2.23). Let

us recall that the generic conditions needed to solve this system are that a® = 0 and that
(' Me™y = 0, both fulfilled in this context. Then, as we will see later, the new error ¢™*! (9)
defined from (4.5) for u"*" (), has quadratic size with respect to the errors ¢™ and f® of
the nth step.

Once we have u "D (9), we are going to give a method that computes w D (6) as a small
perturbation of w™ (8).

Remark 4.1. To compute w™*" (@) we will take advantage of the fact that we have already
computed u"*V(9). Thus, we will look for the correction of w™ (0), say x™ (), as a
combination of ' "+ (9) and w™ () (‘Gauss—Seidel style’, see (4.19)) instead of u’ ™ () and
w™ (@) (‘Jacobi style’). Both approaches are valid, but we have chosen the ‘Gauss—Seidel-
like’ because it leads to simpler expressions to check that the new approximation, w1 (9),
verifies equation (4.6) with a quadratic error (see section 4.2).

Even if we follow the Jacobi or Gauss—Seidel approach, with this construction we avoid
the ‘extra’ singularities appearing if we compute w*!(#) only from u"*" (6).

To compute w”*V (6) we will proceed as follows. First of all, we consider the following
intermediate Floquet matrix between the nth step and the (n + 1)th step:

B r(n+1) (g g
P(”)(Q) =< u © w(O) > 4.15)

Lou' O L,w™O)+a™u' D@6 + w)
This matrix is defined as P (@), but replacing u’' ™ () by its correction u’ *+1 (8). The error

of this intermediate matrix is

(n)
E®(©) = L,P"(©0) = A"V O)PW(O) + P70 +w) ( 0 0 ) (4.16)

which, by using equations (4.5), for n + 1, and (4.6), can be expressed as
E™(#) = ( 0 0 ) 4.17)
VO +w) gm0 +w)+a™e (G + w)
where
") = L2w™©®) — V'@V ©)w™®) +a™ (W' VO +w) —u' V(O — w))
=a"E O +0) =0 =) +w?O) (V'@ ©) - V'@ ©))
+ £(0). (4.18)

We will check that the first column of E™ () has quadratic size with respect to e™ and f®
(see (4.30)), but this does not hold for the second one. Then, we have to modify the second
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column of P™ (), or which is the same, w™ (). For this purpose, we will look for « (9)
and B (0), 27 -periodic in 6, such that if we define

D™ (©) = w™ (@) + 2™ () (4.19)
with

X©0) = a™ @) "D 6) + B (O)w™ (6) (4.20)
then we have a quadratic error in equation (4.6), if we replace w™ () by W™ (6) and u™ (8)
by u"*D(#), but keeping the same constant ™. Let us point out that we are not saying that
w™ (@) is w™* D (0), because if we define PV () from u’ "*1 and W™, we cannot ensure
that the condition (det(P"*V)) = 1 is fulfilled. This is because we compute ™ (6) working
with the same @™ as in the nth step. Then, once we have computed ™, we will be forced to
perform a suitable scaling (see (4.28)) in order to have (det(P Dy = 1.

To obtain the equations for (a™(9), 8 (8)), we formulate the problem in a compact
(matrix) way, looking for a square matrix B (6), 27 -periodic in 0, such that P (6) B ()
verifies the Floquet equation (4.4) for A™*D(9). By using (4.16), one obtains the following
equation for B™ ():

) 0 a® () (n) 0 a®
L,B"(0) = B™®) - B0 +w
®) 0 0 ©) ( ) 0 0

—(P™ O + ) 'E™(©)B™(9).

As we cannot solve this equation, we will choose B™ (6) to solve it except for a ‘quadratic’
error. Thus, from the discussions before, it is natural to look for

1 a™@)
(n) _
B™(©H) = ( 0 14 p0) ) 421

The error of the first column is clearly squared, and for the second column, if we skip the terms
having quadratic size, we have

a™ (O a™B™ (@ w (O +w)g™ O +w
. ©) _ B (©0) N ( 8™ ( ) 42
B () 0 —u' "D (O + w)g™ (6 + w)
In order to obtain this equation, we have used the fact that det(P " ()) and det(P" (9)) are
close to 1 except for terms of the order of the error of the nth step. Unfortunately, we cannot

ensure that the second component of the non-homogeneous part of (4.22) has a zero average.
In fact, we have that

W'V @0)g ™M (©) = u O L2w™ (O) + V@)W (0) — w™ @) Lou "D (0)
+a™ W "G + @) — u' VO — w))u' "V (6)
where we have used (4.18) and
"Gy = £2u "V (@O) — V(D @)’ "V (0) (4.23)

which is obtained by taking derivatives in equation (4.5) for n+1. Now, proceeding as in (2.21),
we can see that u’ "1 (0) g™ (6) —e’ "V (0)w™ () has a zero average, and as ¢’ "*D (8)w ™ (9)
is only a correction with ‘quadratic size’, we can replace equation (4.22) for (¢, ™) by

a™ () a™ g™ 6)
Ly =
B (6) 0

( w6 +w)g™ (O + w) )

4.24
¢ "6 + )w™ (6 +w) — 1 DO +w)g™ (6 + w) @24
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Then, we can solve (4.24) choosing, for instance, o™ () with zero average, and formula (4.20)
gives us 3 (9), and hence, ™ (6). Before continuing, we define f(6) as the error of
W™ (6), and P (6) as the ‘corresponding’ Floquet matrix. More concretely, we have

f™©) = L2060 @) +a™ ' "™V O + ) — u' VO — w)) — V@™V 0)D™(©O) (4.25)

and

(4.26)

P ) — ( w0 (9) ™ (6) )

Lo’ @D@) L, (6) +a™u' "D (6 + w)

Now, to end the formulation of this modified method, we only have to define w™D (@) and
a™ scaling W™ (@) and a™. To do this, we note that

det(P™(0)) = det(P™ (9)) + Ad™ (0)

where

AdD(©) = E' M (O)Lo, 0™ (O) +u' P (O)Lowx ™ (0) — £ (O) Lo’ "D (6)
_ﬁ)(n)(g)ﬁwé/(n)(g) + a(")(é’(")(e + a))u’(")(e) i 5/(”)(9)1/("”)(9 + o).

(4.27)
Then, by (4.8) we have that
(det(P™)) = 1+ (Ad™)
and we can define the new iteration as
w™ () = 1 W™ (6) arh = L (4.28)
L+ (Ad®™) L+ (Ad®™)

and the corresponding Floquet matrix for the (n + 1)th step

u (n+1)(9) w(n+1) (9) )

(n+1) _
P (9) - ( Ewu/(nﬂ)(g) Eww(lﬁl)(e) +a(n+1)u/(n+l)(9 +w)

It is clear that the new iteration verifies
Lia‘)(}’l+1)(9) +a(l’l+])(ul(n+1)(9 +Cl)) _ u/(n+])(9 _ (l))) — V//(u(n+1)(9))w(n+l)(9) +f(n+])(9)
with

fo0 @) = ;ﬂ") ©). (4.29)
1+

Ad™)

4.2. Analysis of the errors in the modified iterative method

Once we have introduced the modified Newton method, in this section we want to give explicit
expressions of the new errors e"*" (9) and f*V(#) in terms of the errors in the previous step.
First of all, we study the error of u”*1(9). As we have done in (2.25), the error of 1D ()
can be decomposed as a sum of eé"”) (6), the error due to the Newton method, and eﬁ”“) @),
the error due to the quasi-reducibility. The considerations about eé"”)(@) are the same as
explained in section 2.2, and an explicit formula is given in (2.25). In order to give eﬁ"”)(@)
in this context, we can repeat the computations that lead to formula (2.27), but now, we have



Domain of analyticity of invariant curves of the standard map 1719

to use the fact that the error of the Floquet matrix P () is given by (4.11) and (4.12) instead
of (2.26), obtaining

e§n+l)(9) _ e/(n)(e)ngn)(e — )+ (f(n)(e) +a(n)e/(n)(9))n§n)(9 - w). (4.30)

The next step is to study the error £ ™ () of the matrix P™(@)B™(#), where B™ (0) is given
by (4.21). More concretely, calling E;") (6) the error of its second column:

o . ™ (6) i o a™ ()
EDO) = Lo [P( ®) ( 1+ 8™ 6) )} —ATe [P( © ( 1480 0) )]

(n)
+PM O +w)BO + o) ( ao ) @31

we can compute this error by using equations (4.16) and (4.24), obtaining

. _ (n)(g)
E;")(G) - E(")(O) ( 1 iﬁ(n)(O) )

—u' ™0 + 0)g™ (O + w) + WM (O + w)e' (O + w)
Moreover, by using (4.15) and (4.17), we have after some computations

. ~(n) 2]
ES0) = ( i:n)( ) )
& (0)
with
" (0) = (W™ (O + w)*e' "V (O + w) (4.32)

&M@ =™V O +w) [a™ @) +a™ (1+BMO) +u' V@ +20)w™ 6 +w))

+w™ (O + ) L,w" (0 + )]+ g™ (0 +w)[1 — det(P™ (0 + w)) + B (9)].

+P" (0 + ) ( w6 + @) + 0) )

(4.33)
In order to control ég") (9) and é;") (9) we note that
1 —det(P™(#)) = 1 — det(P™(6)) + det(P"™(9)) — det(P™ (0))
=—d™(0)+Ad™®)
where d™ () is defined in (4.10) and
Ad™ (0) = det(P™(0)) — det(P™(6))
=&'"O)Lw™ ©0) —w” O)L.E " O)
+a™ [ O)E MO + o) +E PO "6 + w)]. (4.34)

It is clear from these expressions that both é(ln) (0) and ég’) (0) are of quadratic size.

To control the size of f ™ (0) (see (4.25)), we write equation (4.31) explicitly, component
by component, and we use the definition of W™ (6) from (4.19) and (4.20), having

& (0) = L,d ™ ©) — (Lou' " (@)™ (©0)
—[Low™ @) +a™u' "V O + )] 1+ B ©) +a™u "V + w)
&Y(0) = Lo [(Lot' ™D (@)™ (0) + (Low™ () +a™u' ™V (0 +w)) (1 + 7 (6))]
V" @™V (0 + ) [ (©O) + (Lo’ " (©))a™ (6)
+H(Low™(©0) +a™u’ "V (O + 0) (1 + B (©)] +a™ Lou' V(O + w).
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Joining these two equations, we obtain
&V(0) = Lo[Low™©) +a™u' "D (O + ) — 6" (©)]

V" @D @ + ) [D O + ) +a™u’ VO + w) — &V (0)]

+a™ L,u' "6 + w).
Now, by using (4.23), we have
L20™ 0 + o) +a™ @' "6 +20) —u’ "V (6))

= V"W O + )00 + ) + F™ (0 + )
with
F™O) = £," (0 — w) —a™e V@) + 680 — w) — V' @™V (6))e" (6 — ). (4.35)

5. The standard map as a singular perturbation of the semi-standard map

As we explained in section 3, we want to apply the modified Newton method, formulated in
section 4, to equation (1.8). This equation corresponds to equation (1.5) with ® = 2wy, in
the case of the standard map, written in the inner variables. Thus, we have to consider the
equation

L2v(7) = V'(v(1)) (5.1)

where V(q) = %ei‘l + %8%”‘1 and to look for v(r) = t + I(t), with [(t) 2m-periodic in
T and with zero average. As a first approximation for the solution of (5.1), we will take
v (1) = T +m(t), where m(t) is the solution of the inner equation (3.1), which corresponds
to (5.1) for ¢ = 0. As w@(r), we will take the periodic part (4.1) of the solution of the
variational equation around v© (1) associated with the inner equation (3.1).

We recall that in section 3.1 we have proved that m () is defined in D(—log Ry, +00),
which is the stripe of convergence of its Fourier expansion, and hence, the domain of definition
of v (7). Of course, when doing a perturbative analysis of the solution of (5.1), we cannot
expect to keep an infinite upper bound for the domain of analyticity of v(t), as V'(g) becomes
unbounded when Im(qg) — +0o. However, we recall that our purpose is a bit less ambitious:
what we want to establish is that the solution of (5.1) is defined in a domain whose lower
boundary is asymptotically close, when ¢ — 0, to the lower boundary — log R, of the domain
of analyticity of v® (7), and whose upper boundary matches, when written in the 6 variables
(see (1.6)), with the domain of analyticity of the solution of (1.5), obtained in corollary 2.4.
Then, we obtain that the solution v(t) of (5.1) is the analytic continuation of the solution u(0)
of (1.5).

In section 3.2 we have discussed why the formulation of the Newton method given in
section 2 is not suitable to achieve this objective. Now, we want to see that by using the
modified formulation, we can overcome the previous difficulties. In order to apply this method,
we need some information referring to v® (t), which can be obtained from the properties of
m(t) (see lemma 3.2). Moreover, we also need additional considerations referring to wO (1)
to be able to proceed with the modified Newton method. This is done in the following section.

5.1. The variational equation of the inner solution
Let us consider the variational equation of (3.1) around v® (7)

L2(z(1) = —3e T (7). (5.2)
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Itis clear that z(7) = v'©(7) = 1+m/(7) is a solution of (5.2). As we have seen in section 2.1,
we can look for an independent solution of (5.2) of the form

1
P = v Q@) +w %)
w

where w(® (1) is 27 -periodic in 7, with zero average, and verifies (see equation (4.2))
L2W@) +m' (T + o) —m' (t — w) = 1Dy O (), (5.3)

In order to study the analyticity properties of w® (), and in an analogous way to the study of
m(7) in section 3.1, we replace the Fourier expansion of w@ (r) (which can be immediately
used to check that it only contains positive Fourier harmonics) by a Taylor expansion in the
variable x = ei”. Then, we define w(x) = iw® (), which can be written as

W(x) = Z wixk

k>1

and verifies
w(xQ) — 2w(x) +w(x/Q) + 1(x$2ﬁz/(x§2) - —r?ﬂ(x/Q)) xe’"(x)ﬂ)(x)

where 772(x) has been defined in (3.2) and Q = e'“. From this expression, it is straightforward
to obtain the following recurrence for the coefficients wy:

(5.4)

cos(5(k+ 1w
Wiyl = Z Fr_jw; — (k+ l)mk+1 ( )

4Dk+1 ~ in (1(k+ Do)

for any k > 0. The expressions my, F; and D; have been introduced in section 3.1. From
(5.4), and using that my, Fy and Dy are real numbers, one obtains that wy; € R for any &.

Now, to continue studying w(x), the most important point is to relate the radii of
convergence of m(x) and w(x) (or in an equivalent way, the strips of analyticity of m(t)
and w@ (7)). What we are going to prove is that the radius of convergence of w(x) is greater
than or equal to that of m (x).

Lemma 5.1. By assuming all the previous notation and definitions, we have
lwe| < Mk* log (k + 1)my, k>1

for certain M| > 0 (independent of k).

Proof. We consider the recurrence (5.4), and we divide it by my,; > 0, obtaining

|wk+1| [w;| (k+1)
E F T o —
Mis1 4Dk+1mk+1 ¢ (j k= ij ) * ‘sm( (k + l)w)}

j=1

Now, let us assume for a moment that - is an increasing function of j. If this were true, we

would have

[weet| _ il (k+1)
miet - omi o fsin (3(k+ Do)
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where we have used (3.4) and (3.5). Of course, the previous assertion on the monotonic
character of lj"#l has not been fulfilled. To overcome this problem we define the following
auxiliary recurrence:

Wens = (k+1) N (k+1)
T T sin (Lt + Do)
with W) = % Then, it is straightforward to prove by induction that % < Wr. Moreover,

from its recursive definition, we derive the following explicit expression for Wj:

k
Wi = kW +k >y

, k> 1.
= |sm(

1
1.
1jo)]
To estimate the coefficients W, we have to bound |sin (% Jj a)) |_1. For this purpose we define,
forany j € N, J(j) = int ( jy + %), where int(-) denotes the integer part of a real number.
Let us point out that J () is the unique / € N such that

1 1 1
—zngzja)—ln<§n.

Then, as we have that
: 2 1_ 1
|sint| > ;|t| te[—3m, 37|
we obtain

k& 1
W < kKW + = _ 5.5)
e 2;|JV—1(1)|

and using that w = 2wy verifies the Diophantine condition (1.4) with o = 2, for a certain
constant ¢, = ¢, > 0, we derive that

k
Wi <EW + — (K> +k —2)
4c,

which gives that W, and then ‘n”j—il, are bounded by an expression of O(k?), proving the
‘equality’ between both radii. However, this estimate can be improved, as for any j in the
sum (5.5) we have that |jy — J(j)| is not as small as the Diophantine condition gives. In
fact, this rough estimate can be improved, giving us that W is bounded by an expression of
order O(k?log (k + 1)), which proves the bound claimed in the statement. This fact comes
immediately from the result given in lemma A.5. g

Provided with this result, we are in a position to estimate the size of w(x) close to its
radius of convergence, or, in an equivalent way, the size of w® () close to the boundary of its
strip of analyticity.

Lemma 5.2. Forany § > 0,

(5.6)

1 1/6
10O g Ross.400 < Mae™ (M + 1)

52

where M, > 0 is independent of §.
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Proof. From lemma 5.1, we have that

10 tog g 100 < M Y K2 log (k + DymicRie™ = M. £ )
k>1

then, we only need to bound f(§). To do that, let us take § > 0 fixed, and let us define for
r>1

gs(t) =1*log (t + 1)e ™™,
Then, we have that
[ < <sup ga(f)) > miR§
21 k1

where we recall the convergent character of the sum above (see lemma 3.2). In order to bound
this expression, we look for the zeros of g;(¢), with # > 1. We obtain for these zeros the
equation h(t) = &, where

2 1
ht)y=-—-+————.
t (@+Dlog(t+1)

We note that & (¢) is well defined for any ¢ > 0, and it is strictly decreasing with 7. If we define

8o =h(l) =2+

2log?2

it can be immediately checked that if § > 8y, then gs(t) < e ®log2. If § < &y, we have that
h(2/8) > é,and h(4/58) < §. Hence, itis clear that, in this case, the only value of ¢ > 1 giving
rise to the maximum of gs(¢) is between 2/8 and 4/8. This allows one to obtain the estimate
gs(t) < % log (% + 1)6’25, if § < &y.

As both behaviours, when § — 0 or when § — +00, are completely different, it is not
easy to find a compact expression matching them uniformly. However, it is straightforward to
check that the expression given in the statement plays the desired role. U

5.2. Convergence of the modified Newton method

In this section we are going to prove that the modified Newton method of section 4 can be
applied to equation (5.1), giving a sequence v () which converges to the solution v(z) in
a suitable domain, and that in this domain it is a small perturbation of the solution v©®(7)
corresponding to the unperturbed case ¢ = 0.

As has been seen in section 3.1, the solution of ¢ = 0 (the inner equation) is given by
v (1) = 1+ (1), with {9 (r) = m(t), where m (1), defined as the periodic solution of (3.1),
is convergent if Im(t) > —log Ry (see lemma 3.2). On the other hand, from lemma 5.2 we
have that if we make a small reduction of the lower border of the domain of (), then w©® (7)
(defined as the periodic solution of equation (5.3)) exists and it is bounded. Nevertheless, the
error associated with v(® (7), if we ask it to verify equation (5.1), increases unboundedly when
Im(t) — +o00. So, it is clear that we have to restrict the upper boundary of the domain by
taking a finite border. Then, in order to proceed with the modified iterative method, let us
consider the following initial domain D® for the variable :

DO — D(pfo), péo)) ={reC: pfo) <Im(7) < ,0;0)}
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where we take

o\ = —log Ry +8© p = log B.
Here we can allow, in principle, any arbitrary B > 1/Ry and any 0 < §® < log B + log Ry.
Nevertheless, for technical reasons, we will add other restrictions to B and 8. Let us point
out that even though v¥ (7) and w® (7) are bounded in D®, the estimate (5.6) for the norm of
w©@ (1) grows unboundedly when §© — 0. However, we recall that our purpose is to prove
convergence of the method for §© as small as possible, in order to establish the existence of the
solution of equation (5.1) in a domain as close as possible to the initial one. This forces us to
control the asymptotic behaviour of w(® (t) as a function of the distance to the lower boundary.
Moreover, this control has to be extended to the successive iterates w™ (), as well as to other
functions that will appear in the following (for instance, v’ (1)). To do that, we introduce
the following notation for the weighted norm (2.29) of a 2w -periodic analytic function f(7):

1 lp0s = £ 1L 45,50y

forany 0 < § < (péo) — ,01(0)) /2. Expressing the norm as a function of §, we can describe the

size of f(t) as a function of the distance to the boundary of D®, and hence, we can manage
quantitative estimates for the asymptotic behaviour of this norm for different values of §.

Provided with this notation, and by using the analysis that we have made in section 3.1, the
bound (5.6) and the Cauchy estimates for the derivatives, we find that there exists a constant
M > 1, independent of ¢, 8, 8 and B, such that

1Y po_s < Me™ @™

M
7(0)
0 @llpo_s <SG+ 1
log (1/(8© +6))
(0) —(8+8©)
lw™ llpo_5s < Me ( (8O0 +6)2 +1 5.7

le@llpo_s < MBé&?

log (1/(8© +6))
(0) 2 —(8+8©)
”f ”D(O)—(S < MBe“e (W-'_l

where ¢ (1) and f© () are defined in (4.5) and (4.6), respectively.
To state theorem 5.3, in analogy to theorem 2.1 (see (2.30)), first of all we have to

introduce several constants to control the size of the objects involved in the proof. For the
initial approximation we use

(0)

(0) (0) 7(0) Ho
1N po—s < uy v I po_s < 3150 +1
0 0 0
e por—s < g’ 0 < us’ <1 < pg’
5.8)
log (1/(5 +6©)) (
©) 0) 0) 0)
|mum5<m(—3:mv—+1 1Ol < e
0 0
IV o1 < 15 V"l sy01 < 125

where we recall that a© has been introduced in such a way that (det(P©)) = 1 (see (4.7)).
In fact, for this initial approximation, and using that v©@ (1) is an exact solution of the inner
equation, one can easily check that det(P©)(7) = 1, and that a® = 1 (to check this we only
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have to consider Im() going to +00). We remark that the bounds for /”’ () and for the error
function £© () are taken as independent of §, despite the expressions given in (5.8) depending
on §, in order to simplify the recursive bound in the proof. Then, by assuming 0 < ¢ < 1, we

have the following values for the expressions [,L;O) ,j=1...,9%
w =m uw =m n = MBg? w =m
p' =1 ug=1 P =5Re+B)  u =3(Ro+B) (5.9)
log(1/8©) log(1/8©)
©) g _ o (108
Mg = MBe <—(6(O))2 +1) =p, 302 +1].

Now, we apply the iterative method introduced in section 4, obtaining the following quantitative
result (see section A.3 for the proof).

Theorem 5.3. We assume the notation introduced before in this section, and we put w = 2wy,
where y is the golden mean. We consider the sequences v (v), w™(t) and a"™ defined
recursively in section 4, starting with vO (1), wO() and a® = 1 as defined above. We
take as an initial domain D© = D(—1log Ry + 8, log B), where B is any constant verifying
B > max{ez/Ro, 1}, and

0 <89 <min{l, & (log B +log Ry — 2)}. (5.10)

Then, there exists a constant ¢ > 1, depending on u(lo), ,uéo), /Lf‘o), ,ugo), /Lgo), ugo) and /,L(O)

such that if ,u,go) is small enough in order to have

o 02 (1/50)° _

= 12cu Gy <

(5.11)

=

we can ensure that these sequences converge to v(t) = T + l(‘L’) w(t) and a, with v(t) and
w(t) analytic functions, defined at least in the complex strip D = D(—log Ry+118© log B —
108©), 27 -periodic in T and with (1) = 0. They verify that v(t) is a solution of the Lagrangian
equation (5.1), and z(t) = w(t) + £TV'(7) is a solution of the variationals of (5.1) around
v(T), with the constant a € R given in such a way that det(P (1)) = 1 (see (4.3)).

Moreover, in this domain we have for (1), w(t) and a the bounds (5.8), now with
i = my +6cus” log(1/8©) /), for j = 1.2, us = pf” +6cus” (log(1/8)?/ (50,
s = )/2 andu6—2,u,(0) where <M;0)+1,f0r] = 1,2, 4.

On the other hand, 1(t) and w(t) are small perturbations of 1°(t) and w9 (1), in the
sense that

log (1/5©)
O - ©)
1 =1 p_s < 6CHs W
©) .

oy < Sers [log (1/6%))/(57)

b= 5§+ 80

2

1o — 0O < gep® 102 (1/87))" log 1/ +5D)

D—s S OCUs (8(0))8 o6+ 8(0))2

Now, by using the values of the constants ,u;o) given in (5.9), we can give a more quantitative

result. Let us take §® = &!/4= for any value 0 < o <  (fixed from now on). With this
choice, it is clear that (5.10) is achieved if ¢ is small enough, and for (5.11) we have

A=12cMB (3 - a)2 % (log(1/¢))* < 1 (5.12)
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provided that ¢ is small enough. Then, we have that the solution v(7) exists in a domain that
is O(e'/47?) close to the initial one D (— log Ry, log B). More concretely, going back to the
original variables given by (1.6) and (1.7), we obtain the following result.

Corollary 5.4. Let us take o as any constant verifying 0 < a < %. Then, if € is small enough
to verify (5.12), the Lagrangian equation (1.5), for V(q) = —ecosq and w = 2wy, has a
solution ii(0) = 0+£(9), where £(0) is analytic, 2m -periodic in 6 and with (E) = 0. Moreover,
i(0) is defined at least for 6 € D, where

D= D(— log(1/¢) —log Ry + 11'/47* —1log(1/¢) +log B — 1081/4_“).

Moreover, in this domain we have the estimate

176) ~m(® +ilog(1/e) ~ )l p < ey IMcB

where ¢ > 1 is the constant provided by theorem 5.3 (that is an increasing function of B).

Proof. The proof is straightforward from theorem 5.3 and the condition for ¢ obtained in
(5.12). |

5.3. Proof of theorem 1.1: complex matching

Now, we are in a position to prove theorem 1.1. To do this, we only have to show that
the solutions u(0) (provided by corollary 2.4) and u(6) (provided by corollary 5.4) of
equation (1.5), for V(q) = —ecosq and w = 2wy, are both defined in a suitable common
domain, and that in this domain they are close enough. So, we only have to apply proposition 2.3
to ensure that (0) is the analytic continuation of u(6). The proof can be summarized in the
following steps.

(a) We consider a fixed value of 0 < a < }‘.

(b) Let us call ¢ the constant given by corollary 2.4, and let us consider the value A =

provided by proposition 2.3, with o = 2, ,ugo) =e/2and p, — p; = 1.

(c) Let us take A© to be any constant verifying A® < min{ 1 3A%

T } From corollary 2.4
we have that, if ¢ is small enough (depending on A®), then [|€]|—10g(A/e) log(ase) < A/2,
forany 0 < A < A©,

(d) We define By = 4M/ A, where M > 1 is the constant introduced in (5.7). Thus, we
have that if B > By, then [|m || - 1og ry+log B,+00 < 5/4, and so we have the same bound for
m(0 +1ilog(1/¢) — ) in the domain D(— log(1/e) —log Ry +log B, +00) (we recall that
19(t) = m(r) in (5.7)).

(e) We consider a fixed B defined by means of the equality log B = —log A + 2, where we
take 0 < A < A® small enough, in such a way B > max{By, e*/Ry, 1}. Provided
with this value of B, we apply theorem 5.3, with the formulation stated in corollary 5.4,
obtaining for the solution £(6) the estimate ||£(6) —m (0 +ilog(1/e) — )| p < A/4,ife
is small enough, depending on M, B and c (c is now the value provided by theorem 5.3).
Let us point out that D(—log(1/¢) — log A, —log(1/¢) + log B — 1) C D, at least for
small values of & (we note that A < Ry).

(f) So, we can do the complex matching applying proposition 2.3 in the domain D(p;, p2),
where p; = —log(A/e) and p, = —log(A/e) + 1, with A as given in (b) because we
have p, — p; = 1. To do that, let us point out that in this case uﬁ‘” = 0, and it is clear that
1211 toga o).~ logaserst < AJ4+ 1£6) — m(@ +ilog(1/e) —m)llp < A/2 < 1.

1
16ce
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u(d)

I log(A/e)+2—0(g'/4~%)
—log(A/e)+1

u(0)=u(0)

—log(A/e)

= log(Ro/6)+O0(e4~*)

Figure 1. Domains of analyticity of #(#) and #(6) and the matching domain.

To obtain the analytic continuation of the function #(#) in the upper plane, we have only to
make an analogous construction, or to use the symmetries of the standard map, in order to
obtain a symmetric domain with respect to the real axis.

Finally, the estimates provided by corollary 5.4 give that £(8) (or £(8), as we have proved
that both are the same function), is asymptotic to m (6 +ilog(l/e) — m), as ¢ — 0, at least in
the domain D, as stated in item (c) of theorem 1.1. O
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Appendix. Proof of the convergence theorems

In order to help the readability of this paper, we have placed the proof of the most technical
results in this appendix. So, here we give the proof of theorem 2.1 and proposition 2.3 (see
section A.2), as well the proof of theorem 5.3 (see section A.3). Moreover, in section A.4 we
have also included the proof of some estimates on small divisors related to the golden mean,
that have been used to prove lemma 5.1.

A.l. Some basic properties of the norm

First of all we recall some definitions we have introduced to work with 27 -periodic analytic
functions. We have considered functions defined in complex domains of the form

D(p1, p2) ={z € C: p; <Im(0) < po}
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with —oo < p; < pp < +00. Moreover, given an analytic function f(6), 2z -periodic in 6,
and defined in this domain, we have introduced (from its Fourier expansion (2.14)) the norm

1f pe = Lol + ) L fele™ 4 " I fil e,

k>0 k<0

As we have mentioned before, this definition keeps several properties of the supremum norm.
In the present section we are going to display some of these properties, the proof of which can
be checked by using the definition of this norm and the basic properties of Fourier series.

Lemma A.1. Let us take F(0), g(0) and h(0) as analytic functions, 27w -periodic in 0, and
with |1gll o0, < 8 and |||y, 5, < 8. Then, if all the estimates on F involved in the following
expressions are well defined, we have:

o || - ll5.p, is a multiplicative norm,

(P2 PRV F4 PRV (1] P

e [t is preserved by the composition

IFO+ 8O < NN pi—s,p048-

o We have the following ‘mean value theorem’:

IF O +8g©) — FO+hO)lpo0 < 1F llpy=5,0045118 = ll py -

e The standard bounds for the remainder of the Taylor formula up to order one are also
true:

|F@+g(@) — F©O+h®)) — F'0+h©)(g®) —hO),.p0
< %”F””m—&pz%”g - h”fn,pz'

o We have the following Cauchy-like estimates for the derivative:

£ 1.0

’
”F ||p|+5,p278 < 68

where we recall that F(9) is defined in (2.13).
o [f (F) =0, then we have

B 1 [o—1\"
||.cw1<F>||p,+a,p2_5<K< 5 ) [rallPs

where the operator L' is defined in (2.15), provided that w verifies the Diophantine
condition (1.4). The proof follows from some estimates on the small divisors that have
also been used to prove lemma 5.1.

A.2. Proof of theorem 2.1 and proposition 2.3

In this section we are going to prove that, under the conditions displayed in theorem 2.1,
the sequence u (0) constructed in section 2.3 converges to a solution of equation (1.5).
Moreover, we will also prove proposition 2.3, that gives conditions to ensure the uniqueness
of this solution.
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A.2.1. Iterative lemma. First of all, we study the effect of one step of the Newton method on
a given approximation.

Lemma A.2. We consider a fixed ® € R of Diophantine type (1.4), for certain o > 2 and
Co > 0, and V(q) an entire function, 2 -periodic in q. Let £%(6) be an analytic function
defined on D(p'", p\), for certain —oo < p" < pi < +00, 21 -periodic in 0 and with

(™Y = 0. We put u'™(8) = 6 + £% (), and we assume the following bounds:

(n) (n) (n)
||£<">||p:n>’p§n> <y ||z’<">||p§,l>,p§,l> <y ||e<">||p§,,>,p§,l> < uy
1
T <ug’ 0<ps” <la" < pg” (A1)
u pl(n),pén)

" (n)
||V ”»05”)—#(10)—1705”)4'//«(10'*'1 g /,L7

with /L(I") < /,Lio) +1, ,u;") < ,ug)) + 1, for certain M(IO) > 0 and ,uéo) > 0, and /Lgn)

<
where e™ (0) is defined in (2.2) and a™ is given in (2.11). Then, there exist ¢ >
™ = e 1 ul, 1/ud, nl, 1Sy, that is an increasing function of all of its

arguments, such that given any 8™, with

0 < 8™ < min {1, é(pé") — ,0]("))}

1;
1

’

for which

(n)
M3n

(5(;1))2071

(n)
(n) M3

(8(n))2(0—1)

< min {4, 1+ — ")
(A2)
<1+p® = ul?

then we can apply a step of the Newton method formulated in section 2.2 to compute a new
iterate ™V (0) = 6 + L0V (9), with (£ = 0, verifying
(n)

(n+1) — (n> n+ n+ < (n) —MS
[|€ L ||p: b o S € (32D
M(n)
r(n+l) _ pr(n) () 3
[|€ L ”pl(n-*-l)’pénﬂ) <c (3002
(m)\2
(n+l) n+ n+ < (n) —(M3 )
||e ”Pi 1)’p§ N C (8(n))4(a—1) (A.3)
(n)
1 < Hy
X
! (n+1) P C(n)(ﬂg”)/((g(n))zaq)

ne

(P — p{y2o-1

where ,ol("H) = ,01(”) +38™ and pénﬂ) = pé") — 35,

™D — g™ < ¢

Proof. In order to simplify the notation, we will skip the superscript (n) everywhere along the
proof, and we will use the superscript (1) to label the (n + 1)th iteration. First of all, let us
explain the role played by the constant ¢ in the statement. We are always going to use the same
notation, c, for the different bounds appearing in the proof, that are a function of the arguments
on which ¢ depends. So, this constant has to be redefined in a recurrent way along the proof
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of this lemma, in order to meet all the bounds where it is involved (a finite number of them),
and the value of ¢ obtained after the last bound is the one claimed in the statement. Moreover,
except when it is explicitly mentioned, during the proof we will avoid the restriction § < 1.
Then, the remaining bounds hold for any value of § for which the expressions involved are
well defined.

In the following estimates we will use the properties of the weighted-norm given in
lemma A.1. First of all, going back to (2.11) and (2.12), we have

- c
1allpyp, < € 1llprpr < € 1V llors.o—s < 5o

These bounds give

"3
”u/e”pl,pz < C3 ”Vu/e”pﬁé,pzfd < CS(T_—I |<VM/€)| < (4

M3
(o2 — P11

Let us point out that when bounding the average by the norm, we use the Cauchy estimates
given in lemma A.1 with the maximum reduction allowed in the width of the strip of analyticity,
which in this case is § = (p2 — p1)/2. Now, we solve (2.20), with the conditions (2.22) and
(2.23), and we compute £ (@) from (2.19). Then, using the same kind of arguments, one
obtains

~ 3 "3

17211 p,+8,00—8 < CF, [{m2)| < CW
M3 - M3

1721l o148, 00—5 < Caa—_l, 1711l py+25,p,—25 < Cm

A4)
< "3 < "3 (A.

[(m1)] <  on = pe D 710l py+25,0,—26 < €S-
M“3 3

||E||p1+28,p2—28 < Cm7 ||§/||p1+35,p2—38 < 6‘820—_1-

Thus, the bounds (A.3) for ||V — ¢]| and ||£’ (" — ¢’| are clear. To bound the new error eV (9),
we recall the decomposition

eV (@) = el"(0) +¢5"(0)

that we have done in (2.24) and (2.25). To estimate eél)(é), we remark that condition (A.2)
guarantees that [€V] .25 5,25 < ,uio) + 1. Then, we can use lemma A.l to bound the
remainder of the Taylor formula up to order one in the domain D(p; — ,u(lo) -1, 0+ M<10) +1).

On the other hand, eﬁl) (6) can be bounded by looking at its equivalent expression (2.27), having
3

13
82071 |

§4e—1)"

1 1
||€§ )”p;l),p;” <c |e§ )”p:l),pél) <c
Recalling that to display the results we will take 0 < § < 1, the worst bound is that given by
eél) (0), and that is taken into account in (A.3).

The next step is to consider 1/u’ " (0). For this purpose, we write

1 1 1 1
W@ WO +E0)  w®) <1 + (S/(O)/u’(e))>
and from here, we derive the estimate

1

M/(l)

< M4
pespss 1 —c(us/82h)
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where we use that cpu3 /82! < % (see (A.2)). Finally, to complete this proof we only have to
estimate a'’ — a, or in an equivalent way, (1" — h). Then, we note that
W' @)u' O +w) —u' VO DO +w)
w (@) (0 + o)’ DVO)uw DO + w)
To bound this expression, we add and subtract u’(8)u’ " (6 + w) at the numerator of this

fraction. Now, using that [|€' V|| ,,435.5,-35 < 1+, which is also guaranteed by the proved
bounds (A.3) and hypotheses (A.2), we have

D) — h(o) =

3
[(hY —h)| < c——5—.
(p2 — p1)*~!
To obtain this estimate, we point out that again we have taken the maximum reduction allowed
in the width of the strip of analyticity, in order to bound |{(£')| by [|&’|l. O

A.2.2. Proof of the convergence. The proof of theorem 2.1 relies on the convergence of the
sequence u" (), that will be proved by induction using the iterative lemma A.2.

We put 8™ = §© /2" and we have Y o2 ;8™ = 25 Then, we want to apply lemma A.2
iteratively, starting with u©@ (6) in D(p\”, p\”’), and using at any step § = 8. Hence, it is
clear that p"” < p +65© and p{" > p{” — 65©.

Let us proceed by induction. We assume that n steps of this iterative method have been
performed, and that for u™ (#) we have that the constants ,u("), j =1,...,7, defined as
(n) (0) +1, M(n) < M + 1, M(n) <1, M(n) C,LLA(P) 1/M(n) Z/M(O)
(n)

in (A.1), verify u,

u(") < 2u( ) Moreover 1t is clear that (O) . We also assume that

() (n)
M3 (0) Q) M3 (0) ()
C—(S(n))ZG i < mm{z, L+, — gy } CW <1+p” —py (A5)

where c is the function provided by the iterative lemma valued in

0 0 0 0 0 0
c=c(p®+1, 1 + 1, en®. 2/u® 20, 1)

Let us note that this choice of ¢ implies that eV Lo, if Jj < n, and then conditions (A.5)
guarantee that lemma A.2 can be applied, giving the following constants for the (n + 1)th step:

(n+1) O ps” (n+1) Q) ny”
n+ n 3 n+ _ n 3
M = WK (5(,1))2(0_1) 1% = Uy +c (8(n))2(7_]
(n)y2 (n)
(n+1) _ (3 ") (n+1) _ M4n
30T T (8m)de-D) Ky = 11— Cugn)/(a(,,))zm
(n) (n)
1 M3 1 22
M§n+ ) — Mgn) Mén+ ) — Mén)

“ P — py2e-1 “ Py — py2e-1

Thus, the induction implies

(J) (J)
(n+1) 0) (n+1) 0)
Ky =Ry +ZC 5(,))2(0 i) Ky = = Hy +Zc 5(,))20 1

and hence, the key point is to control /L(j ), that, from the definition of 8, verifies

()2
(+D _ 4je=1),. (137)
s = (5©)4o—D
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forany j =0, ..., n. This expression, and the definition of A given in (2.32), imply that

24 —1)

2/ -1
) o— 122 —4(j+1) ¢ (0)\2/ (0)
< - -
ny <277 ((5(0))4(0—1)) (157 24(/'+1><a—1>A s

for j =0,...,n+1. As we ask that A < 1 in (2.32), then we can ensure that the bound of
u§ is strlctly decreasmg to zero with j. Consequently, the sums defining M("“) and ,u("“)
can be bounded by geometric sums of ratios A /22 ~1 and A /22973, respectively, and both
are smaller than . Hence, we derive the estimates

) 0))2(c—1)
() - (0) M3 w0 (6™)
231 < +2C(8(0))2(g‘ n +2A 24(c—1)
(V] 0)\20-3
(n+1) O) H3 o ™)
AN ) +20W—Mz 28—

which, as 8 < 1, are bounded, respectively, by 1 + u(o) and 1 + u(o) Let us observe that
the arguments presented also guarantee inequalities (A.5) for n + 1. Now we consider /ﬁ"”),

which verifies

L 1
(n+1) )
,u,4 = - - /J/4
(,11 - c(u;”/(am)%l))

where we recall that we have cu(j ) /(821 < 3. =0,...,n, by hypothesis (A.5). If we
take log(-) of this product, and we use that

—log(1 —x) < 2x if 0<x<

-

we obtain

(n+l) 0 o, O
ey S exp (22 (5(/>)2a 1)“ Sepy

(n+1) (n+1) (n) 0

To control 5 " and pg ', we remark that p(") 1(0)) /2, and hence, we only

Z (p,
have to bound } 7, M;J ) by a geometric sum of rat10 A /247D < 1, obtaining

5 20—1
Méﬂﬂ) >u (0) ZC,LL(O) & &
Py — Py

) 20—1
(n+1) (0) )
K < + ZCI,L W .
1) P1

By using (2.32) we have that £ > u/2 and u*" < 21, and then all the inductive
hypotheses also hold for n + 1. Hence, we can take n going to infinity, which ensures the
convergence of the process in the domain D(o'” +65©, p{” —65©). Moreover, the different
bounds obtained along the proof also give those claimed in the statement of the theorem for
the limit function u(6) = 6 + £(0) in the final domain. O
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A.2.3. Proof of proposition 2.3. In this section we are going to prove proposition 2.3 to
establish the (local) uniqueness of the solution of (1.5).

Let #(0) = 6 + £(0) be another (analytic) solution of (1.5), defined in D(py, p2),
a domain which is contained in the domain of u(f) provided by theorem 2.1, that is,
D(pfo) + 680, ,050) — 65©), 27-periodic in 6 and with (£) = 0. We want to check that
if |12 —¢| 1.5, 1s small enough, in the sense that they verify (2.33), then ©(6) and i(6) have to
coincide.

For this purpose we define U(0) = u(0) — u(0), then, using that both functions are
solutions of (1.5), we can write

LoU©O) = V'(@@(@®) — V'@®) = V' u@)U@®) — &) (A.6)
where
e0) = V') — V'@®)+ V"' ®)U@®).

Now, we can use the explicit reducibility of the invariant curve u(6) (see section 2.1), to solve
(A.6) for U (), and to express it as a function of e¢(6). More concretely, if we write

U©) = u'©)n1(0) +v(O)u'(0)n2(0)

we have that n(0) = (71(0), 12(0)) is obtained as the 2z -periodic solution of the equations

0 a v +w)\ |, _
L,nB) = 0 o no) + 1 u' @+ w)ed+w) (A7)

(see (2.20)) where a and v(6) are defined from u(0) (see (2.11) and (2.12)). We recall that the
only indetermination in this equation is the choice of (n;), which has to be defined in such a
way that U (6) has a zero average. However, let us also recall that to guarantee the well defined
character of this construction, we need (u’e¢) = 0. To check this, we note that as u(0) and iz(9)
verify (1.5), we can write

u'(0)e0) = V' @)u' ) — L2LO) — L(O)LELO) + (£(O) — €(0)) L2 (6)
= V'@@)u'(0) — LLLO) +[£'(©0 +w)l(®) — £ ()0 — »)] +[20©)€(0)]
+[€O — w)®) — OO +w)] — [(£'©O +w)+ £ — »)e0O)]

and from here is not difficult to check that (u’e) = 0.
It is clear from (A.7) that if () is zero, so is U (9). In principle, we only have, from the
definition of &(8), that ¢ = O(U?), but from the hypothesis (2.33), it can be quantified by

= 1,00 2 _ ~O
”3”/51(0)’/3;0) < M7 ”U”ﬁfm,ﬁéo) = Uy

where we define ,5;0) = p; and ﬁéo) = py, and where we have used lemma A.1, and the

definition of u;‘” (see (2.30)). Now, let ¢ > 1 be the constant provided by lemma A.2,

corresponding to /,Lgo), M(ZO), ,uflo), /L;O) , ,uéo) and M;m’ that is the same as that appearing in the

statement of theorem 2.1. Then, by using that the definition of U () is done in the same way
as £(0) in (2.19), we obtain for U (6) the same bound as for £(0) in (A.4), giving

=)
3

) K C————
U150, 50 < 6(3(0))2@—1)
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where we take §© = (53" — 5)/4, with 5" = ¥ +25© and 5* = p\” —25©. Hence,
we have the new estimate
©) © RY ()
5 1 2 1 3 — i
”6“5:”,@” < My ”U”ﬁl(l)ﬁ;l) < Mg C(S(O))Z(a—l) = M3

And from now on, we can reiterate the same construction iteratively by taking, for instance,
§m — 8(0)/211, obtaining that ||E||ﬁ(n) 50 < ﬁgn)’ n > 0, with
1 2

2
22n(a—])ﬂ(n)
= (n+1) 1,0 3
=1 -3 >
M3 27 (C (5©)26—D n 0.

From here, we derive that

n+l
0 ~2(—1) -2 U2
o ( My 2 ||U||ﬁ£o),ﬁ£o>> 1O l ||[3;o)ﬁ;o>

K3 = 260201 M7 i —m

2n+l_2 U 2
. || U ||,5{0)’550) 10 ” ”,5;0)’550)
- A 27T na(e—Dn

with A defined in (2.34). Thus, if we have that ||U ||/3;0)’ 5O < A, we can claim the required
uniqueness. ]

A.3. Proof of theorem 5.3

The next result to be considered is the proof of theorem 5.3, that gives conditions to ensure
convergence of the modified Newton method formulated in section 4.

As we have mentioned before (see section 2.3), despite the fact that the statement of
theorem 2.1 has been formulated for a ‘generic’ set of w and V (g) (for which the conditions
of the statement are fulfilled), in theorem 5.3 we have adapted the application of the modified
iterative method to the case in which we are interested, that is, the invariant curve of the
standard map where its rotation number is the golden mean.

The proof of theorem 5.3 will be done by applying the modified Newton method to
equation (5.1). This method has been constructed in section 4 in terms of some variables
called 6, u(9) and £(9). Hence, in order to simplify the readability of the proof of theorem 5.3,
as a direct application of the formulation done in section 4, we will also use this notation during
the proof, even though the statement has been made in terms of the variables 7, v(t) and I(7).
It is important to remark that now the variables 6 and t and the corresponding functions are
not related by any change of variables, but they are just the same.

A.3.1. Iterative lemma. To prove theorem 5.3 we follow the same basic scheme as in the
proof of theorem 2.1. Then, first of all we will formulate an iterative lemma in order to control
the bounds of the corrections of the functions u (), u’ ™ () and w™ (@), of the constant
a™, as well as the new errors e+ (8), £V (0), and after that, in section A.3.2 we will prove
the theorem.

Before giving the concrete statement of this (iterative) lemma, let us outline some technical
details to be taken into account in the formulation of the result. Then, we resume the discussion
of section 5.2. We recall that we have to deal with several estimates on functions that
become unbounded when we approach the lower boundary of the corresponding strip of
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analyticity. To help in the control of the functions giving rise to these estimates, we recall
the notation introduced in section 5.2. Then, given the domain D = D(py, p2), and any
0 <8 < (p2—p1)/2, weput | -llp=s = |l - llp+s,p—s- This notation will allow us to
control the size of the functions close to the boundary of the domain (for small values of &),
and also to control the size of its corresponding average (by choosing the biggest value for
8,8 = (p2 — p1)/2). We point out that with this notation we are not able to distinguish the
different behaviour of the function in the lower and upper boundary, and in fact, in our context
everything can be more easily controlled in the upper boundary. However, we have preferred
this approach instead of one carrying a separate control of both behaviours, as we are only
interested in obtaining careful estimates at the lower boundary. In the following lemma we
summarize some properties related to this notation for the norm, which will be used in the
following.

Lemma A.3. Let f(0) be an analytic function defined in D = D(p;, p2), for certain
—00 < p; < py < +0o, and 2m-periodic in 6. Then, for any 0 < &9 < (02 — p1)/2,
and for any 0 < § < (p2 — p1 — 280)/2, we have:

I 1lp—
L4 ”f/”D—ts—So B (5/2_1:5(;5)/23

e If w € R is a Diophantine number (1.4), and (f) = 0, then

1 -1 o—1
1L Pllptes < — (——2——) 1 flpspo.
@ 4c, \(6/2+80) €

Right after these remarks, we can formulate the result describing the effect of one step of the
modified Newton method on a given approximation.

Lemma A.4. We consider w = 2wy, with y the golden mean, which is of Diophantine type
(1.4), with 0 = 2 and for certain ¢, = ¢, > 0. Also let V(q) be a 2m-periodic entire
function. Let €™ (0) and w™ (0) be analytic functions defined on D™ = D(pf"), pé")), for
certain —oo < p\” < p{” < +o0, with (p\" — p{")/2 > 1, 2n-periodic in 6 and with
My = 0. We put u™ (0) = 6 +£7(0), and we assume that for certain 0 < §© < 1, and for

any 0 < 8 < (p — p™) /2, we have the following bounds:

(n)

M
1 po-s < ui” ' Plpos < 52+ le™ | po—s < 1"
log (1/(8 +8©))
10 s < [W ol 0 < pf” < la™| < (A8)
( ) (n)
IF N po_s < pd” IVl pw 04 < ' IVl pr 041 < B

with ,ugn) < /LEO) + 1, for certain ,Udﬁo) >0, forj=1,2,4, and ,ué") < M(gn) < 1, where ™ ()

is defined in (4.5), ™ (0) in (4.6) and a"™ is given in such a way that (det(P™)) = 1in (4.8).
Then, there exists ¢ > 1, ¢ = c(uﬁo), ,uéo), /JLA(‘O), l/ug”), ,ué"), ug"), ug')), which is an

increasing function of all of its arguments, such that given any 8™, with

0 < 8" < min {§©, %(%(pé") - pf")) - 1)} (A9)
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for which
() 0 () © )
log (1/8©) +1—
M3 108 . ©, 1 ) M9 MKy Hy
(3©)2(5m)2 <min {1, 7 +1 - py"} ¢ (5m)2 < )
(1) 0)
log (1/8 )
) M3 . () o m, W 1
ngm{l,uz +1—puy"} g’ < 3 (A.10)
n 2 n
i (10 (1/80))° _ ¥ 1 —
@EO)3@mys = 2

then we can apply a step of the modified Newton method to compute a new iterate given by
u™D(@) = 6 + £ (@), with (£*V) =0, w1V (@) and a*V, with the estimates

o 3" log (1/5)
(3O)2(3™)2
w3 log (1/80) 1
SO (M3 5450

(n) (n) 0)))2
B0 — s < c(”)|: uy? g (log (1/8)) } (A1D)

1Y — £ w5 < ¢

||£/(n+1) _ g’(”)”D(w)_,s <c

(52 (3©)3(5m)>
log (1/(8 + 8(0)))
) ( ooy T

@) — g®| <

which holdforany0 < 8§ < (pS"*" —p"*V) /2, where p"*" = p{ —56, p"*D = p 4550
and DD = D(pf'ﬁl), pénﬂ)). Moreover, if we replace u™(0), w™ () and a™ by the
corrected expressions a®V, u*V (0) and wV (9), we have that (det(P"*V)) = 1 in (4.7),
and the following bounds for the new errors eV (0) and "+ (8) (see (4.5) and (4.6)):

w M |:M§n) (log(1/3<0>))2+ (n)]

e Dl pur_s < €

5O gm (3®)3(5m)3 )
(A.12)

() ©Y)2 2
”f(n+1) ” ) < c(n) 1 I’L3 (log (1/8 )) + M(n)
b= =T s 5m) (5)3(5m)3 N

Proof. To prove this result we will make an analogous simplification on the notation as in the
proof of lemma A.2, that is, we will skip the superscript (n) of the nth iteration and use the
superscript (1) to label the (n + 1)th iteration. However, in the present context we will leave the
superscript (n) of the quantity " controlling the reduction of the domain at the nth step, in
order to distinguish it from §, which is used to display the bounds as a function of the distance
to the boundary. Moreover, the role played by the constant ¢ of the statement is the same as
in the iterative lemma A.2. More concretely, this constant will be redefined in a recurrent way
(but always keeping the same name) to achieve the different bounds appearing in the proof and
that are a function of the arguments on which ¢ depends. Then, the value for ¢ in the statement
is the one that follows from the last bound.

It is important to note that, in the bounds that will appear during the proof, we will keep
only the dominant terms with respect to §, even for small and for big values of 4.
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First of all, we solve (4.14) and we compute £(6) from (4.13). Then, we have

1
’
luellp—s < cus3 <m + 1)

log (1/(5 +8©)) . 1)

lwellp-s < cus ( G180

[(we)| < cus.

- cu3 1
_sm_s < +1
721l p—s—s 5@ 182 <6(O)+8/2 )

[{(m2)| < cus

1
_sm_g < 1
2l p—sen—s < €3 ((8<O)+8/2)(8(”>+8/2) + )

cus <log(1/(5<°>+5/2)) L] )

N1l p—2sm—s <
1711l p—25e—s 8(”)+8/2 (8(0)+3/4)(5(")+5/4) 5(n)+5/4

_ log (1/(8© +8/2)) :
I llp—osm_s < cpu3 (8O +8/4) (8™ +§/4)2 *

I 1/(6© +68/2
”E”szsw),g < cu3 < Og( /( + / )) 1)

GO +5/42(6™ +5/4)

€' p—3sm—s <

cus log (1/(3© +8/4)) |
5/2+0™ \ (50 + /826" +3/8)2 )"

Thus, these bounds imply the new bounds for ||[£(" — £|| and ||’V — ¢’| given in (A.11). To
bound ¢ (#), we go back to the decomposition

V@) =" (0) +¢5"0)

that we have done in (2.24), but now we have to use (2.25) for eél) (0) and (4.30) for eil) (0). The
estimate for e%l) () follows directly. For eél) (0), we remark that from hypotheses (A.10) on the
statement, we have |[£ || p_osm < /,Lgo) +1. Then, we can use the bound for the remainder of the

Taylor formula up to order one given in lemma A.1 in the domain D(p; — ,uio) —1, ;o + ,uﬁo) +1),
obtaining

ar . 13 log (1/(3© +5/2)) .\ o .
1 D250 S CH3\ (50 £ 5/8) (5™ 1 5/8)° T (3O +8/2)(3™ +8/2) 1

and

€51 p—2s—s < i3
2 (8O +8/4)4(8M + §/4)4
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Then, we obtain

2
w3 (log (1/(8© +8/2)
eV llp—zsm—s < et *5 ( - ))4+ 1 + o
(8O +8/H3E™ +8/H)% T (8O +5/2)(8™ +8/2)

and from here, we derive the bound (A.12).

At this point, and in order to bound the new iterate w™D (@) and its associated error
f #+1) (@), we need some intermediate bounds. From (4.18), and using the ‘mean value
theorem’ given in lemma A.1, we obtain

13 (log (1/(3© +8/4)))*
30 +8/8)3(5™ +8/8)F 1)

llgllp-3sm—s < ¢ (

Going back to the system of equations (4.24), that define «(6) and B(6), we have

pa (108 (1/60 +8/2))° +u9)

r(), (D) w_s <
lle"'w —u"gllp-3se—s C((5(0)+5/8)4(5(n)+8/8)3 8O +3

where we have used the fact that hypotheses (A.10) on the statement guarantee that we have
for u' (M (H) the same estimate as for u’(6), just by replacing , by u” + 1 in the domain
D —28™ — §, and also that the contribution due to the ‘quadratic terms’ ¢’ " (9)w (@) can be
controlled by the one due to u’ M (9)g(0). Moreover, we also have

s (log (1/60 +6/4)))*  olog (1/(6? +8))
6O +5/85(™ +0/8)° (00 +5)2 ?

lwgll p—3sm—s < ¢ (

{wg)| < cug

and so,

181l p—asm—s <

(e )

50 +5/2 \ (60 +5/16)* (3™ +5/16)3 50 +5/2
[(B) < cuo
s (log (1/(30 +5/4)))° o
1Bl p—som—s < € ((5<0> 1 3/16) (6™ 1 8/16)* T 00 +8/2)0M +5/2)

lleell p—ssm—s <

¢ 13 (log (1/(5© +8/8)))’ e log (1/(3© +8/2)) .
5™ /2 \ (6© +8/32)%(6™ + 8/32)* ~ (8@ +5/4)(6™ +48/4) " 0]

Then, we have for x (0) (see (4.20)):

i3 (log (1/6© +8/8)))’  polog (1/(6® +5/2)
3O +8/32)5(3™ + 8/32)5 (30 + 3/42(sm + 8/4)2 T M)

X1 p—ssm—s < ¢ <

We point out that all of these bounds are valid for any value of §, not necessarily small, with
the only restriction that 0 < § < (o2 — p1 — 108™) /2.

In order to bound the new iterate w'" (9), we need to control the average of the determinant
of the intermediate Floquet matrix 13(8) defined in (4.26). We can do this if we put the
maximum value allowed for § in the bounds of &(#) and x (6). Then, by using condition (A.9)
for 8™, we obtain that Ad(0) (defined in (4.27)) verifies

(Ad)] < cpo
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that is bounded by 4 by hypotheses (A.10) of the statement. So, for w'"(9), we have

s % — (Adyw

- w“z)fsswua = 1+ (Ad)

D—55m—§

_ (300 (176 +8/8))"  polog (1/6” +5/2))
S NGO 45732560 +8/32)5 T (30 + /4250 + 8/4)2 1)

From here, we deduce the bound given in (A.11) for the new function w"(6), and then,
conditions (A.10) on the statement guarantee that ||w"|| p_ssm_s verifies the same estimate
as ||lw]| p—s in (A.8), just by replacing 4 by /Lfto) + 1. Moreover, equation (4.28) gives that

M gl = |(Ad)||?| <ec
1+ (Ad)|
Now, it only remains to bound the error of w"(6) in (4.6) that is given by formulae (4.29)

and (4.35). To do that, we also need several intermediate bounds. First of all, from (4.10), we
have

la

ld|l p—2sm—s <

c pslog (1/(8” +4/2)) Mo
+ T 1o
5™ +5/2 \ (6© +6/2)2(6™ +8/4) 8O +5/2

We recall that we have written 1 — de_t(f’(@)) = Ad(0) —d (), with P(0) introduced in (4.15)
and Ad(0) defined in (4.34). For Ad(0) we have

ol

Ad||p_zsm_s <
1Al D350 5™ 1872 \ (60 +8/8)4(8™ + 5/8)2

Thus, we obtain

1 —det Pllp_35m_s < + +
I =det Pllo-ssos S 5o 572 \ 60+ s/8) 60 + /87 ¥ 50 +35/2

By using this bound on (4.33), we have
4 2
3 (log (1/B +8/4))"  uapso (log (1/B +5/4)))
B +5/16)7(8™ +8/16)7 (8O +5/16)*(8™ +§/16)*
+ 1 +ul
O +5/2)8™ +8/2) )
Here, hypotheses (A.10) allow one to control the terms ¢’V (8)« () and ¢’V (6)B(8)), which

have ‘cubic size’ in p3 and g9, by means of the size of the other ones. On the other hand,
formula (4.32) gives

A 12 (log (1/(8© +8/4))" o (log (1/66© +8))° 3o

leillp-ssm—s < ¢ 5 5 =+ =5 z 5 + .
(3O +5/8)8(8™ +8/8)5 (8O +5/4)5(8™ +8/4)2 " s 1+§/2

Then, by (4.35)

c <us(log(1/<6<°>+6/4)))2 1o Hg)

ezl p—ssm—s < C(

13 (log (1/(3© +8/9))*  apo (log (1/(3© +8/4)))”
(8O +8/16)7(8™ + 8/16)7 TG0+ §/16)4(8™ +8/16)*
2
+ ad” + ug)
(3O +8/2)(8™ +68/2)

Now, from the definition of £ () in (4.29), and using again that | (A(f) | < % the bound (A.12)
claimed in the statement for £ (6) follows. O

1 fll p—ssmw—s < C(
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A.3.2. Proof of the convergence. In this section we are going to prove theorem 5.3, showing
the convergence of the sequences 1™ (9), w™ (6) and a™ constructed in section 4. We will
prove this convergence by applying lemma A .4 iteratively, taking 8 = §© /2", and showing
that ™ (), w™ (#) and a™ are small perturbations of @ (), w® (#) and a© .

Now, we proceed by induction. We assume that n steps of the iterative method have
been performed, and that for ™ (8), w™ () and a™ the constants /L("), j=1...,9,
defined in (A.8) verify /L(") < uio) +1,for j =1,2,4, l/u(") 2//,L(0) (") Z/L(O) and

ué") ;Lé") < 1. We note that conditions (5.9) and (5.11) ensure the last 1nequa11ty when

n = 0. On the other hand, it is clear that u(") (jo), for j =7, 8. We also assume that
13" log (1/8©)
O™
(n) 0)

< min {1, /1,(0) +1— /Li")}

Ko My +1- nd”
NEDE 2
m ©
p3” log (1/5©) © o
5O (5m)3 <min {1, 15" +1—py"} (A.13)
u® (log (1/6@))*  u@ 41— p®
@OyEmy T 2

. 0 0
epg” < min {3, 15" — 55" 26" — g}

where c is the function provided by lemma A.4 evaluated in

0 0 0 0 0 0 0
¢ = c(1®, 10, 1P, 2/1®, 20, 1O, 1),

So, from the inductive hypotheses we have that ¢ < ¢ for any j < n. Moreover, from
the recursive definition of ,of") and ,oé") (see lemma A.4), and using hypothesis (5.10) on the
statement, we also have that

o = o) = ot — o = 2080) > 1

for any n > 0. Then, conditions (A.13) imply that (A.10) is fulfilled for the present n and
lemma A.4 can be applied, giving

(n) 0)
. = log (1/6
'U“i +) _ Mﬁ ) K3 ( )

(8(0))2(8(”))2
r+l) _ ) us” log (1/8)
o= 5O (503

30T C50sm (3©)3(5(m)3 o

'u(n+1)_ Mgn) ( (n) (log(l/&“»)) + (n))

(n) 2
) _ s N 13" (log (1/8©)) (A.14)
Mg =My (8™)2 (8®)3(§m)5 :
Mgn+l) — Mgn) Cll«gl)
M(()n+1) — Mén) + Cﬂgl)

n 2
(D) _ Mgn) ( ()(IOg(1/3(O))) " (n)) _

9 T osm \ T sOygmys T He
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Moreover, conditions (A.13) give that /ﬁ"m < /,L 1, for j=1,2,4, 18" > 1V/2 and

Mgﬁl) < ZM(O)-

As we want to prove convergence, the first thing we have to do is to study the behaviour of
the errors, that in this modified method come from two different sources, given by the constants
(") and pL . In order to control both simultaneously, let us define a new error constant

w1 (log (1/6®))° ™
10 = (50 sm)3 Mo
which, from (A.14), verifies

(A.15)

2c

(n+1) (n)y2
<

Mo RO (yg)

So, we can control ,ul ), for any j < n, having

Geny _ 2 2 e,
10 = (8(0))2

By using the expressions for M(O) and ,u(o) given in (5.9), we can take

o _ 3us (log (1/5))°
10 — (8(0))6

and then, from the definition of A on the statement, we have

0 - Mo <4CM(O)> _3u (log(l/a((’)))sz_].

10 = Hj (80)2 27 (8§®)6

Then, as A < 1 by hypotheses (5.11), we can ensure that the bound of u(’ ) is strictly decreasing

) )

to zero with j. Moreover, the same happens for the bounds of the errors (15" and g, as we

) )]

have for uy'° the same bound as for u; , and

; 3,u
() O3 A2 I
' < — 24 A
(n)

This implies that iteratively we can keep the condition /L;’ e < 1. Now, we only have

+1)

to use the induction to control the remaining constants ,LL;”JF ). For instance, for uf" we have

that

(n+1) “’M,Xn: #3' log (1/6%) < <0)+C3M§0)10g(1/5(°)) n AY-
S RO (8O)¢ = 2%
J:

13 log (1/8©)

6Oy
where we have bounded the sum by a geometric one of ratio A /4, using that A /4 < % by
hypotheses (5.11). Repeating the same process for the other constants, we also obtain that

< MEO) + 6¢

©) ) © ®Y)?2
(n+1) ) u3 log (1/5 ) (n+1) ) ) (IOg (1/5 ))
%) <p, +6 (5O ) Hy <y +6¢ (5®)8
(0) OY)2 (0) Y)?2
@) _ () ps (log (1/87)) ey o o By (log (1/8))
s > Ms — 6¢c (5(0))6 ’ He > Mg +6¢ (5(()))6
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where we have compared the corresponding sums with geometric ones of ratios A /2, 2A, A /2
and A /2, respectively. In any of these cases, from (5.11), the ratio is not bigger than % Now,
also using (5.11), we can ensure that conditions (A.13) are verified iteratively, and hence, we
can take n — +00. So, the convergence follows immediately, and we also obtain the bounds
for the limit claimed in the statement. g

A.4. Some sharp estimates on the small divisors for the golden mean

The only thing that remains to end the paper is to prove the estimates on the small divisors
associated with the golden mean, that have been used to prove lemma 5.1. The concrete result
that we need is stated in lemma A.5. Let us point out that this estimate can be deduced from
a more general result stated in [13]. Nevertheless, in [13] this result is used without giving
the proof, which does not seem to be available anywhere. So, for this reason, and in order to
make the paper self-contained, we have decided to include the proof of this result, but only in
the concrete case of the golden mean.

Lemma A.5. We consider y = (/5 — 1)/2, the golden mean. Then, there exists a constant
K > 0, such that for any M € N we have

M
ZmaZx{|my —n"Yy < KMlog (M +1).
—1 ne

The proof of this result follows as a consequence of the following auxiliary results, which are
devoted to studying some basic properties of the Fibonacci numbers:

Fo=1 Fr=1 Fiv1 = Fie + Fry k>1
or in an explicit way

1 y2

= — B=—" . A.16
1 +y2 1 +y2 ( )

1\*
Fr=A (-) + B(—p)* A
14
Lemma A.6. For any m € N, m can be decomposed as a sum of non-consecutive Fibonacci
numbers; that is,

m=F71+"'+FjA(z;l)

with 1 < jsmmy) < -+ < j1. Moreover, this decomposition is unique.

Proof. If m is a Fibonacci number the proof is complete. Although we have that F;, < m <
Fj.1,and so, 0 < m — F;, < Fj_;. Then, it implies that F;, < m — F;, < Fj;_;, with
J» < j1 — 1. Now, if m — F; # F}, we only have to reiterate the same process. (|

At this point we can give the basic idea to prove lemma A.5: if we look at the Diophantine
condition (1.4) for w = 2wy, which is verified for o = 2, the estimate that we obtain for
max,cz{|my — n|~'} is of order O(m). However, we are going to see that, in fact, it is
O(Fj,.,), where F; is the smaller Fibonacci number in the decomposition of m provided
by lemma A.6. In the case when m is a Fibonacci number Fy, the value of the ‘small divisor’

max,ez{|my — n|~'} can be easily computed. It is obtained by taking n = Fj_;:
Fyy — Frop = (=DM

For the general case, we have the following result.
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Lemma A.7. Let m € N. Then, for any n € Z we have
: 1 —2y2
— > Jsem*l f 27
Imy —n| =y ( =2 )
where jgn) is provided by lemma A.6.

Proof. We consider the decomposition of 7 in Fibonacci numbers given by lemma A.6. Then,
we have

|my - n| 2 |Fjs(m)y - (}’l - F] - Fjs(m)fl)|
_lely - Fj|*1| - |Fj.\'(m)—1y - ij(m)—171|
jsom)+1 j1+1 j +1 jsomy+1 ij)ilﬂ
> yjA(m) _ yjl . — VJ.;(m)q 2 )/J“'('“) _ 1—)/2

2 )
> yjA(m)+l (1 — 1 z)/z) = ij(m)+l (%)

where we have strongly used the fact that the decomposition of lemma A.6 does not contain
consecutive Fibonacci numbers. ]

As a consequence of this result, it is clear that now the key point is to bound the cardinal
of the following sets:

R(j,k)y=#meN:1<m < F, jsm =]}

Lemma A.8. Forany k > 1 and for any j < k, we have that R(j, k+1) < Fr_;.

Proof. Let us consider 1 < m < Fj, such that jg,) = j. If we consider the decomposition

of m in Fibonacci numbers of lemma A.6, then we have that m = F; , and we have the

following possibilities for jsomy—1: jsomy—1 = Jsom) +2, - .., k. Then, we can give the following
(pessimistic) estimate for R(j, k + 1):
R(j,k+ 1) <1+R(j+2,k+1)+R(j+3,k+1)+---+R(k, k+1).

Moreover, it is clear that R(k, k+ 1) = 1and R(k — 1,k + 1) = 1. Now, in order to obtain a
more explicit estimate for R(j, k + 1), we define a new sequence of numbers R(j, k + 1) by
means of the equality

R, k+D=1+R(G+2,k+1)+---+R(k,k+1)

with R(k,k +1) = R(k — 1,k + 1) = 1. From this definition, it is clear that R(j, k + 1) <
R(j, k + 1). Moreover, we have

R(,k+D)=R(G+Lk+1)+R(G+2,k+1)
and thus R (-, k + 1) verifies the Fibonacci recurrence, but with respect to a decreasing index.
This implies that R(j, k + 1) = F;_;. O
From here, it is not difficult to obtain the following result, which is basically equivalent
to the desired bound.
Lemma A.9. There exists a constant K| > 0, such that for any k > 1, we have

Fi1—1

> max{lmy —n|"'} < KikFra.
el nez
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Proof. We only have to apply the results of lemmas A.7 and A.8,

Fr—1

m=1

k 2
. -y
1 . —j-1
E max{|my —n|"} < 'E:1R(],k+1))/ ! <1——2y2>
1—)/2 1 k+1 k B )
= (—5)a(=) D1+
(1—21/2) <V) ( R
j=1

1\
<K (—) (k+ K3)
14

where K, and K3 are constants independent of k. From here the result follows. |

Now, the proof of lemma A.5 is clear. We only have to apply lemma A.9 with k taken in

such a way that F, < M < Fy,j,and touse thatk < K4log(M +1), for certain K4 independent
of M (look at the explicit expression (A.16) for Fy).
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