GEVREY ESTIMATES FOR ASYMPTOTIC EXPANSIONS OF TORI IN
WEAKLY DISSIPATIVE SYSTEMS

ADRIAN P. BUSTAMANTE AND RAFAEL DE LA LLAVE

ABSTRACT. We consider a singular perturbation for a family of analytic symplectic maps of the
annulus possessing a KAM torus. The perturbation introduces dissipation and contains an ad-
justable parameter. By choosing the adjustable parameter, one can ensure that the torus persists
under perturbation. Such models are common in celestial mechanics. In field theory, the adjustable
parameter is called the counterterm and in celestial mechanics, the drift. It is known that there
are formal expansions in powers of the perturbation both for the quasi-periodic solution and the
counterterm.

We prove that the asymptotic expansions for the quasiperiodic solutions and the counterterm
satisfy Gevrey estimates. That is, the n-th term of the expansion is bounded by a power of n!. The
Gevrey class (the power of n!) depends only on the Diophantine condition of the frequency and the
order of the friction coefficient in powers of the perturbative parameter.

The method of proof we introduce may be of interest beyond the problem considered here. We
consider a modified Newton method in a space of power expansions. As it is custumary in KAM
theory, each step of the method is estimated in a smaller domain. In contrast with the KAM results,
the domains where we control the Newton method shrink very fast and the Newton method does
not prove that the solutions are analytic. On the other hand, by examining carefully the process,
we can obtain estimates on the coefficients of the expansions and conclude the series are Gevrey.

1. INTRODUCTION

Hamiltonian systems with small dissipation appear as models of many problems of physical
interest. Notably, dissipation is a small effect in astrodynamics of planets and satellites [MNF87,
Cell3] '. In the design of many mechanical devices, eliminating friction is a design goal which is
never completely accomplished. Hamiltonian systems with friction also appear as Euler-Lagrange
equations of discounted functionals which are natural in finance and in the receding horizon problem
in control theory. In such a case the limit of zero discount (equivalent to the limit of zero friction)
is of interest. See [Ben88, MHER95, ISM11, DFIZ16] for different studies of the zero dissipation
limit in calculus of variations and in control.

Since the friction is small, it is natural to try to study such systems using perturbation theory.
Nevertheless, adding a small friction is a very singular perturbation, and periodic/quasi-periodic
orbits may disappear for arbitrarily small values or the perturbation. In contrast with Hamiltonian
systems that often have sets of quasi-periodic orbits of positive measure (KAM theorem), for
dissipative forced systems, there are few periodic or quasi-periodic orbits. These quasi-periodic
orbits are known to persist only if one can adjust parameters in the system [Mos67, BHS96, Sev99].
As discussed very clearly in [Mos73], the number of parameters needed is affected by the geometric
properties of the systems considered.

1991 Mathematics Subject Classification. 35C20, T0K70, 70K43, 37J40, 34K26,30E10.
Key words and phrases. Gevrey estimates, Dissipative systems, quasi-periodic solutions.
Both authors have been supported by NSF grant DMS 1800241.
LA problem in astrodynamics which motivate us is the spin orbit problem describing approximately the motion of
an oblate planet, subject to tidal friction, in a Keplerian orbit [Cel91]
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In recent times, for some particular types of dissipative systems — the conformally symplectic
systems, see Definition 1 — there is a very systematic KAM theory [CCdIL13] based on geometric
arguments. The examples mentioned above (Hamiltonian systems with friction proportional to
the momentum and Euler-Lagrange equations of exponetially discounted variational principles) are
conformally symplectic. This theory, once we fix a frequency, predicts the changes of parameters and
the changes in the solutions needed to obtain a quasi-periodic solution of the prescribed frequency.

The goal of this paper is to study the singular perturbation theories in which the perturbation
introduces dissipation.

There are several studies of the singular perturbation theories in dissipation which are particularly
relevant for us: The paper [CCdIL17] shows that if one fixes a Diophantine frequency w (see
Definition 11), considers a Hamiltonian system — not necessarily integrable — with a quasi-periodic
solution of frequency w, and introduces a conformally symplectic perturbation (see Definition 1),
then there is a (unique under a natural normalization) formal power series expansion for the quasi-
periodic solution of frequency w and for the drift parameter. These series are very similar to the
Lindstedt series of classical mechanics. The paper [CCdIL17] also showed that the formal Lindstedt
series is the asymptotic expansion of a true solution defined in a complex domain of parameters
that does not include any ball around zero (giving an indication that the power series may be
divergent). The paper [BC19] studied numericaly these Lindstedt series in a concrete example and
the possible domain of analyticity of the function (using Padé as well as non-perturbative methods).
The numerical studies in [BC19] lead to the remarkable conjecture that, in the cases examined, the
formal power series giving the quasiperiodic solution and the forcing are Gevrey (see Definition 8).

In this paper, for some class of maps (we require that the system is conformaly symplectic and
that the non-linearity is a trig. polynomial) we show that the conjecture in [BC19] is true and that
the series obtained are indeed Gevrey. The Gevrey class can be bounded depending only on the
Diophantine condition of the frequency w (and the order of the friction in the dissipation). See
Theorem 18.

The method of proof we introduce may be of interest beyond the problem considered here and
we hope that there are other applications. We consider a Newton method in the space of power
expansions. As in KAM theory, each step of the quadratically convergent method is estimated in a
domain smaller than the domain of the previous steps. In contrast with KAM theory, the domains
where we control the results shrink very fast to a point, so that, at the end we do not obtain any
analytic function. On the other hand, by examining carefully the process, we can obtain estimates
on the coefficients of the expansions.

Our hypothesis that the non-linearity is a trigonometric polynomial ensures that the coefficients
of order N do not change after log, (V) steps of the Newton method, so that one can use Cauchy
estimates in the domain that is under control after log, (V) steps to obtain estimates on the Nth
coefficient.

We hope that the hypothesis that the non-linearity is a trigonometric polynomial can be removed
at the price of estimating the change of the coefficients in subsequent iterations, but a proof would
require a new set of estimates that — if indeed possible — would lengthen the exposition and obscure
the main ideas.

The Newton method acting on power series is patterned after the Newton method used in
[CCdIL13]. This Newton method takes advantage of remarkable cancellations related to the ge-
ometry and introduces the corrections to the torus additively (rather than making changes of
variables). The fact that the Newton method in [CCdIL13] does not involve changes of variables
makes it possible to lift it to formal power series. We will present full details later.

For simplicity in the treatment, we will deal with maps since the geometric arguments are simpler.
The same arguments apply for differential equations, but they are more elaborate. Besides adapting
the proof of maps to the case of ODE’s, one can deduce rigorously the results for differential
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equations from the results for maps by taking time-T" maps. Note that in this case, the fact that
the non-linearity in the time-7" map is a trig. polynomial is difficult to express in terms of the
original ODE. This is another reason why we would like eventually to get rid of that hypothesis.

1.1. A preview of the main result. A model to keep in mind is the so-called dissipative standard
map fe . : T xR — T xR given by

fene (@, y) = (& + M)y + pe — V'(2), M)y + pe — V'(2)) (1.1)

In (1.1), the physical meaning of A(e) = 1 — %, a € N, is dissipation and pu., called the drift
parameter, has the physical meaning of a forcing. Our assumption on the non-linearity amounts to
V being a trigonometric polynomial. The model (1.1) is indeed conformally symplectic in the sense
of Definition 1 (see below). The map (1.1) is the model that was used in the numerical experiments
in [BC19].

Note that for ¢ = 0, the map (1.1) is integrable. The integrability of the map at ¢ = 0 does not
play any role in the theoretical results in [CCdIL17], the only assumption needed in [CCdIL17] is
that map for € = 0 is symplectic and has as an invariant torus. For the numerical study in [BC19],
the fact that the map for € = 0 is integrable leads to much more efficient algorithms. In this paper,
we will not use explicitly the integrability for € = 0, but this seems to be the only case where it is
possible to verify the assumption on the nonlinearity being a trig polynomial (yet another reason
to try to get rid of that hypothesis).

The main result of this paper, Theorem 18, establishes the Gevrey character of the formal power
series expansions for the drift parameter u. and for the quasi-periodic orbit of frequency w of the
map (1.1). The rigorous formulation of the main Theorem is given in Section 3, the statements
of the main results can be better understood after some preliminary definitions and remarks are
given (see Section 2). Here we give an informal statement of our main result: Given a Diophantine
frequency w, the coefficients of the formal power series expansions »_ K,e" and ) pne™ for the
quasi-periodic orbit and the drift parameter, respectively, satisfy the following Gevrey estimates

1Kl < CRCTO™ |y < ORM G/

where 7 depends on the Diophantine type of w (see Definition 11) and « is the order of the
dissipation \(e) =1 —e*.

The model (1.1) can be thought as a numerical time step — using a Verlet-like method — of the

spin-orbit problem

T=y

y=—uy+ A+ V'(x) (12)
1.2. Organization of the paper. The paper is organized as follows. In Section 2 we collect some
standard definitions and we also define the function spaces in which the iterative procedure takes
place. Also, in the same section we present some geometric identities which allow us to solve the
linearized equations of the modified Newton method. In Section 3 we state Theorem 18 and Lemma
22, which are the main results of the paper and establish the Gevrey character of the perturbative
expansions of the quasi periodic orbits.

The proof of Theorem 18 is based on a quasi Newton method. In Section 4 we formulate the
iterative step of this Newton method, while in Section 5 we provide estimates for the corrections
and the new error at one step of the method. Finally, in Section 6, using a KAM like argument,
we give estimates for any step of the Newton like procedure and, with them, a proof of Lemma 22

is given establishing the Gevrey character of the perturbative expansions.
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2. PRELIMINARIES

In this section we introduce the notations, collect some standard definitions including the Banach
spaces and their norms that enter in this paper. This section should be used as a reference.

2.1. Symplectic properties. Let M =T x B, B C R%; endowed with an exact symplectic form
2. Note that the manifold M is Euclidean (i.e. the tangent bundle is trivial) and we can compare
vectors in different tangent spaces. This is crucial in KAM theory.

We denote by J the matrix associated to the symplectic form (2, i.e., in coordinates we have
Qg (u,v) = (u,J(x)v) where (-,-) denotes the inner product for any u,v € T, M. Note that J
depends on the choice of the inner product.

Definition 1. We say that a diffeomorphism defined on an symplectic manifold (M, Q) is confor-
mally symplectic when
Q=X

for a number A\, where f* denotes the standard pull back on forms.

The map (1.1) is conformally symplectic with the conformal factor A(¢) = 1—e® and the standard
symplectic form 2 = dx A dy on the cylinder T x R.

2.2. Banach spaces of analytic functions.

2.2.1. Analytic functions on the torus. Given p > 0 we define the complex extension of the d-
dimensional torus as

Tz — {z € CY/2%| Re(zj) € T, |Im(z;)| < P}

and denote A, as the vector space of analytic functions defined int(']I‘z) which can be extended
continuously to the boundary of ']T;l. A, is endowed with the norm
lgll, = sup |g(0)]
€T

which makes it into a Banach space.
For vector valued functions, g = (g1, g2, ..., g4), we define the norm

2 2 2
lgll, = /gl + gl + - + llgal?

and for ny X ny matrix valued functions, G, we define

2
ni

n2
IGll, = sup Do 2o 1Gkl, v

veER"2,|v|=1 \| ;3 j=1

We will also need to work with functions of two variables. Denoting B,(0) C C the open ball
with center zero and radius v in the complex plane, define

Ay = {K : By(0) — A, | K is analytic in B,(0) and can be extended continuously to BW(())}

endowed with the norm

= sup [|K(e)|

1K1, :
P <y

o

It is well known that with the norms [-||, , and [|-||, the spaces A, , and A, are Banach algebras.

To discuss analyticity properties, we will need to deal with complex values of all the arguments.

For phyical applications, we need mainly real variables. Hence, it will be important that the

functions we consider have the property that they yield real values for real arguments. The functions

that satify this property (real valued for real arguments) is a closed (real) subspace of the above
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Banach spaces. All the constructions we use have the property that when applied to real valued
functions, they produce real valued functions.

Note that we can think of functions A, , as analytic functions on B, (0) taking values on a space
of analytic functions of the torus. This point of view is consistent with the interpretation that we
are considering families of problems and we are seeking families of solutions.

For typographical reasons from now on we will use the following notation. Given K € A, , we
denote K.(0) = K(0,¢) := (K(g))(6).

Definition 2. Let B a Banach space. Given an analytic function g : B,(0) € C — B, and n > 0,
we say g(e) ~ O (|e|™) if and only if there exists C > 0 such that

lg(e)ll < Clel*

for € small enough. Equivalently, g(e) ~ O (|g|") if and only if g(e) = > o, gre® for e small
enough and gy € B.

2.2.2. Cauchy estimates. We recall the classical Cauchy inequalities, see [SZ65].
Lemma 3. For any 0 <6 < p and for any function f € A, we have
10" f1,-5 < CO™ ],
where D™ denotes the n-th derivative and
fel < e g,
where |k| = |ki| + |ka| + - - + |kn| and f denotes the Fourier coefficient of f with indez k.

As mentioned above we will be working with functions depending upon two variables. The
following are Cauchy inequalities in the second variable, €.

Lemma 4. For any 0 < r <~ and any function f € A, such that f-(6) =37 fn(0)e" we have

1
1fnlly < 5 £ 1]

Proof. By Cauchy integral formula

1 1 £6,6 . 1 /2” f(9,r¢")
fn(9> T onlden (0,&) o T 9mi e =r gntl g = Qe eing do,
1 1
thus, [fn(0)| < — sup [f(0,¢)] and || ful , < — I f] .- O
T Jel<r r

Corollary 5. Assume that A € A, is such that A, = ZZO:N-H Ane™. Let a,b € N such that

N <a < b< oo and denote A&“”’] = ZZ:(HI Ane™. Then, for all0 < r <1 we have

7,CL—0—1

o

<

Al .
S 1A,

Remark 6. Note that the estimate in Corollary 5 only depends on a, associated with the order of
the first term in the expansion of A,

2.3. Formal power series.



2.3.1. General definitions. Formal power series expansions are just expressions of the form
g ane”
n

where a,, belong to a Banach space, sometimes a,, are just scalars.

Formal power series are not meant to converge nor to represent a function. They can, however be
added, multiplied (using the Cauchy formula for product; note that for a fixed degree, computing
the coefficients involves only a finite sum) or substituted one into another.

One can form equations among formal power series. The meaning is, of course, that the coef-
ficients on each side should be the same. This is extremely useful in many areas of mathematics,
notably combinatorics. See [Car95], [Cos09] for more details on formal power series.

Many perturbation expansions in Physics or in applied mathematics are based precisely into
formulating the solutions of the equations of motion as formal power series and requiring that the
equations of motion are satisfied in the sense of power series. Notably, the Lindstedt series were

in standard use in astronomy even if they were only shown to converge for some frequencies in
[Mos67].

2.3.2. Asymptotic expansions. For formal power series, a notion weaker that convergence of the
series to a function is that the series is asymptotic to a function.

Definition 7. We say that a formal power series Y ane™ with coefficients a, in a Banach space
X, is an asymptotic expansion to a function ¢ : D — X when for all N € Z, there exists Cy such

that for all p < po
N

Z ane™ — ¢(e)

n=0

sup < CnpN !

e€D,e|<p

If the domain D does not include any ball centered at zero, even if the function ¢ is analytic and
bounded on D, this does not imply that the series converges.
Given a function ¢, the associated expansions may be non unique. The Cauchy example

$(e) = exp(—e~?) (2.1)
has an identically zero asymptotic expansion on a domain
Ds = {e: |Arg(e)| < 0} (2.2)

when 6 < 7.

Note that the definition of asymptotic involves the domain D. A series may be asymptotic to a
function in a domain but not in a larger domain. For example the zero series is asymptotic to the
the Cauchy example 2.1 in the domains D;s as in (2.2) when § < 7, but not when ¢ > 7.

2.3.3. Gevrey formal expansions. Given a formal power series, even if it diverges, it is interesting to
study how fast the coefficients grow. The following definition captures some speed of growth that
is weaker than convergence, but which nevertheless appears naturally in many applied problems.

Definition 8. Let 3, p > 0. We say that a power series expansion f =Y o7 fn(0)e™, with f, € A,
belongs to a Gevrey class (B, p) if and only if there exist constants C' >0, R >0, and ng € N such
that

I full, < CR™nP" for n > o, (2.3)

and we denote [ € g,?.
Similarly, we say that a power series expansion p =y > o une"™, with p, € C?, belongs to a
Gevrey class B if and only if there exist constants C >0 , R > 0, and ng € N such that

lpin| < CR™0P™  for n > no, (2.4)
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and we denote j € GP.
Remark 9. It is well known that (2.3) in Definition 8 is equivalent to the inequality
1fall, < CR™(n))?  forn > ng

which, in turn, implies the series Y~ {:L,()GB) e" converges in A, with positive radius of convergence.

This remark makes a connection with the theory of Borel summability. If a series is Gevrey,
under some extra conditions, the Borel transform produces a function that is analytic in a sector
and the series is asymptotic to this function. See [CGGGO7], [Cos09].

Remark 10. The class of functions that around each point have expansions satisfying Definition 8
has received a lot of interest recently since those functions are related to many deep theorems of
Dynamical Systems (KAM, Nekhoroshev). Similar theories (e.g. hypoellipticity) also admit Gevrey
classes as natural reqularity.

This paper goes in a different direction. FEven if we start with an analytic problem — indeed
polynomial! — several objects of interest are only Gevrey. The phemenon that Analytic problems have
only Geuvrey solutions has appeared in other contexts in dynamics, notably in the study of singular
perturbations [CDRSS00], the regularity of attractors and fast-slow systems [FT89, CD91, Bae95].
Closer to us, in dependence on parameters of solutions of non-linear problems, [Sau92, Lin92],
dependence of KAM tori in the frequency [Pop00], or in the theory of parabolic manifolds [BHOS,
BFM17].

2.3.4. A property from number theory. In KAM theory, some number theoretical properties of
frequencies play an important role. We will use the standard:

Definition 11. For v, > 0, we say w € R? is Diophantine of type (v, ) if ‘62”“""“’ — 1‘ > vk
We denote w € D(v, 7).

2.4. Quasi-periodic orbits. A quasi-periodic sequence {x,},cz of frequency w € R? in a Eu-
clidean manifold is a sequence which can be expressed in terms of Fourier series.

T, = Z 627rik-wnj:k _ K(nw)
kezd
where K(0) = 3,70 €702y,

We can think of the function K as an embedding of the torus T¢ into phase space. If w does not
have any resonances (i.e. k-w # 0 for k € Z%\ {0}, which can always be arranged by reducing d if
there is one), then {wn},ez is dense on the torus. The map K is often called the hull function.

If x,, is an orbit of a map, z,+1 = f(x,) we see that K(nw + w) = f(K(nw)). Since {wn},ez is
dense, this is equivalent to

K0+ w) = f(K(9)) Vo € T¢ (2.5)
Hence, we see that the set K (T¢), the image of the standard torus under the embedding K is
invariant under f. So, it is customary to describe quasi-periodic solutions as invariant tori.

The problem of given a map finding a quasi-periodic solution of frequency w can be formulated
as finding an embedding K solving (2.5). The equation (2.5) will be our fundamental tool to
characterize quasi-periodic orbits.

2.5. Set-up of the problem. The invariance equation. In this section, we describe informally
the geometric set up and the geometric meaning of the formulation of our problem. The precise
formulation of the main result of this paper (Theorem 22) will be presented in Section 3.
We will be mainly concerned with an analytic family of maps f. , : M — M, such that
fe W2 = Ae)2
7



where ¢ € C is a small parameter, 4 € A C C? is an internal parameter (the drift parameter), and
Ae)=1—¢e~

A good example to keep in mind is the dissipative standard map presented in (1.1). Note that,
for ¢ = 0 and for each p, the maps fo, are symplectic because A\(0) = 1.

The main assumption in the main Lemma, Lemma 22, is that the map fy ,, has an invariant
torus in which the motion is a rotation of frequency w which is Diophantine (see Definition 11).
Note that the drift parameter, u, is chosen to guarantee the persistence of a quasi periodic orbit of
a given frequency w, so we also consider pu = p..

Following the discussion in Section 2.4 and, in particular (2.5), we see that finding a quasi-periodic
orbit for f; ,. is equivalent to finding families of embeddings K. and families of parameters ji. in
such a way that

Jepe 0 Ke() = Ko (0 4+ w) (2.6)

Equation (2.6) should be interpreted as, given the family f. , and the frequency w finding p., K-.
For this work, the sense in which (2.6) is meant to hold is the meaning of formal power series (the
coefficients of €™ on both sides of (2.6) are identical for all n, as it is customary in the study of
Lindstedt series).

Note that the equation (2.6) is highly underdetermined. If p., K. is a solution, changing 6 into

0+ 0., we obtain that p., K. is also a solution where K. () = K (0 + o). This change of variables
has the physical meaning of choosing a change of origins in the torus.

2.6. Automatic reducibility. As it is noted in [CCdIL13], a very useful property of conformally
symplectic systems is that solutions to equation (2.6) satisfy the so-called automatic reducibility,
that is, in a neighborhood of an invariant torus, one can find a system of coordinates in which the
linearization of the evolution has constant coefficients.

Lemma 12. Let f, : M — M, such that, f;Q2 = A2, and K : T¢ — M such that fuoK(0) =
K (0 4 w) with w an irrational vector. If N' = (DK TDK)™!, then, the 2d x 2d matriz

M(0) = [DK(0)|J " o K(0)DK (0)N(0)] (2.7)
satisfies
Df, o K(0)M(6) = M(6 +w) (Ig *i&?) (2.8)

where Id € R™*? and S(0) is an explicit algebraic expression involving DK, Df,, JoK, and, N.

The proof of Lemma 12 is given in [CCdIL13]. The argument is as follows, taking derivative in
equation (2.6) one has Df, o Ko(6)DKy(0) = DKy(0 + w) which gives the first column in (2.8).
The second column comes from the fact that the conformally symplectic property, f; = AQ,
implies that the invariant torus given by equation (2.6) is Lagrangian. Then, using the conformally
symplectic geometry the second column can be obtained.

Remark 13. As it is pointed out in [CCAIL13] if K is an approximate solution of (2.6), that is,
fuoK(0) — K(0+w)=: E(9) (2.9)

the relation (2.8) will hold with an error, R, that can be estimated in terms of the error, E(0), of
the invariance equation, that is

Df, o K(6)M(8) = M(0+w) (151 *i(fd)) + R(0). (2.10)
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with

S(0)=PO+w) DfoK(0)J Lo K(B)P(O)—N(O+w) T(0+w)N(O +w)A (2.11)
P(0) = DK (0)N(0),
I'0)=DK()"J 1o K(H)DK(H).
Moreover,
R(9) = [DE(©) [V(6 +w)(B(6) - \1d) + DK (9 +w)(3(9) - 5(0))] (2.12)
where
V(0)=J o KO)DK(HN () (2.13)
B(0) —AId=DK(0)"Jo K(§)DK(0)S(0) (2.14)
5(0) —5(0) = —N(6+w) ' T(0+ N (0 + w)(B(0) — A1d) (2.15)

We note that B — 1d is estimated by the norm of (2.9), thus R in (2.12) can be estimated by the
norm of (2.9) as it is shown in Lemma 37. The derivation of the formulas in (2.11), (2.12), and
(2.13) can be found in [CCAIL13].

Remark 14. Observe that when considering Ky, uo satisfying (2.6) and a perturbation K., pe
(which could be given in terms of formal power series), equation (2.10) is also satisfied by K., p.
but with all the expressions depending on € (small enough), that is,

Dfy. 0 KO0 = M0+ (g ) + R0

3. STATEMENT OF THE MAIN RESULT, THEOREM 18

In this section we state the main result, Theorem 18, which gives the Gevrey character of the
perturbative expansions of the solutions to equation (2.6). First we introduce a normalization
which guarantees the uniqueness of the solutions to equation (2.6).

3.1. Normalization and local uniqueness. The centerpiece of this work is the invariance equa-
tion

Jepe 0 Ke = Ko 0T, (3.1)
where T,,(#) = 0 + w. Note that if (K, u) is a solution of the invariant equation (3.1), then, for any
o €T (K oT,,u) is also a solution of (3.1), due to the fact that K o T, parameterizes the same
torus as K. So, in order to get uniqueness it is neccesary to impose a normalization condition.

Definition 15. We say that a torus with embedding K is normalized with respect to Ko when

[, 15 ©)0(6) ~ Kofo)] 8 = 0 (3.2)

where the subscript d indicates that we take the first d rows of the 2d x d matriz, and My is
constructed from Ky as in (2.7).

We also recall the following result ([CCdIL13], Proposition 26) which shows that this condition
can be imposed without loss of generality for solutions that are close to one another.

Proposition 16. Let Ko, K be solutions of (3.1) and || K —Ko||c1 be sufficiently small (with respect
to quatities depending only on M -computed out of Ko - and f). Then, there exists ¢ € R?, such
that K9 = K o T, satisfies (3.2). Furthermore,
o] < C|[K = Kol
9



where the constant C' can be chosen to be as close to 1 as desired by assuming that f,, Ko, and K

are twice differentiable, DK, DK is invertible and ||K — Kol|co is sufficiently small. The o thus
chosen is locally unique.

Remark 17. As it is noted in [CCdIL13] the normalization (3.2) works as well when K is only an
approzimate solution. Then, assuming that Ky is a solution of equation (3.1), the normalization
condition (3.2) for an approzimate solution of (3.1) given as power series expansion y > Kn(6)e™
1 equivalent to the conditions

/d [My ' (0)Kn(6)] ,d6 =0 (3.3)
T
for alln > 1.
3.2. Main Theorem. Here we present our main theorem, Theorem 18.
Theorem 18 (Main Theorem). Let w € D(v, 7). Consider the map f: T xR — T x R given by
fs,us (‘T7 y) = (517 + /\(E)y + e — 5V/(x)7 /\(5)?4 + e — Evl(x)) (3'4)
where AM(e) =1 —¢%, a € N, V(z) is a trigonometric polynomial, u. € C, and ¢ € C. Then, there
exists pg > 0 such that the following holds
(A) There exist formal power series expansions Ké[oo] = Z;‘;O Kjel and ,uLOO] = Z‘;’;O el
satisfying fe, 0 K = K(0 4 w) in the sense of formal power series. More precisely, defining
=N _ Z;'V:o Kjel and M(LSN] = ZN:O wied for any N € N we have

where Cy > 0. Moreover, if the K;’s satisfy the normalization condition (3.3), then the

expansions Kloo], u([goo} are unique.

£ e o KISV - KISV o,

< CylelN T (3.5)
]

(B) The unique formal power series expansions, Ka[oo] and ML"O], satisfying (3.5) and the nor-

malization (3.3) are such that K> ¢ gﬁg/a and (> € G2/ i.e., there exists constants
L, F, Ny such that

[ Knll ,, < LE"n7/em  and  |pn| < LF "7/ for any n > Ny. (3.6)

The proof of Theorem 18 is an easy consequence of Lemma 22. Proposition 55, given in the
Appendix, shows the hypothesis of Lemma 22 are satisfied for maps of the form (3.4). Lemma 22
states the same results as Theorem 18 but in a more general setting.

Remark 19. It is instructive to compare the results in Theorem 18 with the numerical explorations
of [BC19] (see also [BC]). In the case that A(e) = 1 — &3 and w is the golden mean, Theorem 18
gives that the expansion satisfies the Gevrey bounds with exponent 2/3. Of course, Theorem 18
gives only an upper bound and lower exponents could also be true. The numerical results in [BC19]
and [BC] lead to the conjecture that the expansion > Kne™ has some well defined asymptotics

K}/ ~ Cn® (3.7)

with a slightly smaller Gevery exponent, o =~ 0.3. The asymptotics (3.7) is compatible with the
results in Theorem 18, but suggests that the results in Theorem 18 are not optimal. We call at-
tention that [BC19] contained an unfortunate typo and the results attributed there to | K,||/™ are
actually results for |n\K,||*/", this is corrected in [BC]. The paper [BC] also presents several other
patterns in the series (refined versions of (3.7) including oscillations of period 3, studies for other
Diophantine numbers, etc.) We hope that the method presented in this paper can lead to studies of
these phenomena, hitherto discovered only through numerical implementation.
10



We think that the argument in Theorem 18 can optimized to lower the Gevrey exponent and get
closer to the numerical values, but, since the method of proof is rather novel, we decided to follow
the advice “Premature optimization is the root of all evil” [Knu98|, and present the argument in
its simplest form so that it could, perhaps, be applied to other problems.

For the sake of completeness, before stating the main Lemma we will state a Theorem in
[CCAIL17] which assures the existence of formal power series expansions satisfying (3.1) up to
any order for conformally symplectic systems.

Theorem 20 ([CCdIL17], Theorem 12). Let M = T9 x B with B C R? an open, simply connected
domain with smooth boundary; M is endowed with an analytic symplectic form Q.
Let w € D(1,v) and consider a family f., of conformally symplectic mappings that satisfy

f2,0 =), (3.8)

with € A,A CC% ANe)=1—-¢* a€NandecC.
Assume that for ¢ = 0 the family of maps fo, is symplectic and that for some value pg the
map fou, admits a Lagrangian invariant torus, namely we can find an analytic embedding Ky €

A, (T4, M), for some p >0, such that
Jouo © Ko = Ko o Ty, (3.9)

Furthermore, assume that the torus Ko satisfies the following hypothesis:
HND Let the following non-degeneracy condition be satisfied:

det <S° So(Bo)° +A°1> #0

0 Ag2
where the d X d matriz Sy is defined as
So(0) = No(0 + w) ' DEo(6 + w)D fue0 0 Ko(0)J* o Ko(6) DEo(6)No(0)
—No(@ +w)TDKy(0 4+ w)T' Tt o Ko(8 + w)DKy( + w)No (6 + w)
with N = (DKgDKO)_l, the d x d matrices /I()l,flog denote the first d and the last d rows of the
2dx d matriz Ag = (My o T,,) ™" (Dyfo i © Ko), where My is as in (2.7), (Boy)° is the solution (with

zero average) of the cohomology equation (By)? — Boy o Ty, = —(Agg)?, where (By,)? = Boy, — Boy
and the overline denotes the average.

Then, we have the following

(A) There exist a formal power series erpansions KPP = > %o Kjel and u[aoo} = >0 el
satisfying (3.9) in the sense of formal power series. More precisely, defining KFN] =
Zj’vzo Kjel and MLSN] = Zévzo wiel for any N € N and p > 0, we have

Hf6 e KN — gENT o TwH < Cyle/Nt. (3.10)
sHe pl

for some 0 < p' < p and Cn > 0.

Moreover, if we require the K;’s satisfy the normalization condition (3.3), then the ea-
pansions Kg[ool, ue[goo} are unique.
Note that Theorem 20 does not assume that the case € = 0 is an integrable system, as it is the
case for the map (3.4), it suffices that the case ¢ = 0 is a Hamiltonian system with a KAM torus.
11



Remark 21. Denoting

EN(O) = [ <ni o KEN(9) — KIEN(0 4 w) (3.11)

then (3.10) can be written as
|EY], < CnlelM. (3.12)
According to the notation introduced earlier, this means that EN ~ O (|e|N*1) or EYN = >Nt B =

for e small enough. We denote
2N
> B
j=N+1
the trucated series.

The following lemma, Lemma 22, can be considered as an improvement of Theorem 20 in the

sense that it gives Gevrey bounds for the coefficients K, j1; of the unique (under normalization)

formal power series expansions KE[ ], MLOO].

Lemma 22 (Main Lemma). Assume the hypothesis of Theorem 20. Assume also that for any e,
small enough, and for any N € N we have:

HTP1 Eég’QN], AZ\,[Z are trigonometric polynomials in 0 of degree at most aN, a € N. Where

Egg’QN], szz denote the d x 1 and d x d matrices, respectively, given by taking the last
-1
d rows of the 2d x 1 matriz EéN 2N (Ma[SN] oTw) EE(N’zN] and the 2d x d matriz

- ~1
AN = (ME[SN] oTw) Dy f. yi<m OK&[;SN], respectively. ME[SN] is as in (2.7) constructed

from Ke[SN}.
HTP2 The d x d matrix

EX () = DEEN(0 +w) " o KIEM(0 + w) DEIEN(0 + w)
— D(f. <m0 KEN(0)) T T o (f. e 0 KIENI(0))D(f. <m0 KIEN(9))  (3.13)

s a trigonometric polynomial of degree at most alN.

Then, there exist pg < p' such that the unique formal power series erpansions, Klm] and ,U,Loo],

satisfying (3.10) and (3.3) are such that K1 ¢ gﬁg/“ and pl>®l € G2/ i.e., there exists constants
L, F, Ny such that

[Enll ,, < LE"nC7/o  and  |pn| < LF "7/ for any n > Ny. (3.14)

The proof of Lemma 22, given in Section 6.2, is done by means of a Newton like method which acts
on finite powers series expansions (K{LSN], MLSN]), this method is described in the next section. We
emphasize that this quasi Newton method takes advantage of the conformally symplectic property
(see Definitions 1) that maps like (3.4) satisfy.

We also point out that hypothesis HTP1 and HTP2 are very natural for the maps considered
in Theorem 18. The verification of these hypothesis for the dissipative standard map is described
in detail in Proposition 55 of the Appendix. In the general setting in which Lemma 22 is stated,
the hypothesis HTP1 and HTP2 are needed to be able to get estimates, in balls with center at
the origin, for the solutions of the linear equations of the quasi Newton method.

12



3.3. Asymptotic estimates for invariance functions. The formal power series studied in this
paper are asymptotic expansions of functions K., . constructed in [CCdIL17]. The functions
K., u. are determined by the condition that they satisfy the invariance equation (3.1) and the
normalization (3.3). In this section we argue that the same method we use to prove the Gevrey
estimates also shows that the formal series defined here are asymptotic to the functions K., u. with
very strong estimates in the remainder, see Theorem 23.

We emphasize that the functions K., . are not constructed out of the asymptotic expansions
by complex analysis methods (Borel summation, resummation of series). They are obtained from
the requirement that they satisfy the invariance equation (3.1) and the normalization (3.3). It is
an interesting open question whether some resummation of the asymptotic expansions studied here
can produce the functions K., p..

The domain of definition of the functions K, y. is rather subtle. In [CCdIL17], it is proved that
the domain of definition of K., y. contains a set G obtained by removing sequence of balls that are
dense on curves converging to the origin, in fact, it is rigorously showed that G is a lower bound on
the analyticity domain of the functions K., u.. We also point out that the set G does not contain
any ball centered at the origin. Indeed, the set G does not contain any sector centered at the origin
of width bigger than 7/, thus the width of the domain is not enough to apply many methods of
complex analysis related to Phragmén-Lindel6f theory. In the other direction, the paper [CCdIL17]
contains arguments showing that for generic perturbations one should not expect that the domain
of analyticity contains the excluded balls (if the perturbation happens to be identically zero one
indeed obtains a larger domain). The paper [BC19] studies numerically the maximal domain of
definition of the functions K., u. for the map (3.4) using a variety of methods including Pade
summation and continuation methods. Indeed [BC19] conjectured that the series were Gevrey and
this was an important motivation for this paper.

The set G is determined by asking that () satisfies a Diophantine condition with respect to w,
more precisely, defining

p=v(Nw,T)= sup |eXTRY _\[THk|TT (3.15)
kezd\ {0}

one has
G=G(4w,m,N)={ecC: p(\w,7)A(e) - 1V < A}. (3.16)

The basic idea to prove the existence of the functions K., u. is as follows: The formal power
expansions produces a sequence of polynomials which satisfy the invariance equation (3.1) rather
approximately in a ball. In the intersection of the ball with the set G, we can apply the a-posteriori
theorem, Theorem 14 in [CCdIL17], and obtain a true solution of (3.1). Of course, the detailed
implementation requires taking into account several other issues such as the absence of monodromy.

In this paper, we will use a very similar technique. As as byproduct of the estimates used in the
proof of Lemma 22, we obtain that some truncations of the formal expansion satisfy the invariance
equation up to a very small error in appropriate balls. Then, in the intersection of the balls with
the set G we will be able to apply Theorem 20 in [CCdIL13].

More precisely we have:

Theorem 23. Assuming the hypothesis of Lemma 22 and n € (2"Ng, 2" No] NN, then for any
0 < d < po the asymptotic expansions in Lemma 22 satisfy

n
swp || SO KGel — K| < (U v2hOmsdnt 2N ) (D) gy DN | pho |
e€G,lel<An+2 || =1 s
pPO—
(3.17)
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where C and C are uniform constants and U = Cy—1p=1§=2(7+d) 'y = C’V_3(aNo)QTpa(T+3d)22T+6d,
D=uv" (CLN ) (2T+6d)2 (4T+12d)} r—=9- T/a B = 267‘-{-6(1’ and A Ap = ( _1V)1/a(a2hN0)_T/a.

Note that (3.17) can be understood as having super-exponentially small errors in domains de-
creasing exponentially fast. It is also important to note that almost all constants in (3.17) are given
explicitly. The proof of Theorem 23 is given in Section 6.3.

4. ITERATIVE STEP OF THE QUASI NEWTON METHOD.

The KAM procedure for the proof of Theorem 22 is based on the application of a quasi Newton
method, which is described in Section 4.2. Before describing this procedure we introduce two types
of cohomology equations that allow us to solve the linear equations, and obtain estimates, of the
modified Newton method. The estimates for each step of the method will be given in Section 5

4.1. Estimates for some cohomology equations. The iterative step described in Section 4.2
depends on the solution of two cohomology equations. The first equation, (4.1), is very standard
in KAM theory. The estimate given in Lemma 24 is well known for the experts in KAM theory, we
have decided to include a proof here for the sake of completeness. The second type of cohomology
equation we consider, (4.3), it is more complicated to study due to the fact of the appearance of
the factor A(¢) = 1 —&®. This factor introduces some restrictions in the set of parameters, ¢, for
which we are able to obtain estimates.

4.1.1. Standard cohomology equation. The first cohology equation we deal with is the following

Pe(0) — (0 +w) = n(0) (4.1)
Lemma 24 below, gives sufficient conditions to solve equation (4.1) and to obtain estimates of its
solutions. This estimates are very standard in KAM theory.

Lemma 24. Let w € D(v,7). Assume that n € A,, is such that [p4n-(0)d§ = 0. Then, we can
find a unique solution of (4.1), e, that satisfies [pq pe(0)d = 0. Moreover, if for any 0 < 6 < p
we have ¢ € A,_s,, then

||90Hp—5,r < CV?I(S () ”n”pv’
With C = C(d). Furthermore, 1. ~ O (|e|¥) implies . ~ O (|e|¥).

Proof. Expanding in Fourier series the solution to (4.1) is given by ¢z (0) = 3 _1cza\ 03 1_1%62”““'9.

Tik-w
Then, using Cauchy estimates one obtains

\ﬁk k-0
||805H -6 < Z 62771/]<;w| H 2 H
p—30
kGZd\{O}
< Z I/_1|k“7— ||77€Hpe—?w\k|pe27r(p—5)|k|
kezd\{0}
< COp! HnEHp Zj7‘+d+1627r6j
JEN
< Cr D g (12)

The last line gives . ~ O (|e[*) if n. ~ O (|e|*) and taking supremum over ¢ the result is proved.
U

Remark 25. Equation (4.1) appears very often in KAM theory. When € € R, the paper [Rus75]
contains estimates with a better exponent on §. That is, in the same situation of Lemma 24, when
e €R, one can get [|pe p—s < CvOT[|ne|,-
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4.1.2. Parametric cohomology equation. The second cohomology equation we are interested in is
an equation for ¢, : T — C, of the form

AE)pe(8) — ¢ (0 +w) = n(0) (4.3)

where 7, : T¢ — C and w € R? are given, ¢ fixed.

Note that, as it is seen in Lemma 27, solve equation (4.3) presents a small divisors problem. In
this case the small divisors depend on the variable ¢, that is, equation (4.3) is not expected to have
a solution when \(¢) = >, One approach that has been used to deal with the small divisors in
equation (4.3) (see [CCdIL13]) requires to remove a set from the complex plane, ¢ € C, where the
denominators A(¢) — e*™*“ are small. This gives rise to a set with a complicated structure, G C C,
of parameters, £, in which is possible to find a solution, and estimates, of equation (4.3). One of
the properties of the set G described in [CCdIL13], is that it does not contain any ball with center
at the origin. This property is one of the reasons for which we follow a different approach to deal
with equation (4.3), to prove the Gevrey estimates in Lemma 22 we rely heavily on being able to
obtain estimates of (4.3) for € in a ball centered at the origin.

The following two Lemmas allow us to obtain estimates in balls centered at £ = 0 for the solution,
©e, of equation (4.3) whenever 7. is a trigonometric polynomial. If the degree of the trig polynomial,
Ne, is alN, Lemma 26 gives a relation between this degree and a domain in which the solution, ¢,
of (4.3) will be analytic in .

Note that the requirement of hypothesis HTP1 and HTP2 in Lemma 22 is due to the fact that
the quantities given in these hypothesis will be the right hand side of equations of the form (4.3).

Lemma 26. Let w € D(v,7), Me) =1—¢% a>1, and a, N € N. If || < (%)1/(1 W, then,
for |k| < aN we have

A v 1
A _ 2mikw > 2
(e) —e ~ 2(aN)T
Proof.
ik ik v v 14 1% 1
|62 1kw_)\(€)|2|62 'Lkw_1’_|1_>\(6)|2 |7_‘€|a2 _ = —

|k (aN)™  2(aN)™ 2 (aN)T

Lemma 27. Let A(e) =1—¢%, a>1,w € D(v,7); a, N € N, and define

w= ()"

Let n € Apy such that [141:(0)d0 = 0 and assume that, for any e, n:(0) is a trigonometric
polynomial of degree aN in 6. Then, for any |e| < yn equation (4.3) has a unique solution, (),
such that [rq pe(0)d0 = 0. Furthermore, if for any 0 < 6 < p we have p € A,_5y . then,

— Ts—d
llp—sy < Cv™H(@N)T 0= ll -

Moreover, if n. ~ O (|e|¥), then @ ~ O (Je|*).
Proof. Expanding 7. in Fourier series as n.(6) = ZO<|k|<aN i (€)™ k0
by B

a solution to (4.3) is given

_ Mk (€) 2mik-0
pe(0) = D o) — et
0<|k|<aN
15



Using Lemma 26 and Cauchy estimates, one obtains that for any |¢| < vy

|77k (£)] 2rik-0
lecll,s < > M(g)_e%mHem H

0<|k|<aN p=0
<20@N) vt Y ()] M)
0<|k|<aN
Q(GN)TI/_l Z H77€|| e—27r|k\p€27r\k:\(p—6)
p
0<|k|<aN
aN ‘
< 2aN)v el Y 5 e
j=1
< v aNY 5 el (1.4
Thus, [loll,_5.x < Cv~'(aN)"0%|n],.,,- The last claim comes from (4.4), that is ¢. ~ O (|¢|")
if 9 ~ O (le]®). O

4.2. Formulation of the quasi Newton method. Every step of the quasi Newton method starts
with a solution of equation (3.1) up to order eV, That is, assume that

N N
KE[SN} (9) = Z Kn(e)gn, :U’z[-:SN] = Z,ung"
n=0 n=0

satisfy the normalization (3.3) and

£ gzm o KENO) — KIEN(0 + w) = BN (0)

€
with
HEéVHp < Cle|N L.

Remark 28. The first step of the Newton method could start with K1=Nol, ,u[SNO}, given by Theorem
20, for some Ny.

[<N] [<N]

Newton’s method consists in finding corrections A, p. to Kz and pe ' such that the linear

]

approximation of equation (3.1) associated to Kg[<N + A, L<N] + 0. reduces the error up to

quadratic terms. Taking into account that
fepta © (K +A) = fepo K+ [Dfeo K] A+ [Dyfep o Klo+ O(|AI?) + O([lo]?)

the Newton equation is

Df, e o KiSN]] Ac=AcoTy+ |Duf om0 Ka[SNq 0. = —EN. (4.5)

Equation (4.5) is not easy to solve due to the fact that D f o pl=N] oK¢ <N 5 not constant. Following an

approach similar to that in [CCdIL13], we will not solve (4.5) exactly but we will find approximate
solutions that will reduce quadratically the error. The idea is to approximate the solution of (4.5)
using the geometric identities introduced in Section 2.6. Considering the change of variables

A, = MENW, (4.6)

[<N]

where M[— Vs as in (2.7) computed from Kz Using (2.10) one obtains that (4.5) is equivalent

to

[<N] Id S[<N] [<N] N [<N]
MEN T, | () (1) We = Weo L +<DufE,ML§N]OK€— )ng—EE ~ RENMW,  (4.7)
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where REM s the error (2.12) and SEM s given in (2.11), both computed from KN That is
MIEN = [DKE[SNl | 77 o KIENIDKIENINIENT] © 0(Je]%) (4.8)
SCLSN] _ P&ISN]TDfuLSN]’E o Kg[gN]J—l o KE[SN]P(;[SN] _ A(E)NE[SN}TFLSN]N&[SN} ~ O(|5\O) (4.9)

T -1
N;SM;[(DK;SM) DKE[SN]] ~ O(|e]%), (4.10)
PISN = pRISNIAISN]

TN = pg[ENIT j=1 6 KISN pgIEN) (4.11)

Since we expect both W, and REM 40 be estimated by EX, see (5.5) and (5.15), the term W, REN
is quadratic in Eév , thus, we expect that omitting this term in (4.7) will not change the quadratic
nature of the method.

In order to be able to get estimates of solutions of cohomology equations of the form (4.3) instead
of considering the whole error EY = E —N+1 Eje’ we only consider a truncation of this series, that

(N2N] _ 2N
is, we only consider E => i=n1 EiE

Taking the above into account our quasi Newton step consist in solving the following equation

<N Id S[SN] N N.2N
M ]OT”KO A(Z)Id)WE_WEOT“] (Duf, e 0 KIEN ) 0o = BN (4.29)

Remark 29. The election of the truncation EE(N’ZN] in (4.12) has two very important implications
for the proof of our result. The first one is that this will yield a new approximate solution which
reduces the error quadratically, as a function of €. Moreover, our model example, the dissipative
standard map (1.1), will satisfy hypothesis HTP1 and HTP2 in Lemma 22 due to the fact that
the truncation is made. See appendix A.

In order to construct a solution of equation (4.12), we follow a similar approach as in [CCdIL13].

Defining
BN (M[SN

£

-1
lo Tw> EW2N] L 0|V (4.13)

~ —1
AN = (ME[SN] o Tw) Dyf. <m0 KEN ~ O(le]’) (4.14)

and writing EWNANT = (E(A{QN} E’(N’2N])T where E(N’ZN] nd E(N’QN} are the first and last d rows

of the 2d x 1 matrix E’E(N’2 ] Similarly, write AN (Aévl, AN ,) | and W, = (Wen, WE’Q)T. Then
(4.12) can be written in components as

)

Wy = Weg o Ty = —SENW. o — E*M - AN o, (4.15)
ANEWez — Wepo T, = —ENM — ANy0. (4.16)

Denoting W, ; as the average of W, ;, with respect to 6, and (VVW)0 =W, —Wey, 1 =1,2; we can
divide the system above into two systems, one for the average and another one for the no-average
part, that is

0 = —SENG - SN2 — B - AN,

(N 2N]

Weo = —E; Ag 50e (4.17)
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(Wer)? = (Wen) 0 Ty = —(SIENMW. 5)0 — (BUNM)0 — (AN))%,

€,1
ANE) (W)’ — (We)? o T, = —(EL2NN0 — (AN,)00.. (4.18)

In order to uncouple systems (4.17) and (4.18) we consider (W 2)? as an affine function of o., due
to (4.18). That is,

(W&Q)O = (Ba,a)o + (Bb,s)oa'a (4.19)

where (B,:)? and (By.)? are defined as the solutions of
AE)(Bae)’ — (Bae)° o T, = —(EL N0 (4.20)
A(e)(Bb,a)O - (Bb,a)o oT, = _(Aé\é)o. (4.21)

Due to HTP1, and applying Lemma 27, equations (4.20) and (4.21) can be solved and we can get
estimates in balls with center at ¢ = 0. Once that (4.20) and (4.21) are solved, and using (4.19),
system (4.17) can be written as

I T B e e
£31d AN, oe — gy ‘

Remark 30. Due to HND in Theorem 20 the matriz in the left hand side of (4.22) is invertible
at ¢ = 0. By the continuity of the determinant, equation (4.22) can be solved for e small enough
and the inverse is analytic in €.

Thus, (4.19) and (4.22) yield 0. ~ O ([e]"™) and W.o = (We2)? + Weg ~ O ([e]V ). It
remains to find Wy 1, this can be done by solving the equation

(We)® — (Wer)® o Ty = —(SENW, )0 — (BUP?0 — (A0, (4.23)

which can be done due to Lemma 24. To fulfill the normalization condition (3.3) and obtain
uniqueness of the coefficients of the perturbative expansions, W, i is chosen as

-1
W&l:—( / M5 (0)DEI=N] d9> / M5 (0) (DEEN(W.0)° + VIEMW,, )| a
Td d Td d
(4.24)

where VIEN = j-15 KFESN}DKFN]N&[SN} is the second column of the matrix Ma[SN}, see Remark
17.

Remark 31. Assuming that KE[SN] satisfies the normalization (3.3), then the new approximation
KE[SN} + A will satisfy (3.3) if the correction satisfies
My (0)A(6)d6 = 0.
Td
Since A. = MIENW. = DKENW. 4 VMWL, = DEREN (W 1)0 + W) + VSN o, (4.24)

follows from the fact that [y [MO_IDKE[SN]WSJLM = [ [M(;lDKlﬁN]LdQWEJ. Note that

the d x d matriz [ [MO_I(H)DKg[SN}(Q)]ddG is invertible, for e small enough, due to the fact

that DK&LSN](H) is a perturbation of DKy(0) and [Mgl(H)DKO(G)}d = Iixq, because My(0) =
[DEo(0)[Vo(0)]-
18



This yields, W1 = (W21)? + Wi ~ O (|e|¥ 1) and thus

A, =MENw, ~ 0 (le[™*)  and 0. ~ O (|gNT). (4.25)

which means that A, = 3> v | Aye™ and 0. = > 22 . 0,e”. Finally, we take the corrections
as

2N 2N
AgN’QN] = Z Ape™  and aéN’QN} = Z one™. (4.26)
n=N-+1 n=N+1
Therefore, the new approximation is chosen as
KISV 2 KISN] f AGV2N] apq <2 ISV (V2N (4.27)

Remark 32. Notice that, due to Lemma 27, the solutions of (4.20) and (4.21) will satisfy (Baz)? ~
N+1 0 0 (V2N]0 N+1 AN )0 0

O(le|¥7) and (Bpe)” ~ O([e]”), because (E; 5™ )" ~ O(le|* ) and (AZ)" ~ O([e]”). Moreover,

(4.22) implies that W.o ~ O(|e|NT1) and 0. ~ O(|e|NT1). Thus, W.a ~ O(|e]N L) and similarly

Wi ~ O (le|]NTY) which implies Az ~ O (|e|NF1).

4.3. Algorithm for the iterative step. The procedure described above leads Algorithm 33 for
a given Diophantine vector w and assuming that we are given an analytic family f; ,.. Some steps
in the algorithm are denoted as p < ¢, meaning that the quantity ¢ is assigned to the variable p.

Algorithm 33. Given KE[SN} T — M, ,u[ESN] € RY. We perform the following computations:
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—

Eév — f8 [<N] O KE[SN] — KE[SN] oT,

EE(N’2N] obtained from EN by truncation

a. « DKV

N, [a;raa]_l

Vo e J Lo KEN o N

M. + [ae|Vi]

/88 <~ (Ma o Tw)_l

FONAN] 5. FV2N]

P. «— a.N;

I, « a;—J_l o E[SN}OZE

Se = (P-oT,) T Df e _o KEM =10 KNP, — \(e) (WL o T,) T2 0 TL(Nz 0 To)

A+ PeDpf i=n1 0 KN

(10) (Baz) solves A(€)(Bae)® — (Bae)® o T, = —(ELy )0

(BM)O solves A(E)(Bb,g)o — (Bb75)0 oT, = —(A&Q)O
(11) Find We 2, 0. by solving

\]

NN AN NN S S N
© 00 ~J O Ot =~ W
S e S e e N N N SN—

Sia Sa(Bb,e)O + I,l <W5,2> _ _Se(Ba,e)O - Eé,]\ILZN]

e31d Ao e _ N
(12) (W5,2)0 = (Ba,e)o + (Bb,s)oge
(13) Wea = (We2)?+Weop ~ O (Jg|VH1) ] ]
(14) (We)© solves (We)® = (We)* 0 Ty = —(S:We)® — (B0 = (Aea)”
(15) Wer=-— (f?l‘d [M(;IQEL dH) de [M(;l (O‘E(Ws,l)o + VEWE:Q)L do
(16) WEJ = (WEJ)O + W571 ~ 0 (|€|N+l)
(17) Az < MW,
(18) KN I | AGRN

[<2N] [<N] (N,2N]

He — e + oe

It is worth to know that all the operations in Algorithm 33 could be implemented in a few lines
in a high level computer language.

Remark 34. Note that Algorithm 33 involves only algebraic operations, compositions, derivatives,
truncations, and solving cohomology equations. This implies that if we start with analytic functions
then the output will be an analytic function.

Remark 35. Note that at each step of the iterative procedure obtained by the quasi Newton method
the input will be polynomials of degree N in €, KE[SN} = 27]:[:0 Kpe™, and ,M[ESN] = ZT]:[:O wne™. The
output will be polynomials of degree 2N in € given by

KFzN} = KE[SN] + AgNQN] and MFZM = ,u,([fN] + UéN’QN].

Since, by construction, AgNQN] ~ O (|E|N+l) and aéNgN} ~ O (|5|N+1), the first N coefficients

K1, Ko, ..., Kn of the expansion of K!S2N1 will be the same coefficients of KI=N and they will not

change for any of the next steps. The same also happens for the coefficients of ,u,[ggmv}. This is a

crucial step for proving the main lemma, Lemma 22, since due to the fact that the coefficient up
to order N do not change after logy(N) steps of the modified Newton method, one can use Cauchy
estimates in the domains given by Lemma 27 after logs(N) steps to obtain estimates on the N
coefficient.
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Remark 36. 7o iterate the modified Newton method in Algorithm 33 it is needed that the new error
EE2N obtained using the new approximations Kg[SQN] = KE[SN]—i—AéN’ZN] and /L[ESQN} = M[ESN]—i—UéN’QN]
satisfies E2N ~ O (|5|2N+1). This is a consequence of the fact that the new error is quadratic in

the original error, as an expansion on €, and this is verified in Lemma 45.

5. ESTIMATES FOR THE ITERATIVE STEP.

In this section we present the estimates for the corrections given by the Newton step described
in Section 4, these estimates are obtained by following the steps in Algorithm 33. Throughout this
section we consider maps in the spaces A, . In the following we will be dealing with equations of
the form (4.3) which, accordingly with Lemma 27, can be solved if

e <= (g)l/a (aNl)T/a (5.1)

where aN is the degree of the trigonometric polynomial in the right hand side of (4.3).

5.1. Estimate for the reducibility error. The following Lemma provides an estimate for the

error in the approximate reducibility given by RLSN] as in (2.12) computed from KE[SN]. The

estimates are obtained by studying qualitatively the geometric identities introduced in Section 2.6
and taking into account the uniformity on the variable ¢.

Lemma 37. Let N € N, w € D(v,7) and f., : M — M be a family of analytic conformally
symplectic maps, with fZ,Q = Xe)Q, p€ A C Ce. Let KI=N ¢ Ay ~n such that KE[SN] T4 - M
is an embedding for any |e| < yn. Assume also that, for any |e| < N,

i) KE[SN] (Tz) C Domain(fe’#[ggw]) and that there exist &€ > 0 such that

d@(KﬁMCﬂ)ﬁDmmm@w@m)zg>o

He

dist (;LLSN},(?A> >&E>0
i1) The approximate invariance equation holds
fa,uFN] ° KFN] - KFN] Ty, = Eév ~0 (|5’NH)
i11)
V—l(aN)Td—(d-l—l) HEN|
iv) HTP2 The d x d matriz

o <1 (5.2)

EY.(0) = DEEN(0 +w) " o KIEM(0 + w) DKIEN(0 + w)

= D(f, i=v 0 KEV(@) T o (f, im0 KEN(O)D(f, <m0 KEN(8)) (5.3)

s a trigonometric polynomial of degree less than aN.

Then
RENT ~ OV (5.4)

and for any 0 < § < p we have

N - To—d N
wﬁwmmgw%mw(mwum] (5.5)

[SN}H

where C = C(d, | DK[SN}H | J o K[SN]H
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Proof. Writing R[ESN] in terms of KE[SN] as in (2.12) yields
REN(0) = [DEN (6) | VIEN(6 4 w) (B:(0) — Me) 1d) + DEEN0 + ) (S2(6) - S=M0) )|
with

VIEN(9) = 771 o KIENI(0) DEIN (0)N=N (6) (5.6)
B.(0) — Me)Id = —EY (0 + w)SEN(9) (5.7)
Se(6) — SIENI(9) = —NIEN(0 + w) TTEN(0 + w)NIEN(0 + w) (B:(6) — A(e) 1d) (5.8)
where
EY.(0) = DKIEN(0) T T o KIEN(0)DEIEN(6) (5.9)

is the pull back (KE[SN])*Q written in coordinates and T as in (4.11). We recall that J is the

matrix associated to the symplectic form, see Section 2. It is easy to estimate the first column of

‘[;N] using Cauchy estimates, that is

IDES], 5 < coH | EX,

To obtain estimates for the second column of RLSN}, due to (5.7) and (5.8), it is enough to get
estimates of EY . The estimate for E¥ is obtained using that f2,8 = Me)Q2. Note that Eg e =
(Kg[SN] oT,)*Q— (fs,uLSN] o Kg[SN})*Q in coordinates and, since (f_ Jey ng[SN})*Q = )\(Kg[SN])*Q,
we have that E]LV satisfies the equality

)

Ef. 0Ty — Ae)EL. = B (5.10)
Then, by Lemma 27 and HTP2 we obtain
N -1 —d || N
1EZ N, 5n < Cv HaN) 6 | EQ|, 55, - (5.11)

To get estimates for Eg , we follow [CCdIL13]. If h and g are smooth maps with range in M,
the matrix corresponding to h*Q) — ¢*Q is

Dh"JohDh—Dg"JogDg = (Dh" —Dg")JohDh—Dg'(Joh—Jog)Dh+ Dg'Jog(Dh— Dg)

Using this formula with g = fE SN © Kg[SN], h =K, 5[§N] o T, and Cauchy estimates one obtains

He

1],y < €7 122, (5.12)

p—08/2

which yields Eﬁz—:?Ef]XE ~ O (’€’N+1) and, then, RLSN] ~ 0O (|5’N+1) and

| r=N) < Cv M aN)y s~ @ |EN|| (5.13)
p_(S?'YN PYN

Note that when the matrix J is constant both HTP2 and the computations above are significantly

simpler than in the general case. O

Remark 38. We emphasize that, if Ko satisfies Ko o Ty, — fou, © Ko = 0 then DKy(0)TJ o
KoDKy(0) = 0 and Ko(T?) is a Langrangian manifold, see [CCdAIL13]. This implies that the
spaces Range(DKo(0)) and Range(J ' o Ko(0)DKy(0)) are transversal and this condition makes
My(0) a linear isomorphism. Note that if EY in (5.9) represents the error of the lagrangian
character of KE[SN}, then, if EY is small enough the spaces Range(DKFN] (0)) and Range(J ™! o

KE[SN}(G)DKE[SN] (0)) will be transversal and the matriz ME[SN} will define a linear isomorphism.
This transversality will be obtained if (5.2) is satisfied and it is given by (5.11) and (5.12).
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5.2. Estimates for the corrections. In this sections we obtain estimates for the corrections
AW2N] and ¢N2N] - this estimates are obtained by following the steps in Algorithm 33. First,
Lemma 39, we obtain estimates for the corrections A., 0. and then, using Cauchy estimates, we
obtain estimates for the truncations A2Vl (N:2N] -~ Corollary 40.

Consider C C C4/Z% x C? the complexification of M = T¢ x B.

Lemma 39. Leta € N, 0 < p <1, and § such that 0 < 20 < p. Assume that for any € € C, such
that |e| < n, f. =N C — C is an analytic conformally symplectic map with f* Q= A(e)S2.
e,

Assume also that KISNl € A, is such that KM TZ — C4/79 x C% is an embedding. Assume
also that for any |e| < yn we have the following:

i) KFN] (Tﬁ) C Domain(fau[gm) and that there exist &€ > 0 such that
dist (KEZ[.SN] (Tﬁ) ,8Domain(f57u[gm)) >&E>0
dist <ML§N], 8A) > ¢
it) HND. The following non-degeneracy condition holds:

<N <N N
qot (S5 SEN B+ AT L
S1d AN,

i1t) For any N € N, the matrices (Eég’2N])0 and (A%)O defined in (4.13) and (4.14), are

trigonometric polynomials of degree less or equal than alN.
Then, for any 0 < r <1 we have

W~ O (eN*Y), oo~ 0O (|1 (5.14)
-3 27 s—(743d) Ny
W, 5y < Cv3(aN)*76 g |E HMN (5.15)
and

lo.| < Cy_l(aN)Té_drNH | EX| (5.16)

Og| > — .

\€|SSuTF’)YN L—r PN

where C = O(d, [[DESN| MN[0V VM TN and TN s de-

fined in (5.20).

Proof. Given that (Eg(g’zN])O and (AQQ)O are trigonometric polynomials, by Lemma 27, (4.20), and
(4.21); B, and By satisfy the following estimates

B, < Cv~l(aN)767¢ HE(NQN])
Bally sy < CvHanysd B8V
< CvHaN)Ts 4 [EWNRN (5.17)
and similarly
-1 Ts—d N
”BbHP_‘sﬂ"'YN S CV (GN) 5 HA Hp,r’yN . (518)

Taking into account that Wy = (W2)? + Wy and (W2)? = (B,)° + a(Byp)?, to have estimates for Wo
we need estimates for Wy and o. Now, according to (4.22) we have

-1 ~
(Ws,2> _ (S‘LSN] S‘LSN](Bb,a)O‘FA?’[l) —S;N](Ba,a)o _ a(llf,2N}

b : (5.19)
O £31d AN,

~(N2N ’
—EG
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denoting

[<N] [<N] 0. AN
T = > 5 (Bli’a) T4 and  TVN= sup TN (5.20)
=l Aé\’[Q le|<rvyn

from (5.19) we have

o, [Wea| < T2V ( S(LSN}(BG’E)O +E§,A1[’2N]’ . ‘Eg,mv]’) ~ O (|e[NH) (5.21)
which yields o. ~ O ([e|V!) and W2 ~ O (|e[V*!) because (B,)? ~ O ([e|V ) and NN
O ([e[N).

Thus
ool Weal < 72 (|50 + [EYY)] + (B )

< o7 ([ Nepacrl, s+ [ B3]+ [EE])

for any 0 < 0 < p. Thus, using (4.13) and (5.17) we obtain

sup |We | < Cv~HaN)" 674 HE(N’QN}’ (5.22)
lel<ryn PN
sup |o.| < Cv~l(aN)7674 HE(NQN}‘ . (5.23)
le[<ryn PTIN
For (W2)? = (B,)? + o(By)? we have
0 0 0
H(W2) przs,rny < H(Ba) pré,r'yN + |6|S<L:EN |U| H(Bb) pré,r'yN
< Cv~Y(aN)T574 HE(NQN]‘ + Ov2(aN)2T 6~ HANH HE(N,QN]’
PTYN PTYN PTYN
< Cv2(aN)?T5—2 HE(N,QN]‘ '
PTYN
(5.24)
Thus, combining (5.22) and (5.24) we get
[Wally sy < Cv~2(aN)27872 || EOV2N) (5.25)
' PsTYN
The estimates for (W7)° come from (4.23) and Lemma 24, i.e.,
0
H(Wl) Hp—Qé,rvN
< oyl || sl=M| W + |[E0=| + sup o ||4Y]
< . I 2||p—6,7"’yzv I - \a\ng;N| | oG
<Cp—l5—(r+d) [HS[SN]’ y2(aN 2762 HE(N,QN])
N PyTYN PN
-1
+ H (M[SN}) HE(N,QN]’ i HANH ) v (aN)Tpd HE(N,QN]‘
D TYN PsTYN PTIN PsTYN
that is,
0 -3 27 s—(7+3d) || (V2N
V)| g5, < Cv(aN)?5 HE ‘ I (5.26)
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Finally, the estimate for Wj comes from (4.24), that is

sup [Wor| < C ([0, g + 1W2ll,5m )

le|<ryn

< Cv=3(aN)?r o= (T34 || p(V.2N]| (5.27)

PTYN ’

Putting together (5.25), (5.26), (5.27), and using the Cauchy estimates in Corollary 5 yields the
claimed estimate for W. O

Corollary 40. Assuming the hypothesis of Lemma 37 and Lemma 39, for any 0 < § < p and
0 <r <1 we have

rNJrl
< CI/_3((LN)2T5_(T+3d)

A(N’ZN]H — || EY 5.28
H p—6 YN (1 _ 7"1/2)2 H Hp,ﬂ/N ( )
N+1
sup ‘O-(N,2N}’ < CVﬁl(aN)T(S*dTi HEN (529)
el <y | - (1—ri/2)2 PN
Moreover,
3
(2N,00] -3 27 —(7-+3d)7427 N
Jaevas] < evtan e T BN (530)
3N+1
sup ‘U(ZN,OO]’ < Cl/fl(aN)T(Sde HEN| (5.31)
e[ <ry | - (1—ri/2)2 PN

Proof. Using the Cauchy estimates as in Corollary 5 and the estimates in Lemma 39 one obtains

Jaevesl] < Iy
p—sr2yy — (1—1) P=OTIN
F2N+1 PN+
<C — V_3(GN)275_(T+3d)ﬁ HENHpﬁN
—C a2 -3 27 s—(7+3d) || pN
=00 1")2]/ (aN)“"o HE Hp,'yN
and
sup ‘U§2N’Oo]‘ < e sup |o|
lel<r2yy e
p2N+L N
< ﬁCV (aN)"o T—r HE Hpmv
F3N+2
- cwl(aN)Ta*d(l e HENHMN
The other estimates are obtained similarly. O

5.3. Non-linear estimates for the quasi-Newton method. The quasi-Newton procedure in
Algorithm 33 can also be described using a convenient operator notation. Defining the error
functional

EKe pie) = fep. o Ko — K. 0T, (5.32)
and assuming A and o are small enough, the Taylor expansion of E[K + A,y + o] is given by
S[K + Av H+ J] = S[Ka M] + Dlg[Kv M]A + DQg[Ka M]O’ + R[A?O—; K7 M] (533)
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where the Frechet derivatives are given by

DiE[Ke, pe]Ae = (D fep. o K) Ar — Ao T, (5.34)
D& K., peloe = (Dyfep. 0 Ke) oc (5.35)
and R is the remainder of the Taylor expansion. Note that &£ [KE[SN],ALLSN]} = Eév , with this

notation the classic Newton method would consist in finding a correction (AéN’QN], ugN’QN]) such
that

EIKIEN =N 4 Dy E[RIEN, pSVAWNN 4 Dog[KIEN plsVg (V2N — g, (5.36)

£

As it was explained before, in Section 4.2, the corrections we construct with Algorithm 33 do not
satisfy (5.36) but they solve an approximate equation (4.12). The following Lemmas give estimates
for the error functional evaluated in the corrected unknowns. First, Lemma 43, we give estimates
for the error E[K ENT LA, pl=N 4 o] and then, using Cauchy estimates, we obtain the estimates for
the error evaluated in the truncated corrections, E[K[EN 4 AN [SNT 4 (V2N - Proposition
45.

Remark 41. We emphasize that to be able to compute E[K + A, i+ o] we need both A and o to be
small enough, so the compositions in (5.32) are well defined. In particular A and o need to satisfy
A, |o] < & and we need to choose the domain loss. In Section 6, Lemma /9, we give smallness
conditions on the initial error which will guarantee that the compositions will be defined at any step
of the iteration. This is very standard in KAM theory.

Lemma 42. Assume 0 < r < 1 and 0 < § < p. Then, under the hypothesis of Lemma 37 and

Lemma 39 one has

EIKEN W=V 4 Dy E[KIENT WEMIA, + Do [KEN, p=N) g~ O (1PN (5.37)

and

H EIKEN JEN 4 Dy e[KIEN JIENTA 1 Dog[KIEN, =N H

p—6,rYN
r2N+1 B - PN+1 9
< — HENHp,»m +Cv 4(aN)3r5 (T+4d+1)1 — HENHMN

(5.38)

Proof. Note that with the operator notation introduced at the beginning of this section we have
E(KIEN =Ny = EN. Using (2.10) and taking into account that A, = MENW. and that W,
satisfies (4.12) we have
-1
= Eév + (Dfs,M[SN] o K,»;LSN]> Ac—A;oT, + <DM e,ul<N1 © KE[SN}> Oec — RLSN} (ME[SN]> A
+ RIEN) (Ma[ﬁfﬂ) AL
[<N]

Id S -1
= Eév +M€[§N] OTw (0 )\(65) Id> (M&[SN]> AE - AE OTw + (DH 57#[§N] OK{;[‘SN]> O¢
1

+ RIEN] (M;SN])_ A,
= pN — gWVANT  RISNTyy, (5.39)
— E€(2N,OO] + R([:-SN]WE ~ O (|€|2N+1)
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where E€(2N’°°] = 220:2 N1 Ene™. Note that the order of € in the last line follows from the definition
of E@N20l (5.4, and (5.14).
Then, using the Cauchy estimates of Corollary 5, Lemma 37, and Lemma 39 one obtains

Hg[K[SN]’M[SN}] +Dlg[K[SN]’M[SN}]A+D25[K[§N]’M[SN1]UH

p_67T’YN
< || E@N.o] H HR[SN] H W
ol i R L NP P
T2N+1 N 4 3 (r+4d+1) ,,,.N-I—l N2
- T S—(T
S 1_T HE Hp,'yN—i_CV (CLN) 6 ﬁ HE HP,’YN

O

Lemma 43. Assume 0 < r < 1 and 0 < § < p. Then, under the hypothesis of Lemma 39 and
Lemma 37 we have
EEEN + A w=M 4 00) ~ O |V (5.40)

€
and

7“2N+1

N+1
|ert=™ A, =M 4 6 |BN|, ., +CrS(aN)irsCreod T pN| 2

p—6rYN 1—17r PYYN 1—17r PYYN
(5.41)
_ <N 2 <N 2 <N
uhere € = € (|DKIN, |02 e o KV [ DRge o k1Y) ).
Proof. Note that R[KE[SN],/;[ESN}, A.,0.] in (5.33) can be estimated using Taylor estimates for the

remainder, that is

IR, < € (A + lo-?) (5.42)

where C' is a constant depending on the norms of the second derivatives of f. ,, evaluated at KFN]

and ,uLSN} .

Since f;, is assumed to be analytic it is natural to expect the quantities HD2f“[§N] o K[SN]‘ ,

PyYYN

) y at
YN PO:’YNO PO,'VNO
the first step of the iterations. For now, we assume that C' is uniform constant. In Section 6,

Lemma 49, we give sufficient conditions on the initial error of the iteration that imply that C' can
be taken as an uniform constant during all the iterations.

Note that (5.42) yields R. ~ O (|¢|*"*2). This, together with (5.37), gives (5.40). Moreover,
taking sup with respect to € one obtains

HDqu[SN] ° K[SN}H to be close to HDQfM[SNo] o K[<No]
p

‘sz,u[SNo] o KISl

2
”,R'pré,r'yN <C <||AHp5,T’yN + sup ‘0’2>

lel<ryn

IN

’ el<ryn

2
C HM[SN] W _ + sup |of?
< oA ” Hp 0,ryYN | P ’ ’

T2N+2
<C (V—G(aN)47—5—(27'+6d) NHpmN

BV, + v a2 )
(1 — 7«)2 PTYN

(1—1r)2

F2N+2 )
< CVfG(aN)4T(57(27+6d) HENH
(]_ — ’)")2 PTYN
where in the third line we use the inequalities in Lemma 39. Finally, this inequality, Lemma 42,
and (5.33) give the result. O
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Note that the estimates above are done for the analytic functions A and o. It is only left to get
the respective estimates for the truncations A2Vl and ¢(V:2N] which are an easy consequence of
the Cauchy inequalities and are given in the following propositions.

Proposition 44. Assuming the hypothesis of Lemma 37 and Lemma 39, for any 0 < 6 < p and
0 <r <1 we have

EMKEN, =N 4 DI E[KEN, pENALYNT 4 Dog [RISN, plsMg V2N O (|ePMFT) - (5.43)

3 3

and

H SIKEN JEN) 4 DL g[KIEN W[ENAWEN | p,e[IEN] SN 5 (N.2N] H

p—0,mYN
-3 27 s—(7+3d) ra N —4 3T —(r+4d+1)7aNJr1 N2
< Ov @) s 1B+ O @)D T BN
(5.44)

Proof. Recalling the notation Aol = Y orear1 An(0)e™ we have that AW2N] L ACNool — A
Also remember that BN = E[K [<N] =N ]], then, using the linearity of the Frechet derivatives one

obtains
EURIEN, W) 4 DIEIKEN, pEN AN 2N 4 Dg ([N, =N 2N
= E[KEN WSV 4 Dig[KIEN, uENNAL + Do [ KIEM, =N o,
— Dy E[KIEN, Y[ENARN] D, e[SV [ [SNT] 5 (2N ,oc]
= S[KIEN, =N+ DLEIRIEN JEVIA 4 Do N, W=,
— (DS, e o KIENT) ACNS £ AGNS 0 T, — (D, ey KEN) o200

which implies (5.43). Moreover, using the relation above and the estimates in Lemma 42 and
Lemma 40 one gets

H EIKEN WEN) 4 D g[KIEN] JIENIAWN2N] | p el SN, u[SN]}U(M?N]H )
P—O,TYN
< Hg[K[SN]’u[SN]] + DI E[KIEN JIENA 4 DQg[K[SN]’M[SN]]JH )
P—O0,TYN

R T

P=OTIN el <ryn

NN —4 37 7(7+4d+1)rN+1 N2
|E HMN + Cv*(aN)>"6 e |E HmN
3 3

T2 N -1 ra 2 N
(1= ri/2y2 BN, +Cr(aN)p mHE |

r
<
1—7r

+ CVfS(aN)2757(7'+3d)

PYYN
3

FENH
< CV—3(QN)275—(T+3d)71/2)2 HEN|

N+1
(1 — + CV—4(aN)3T5—(T+4d+1)L HENH2

1 —7r PyYN

PyYYN
(]

Proposition 45. Assuming the hypothesis of Lemma 37 and Lemma 39, for any 0 < § < p and
0 <r <1 we have

£ [KIN 4 AN, =N 4 V2V 1 0 () (5.8)
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and

H E[KIEN] - AWN2N] [N U(NQN]]HP—M“”/N (5.46)
3 kl
r2

e P
, H(M[sm)—lu  IVEN|
PyYN

also depends on the norms of the first and second derivatives of f. , evaluated at KLSN

2

< CVfB(aN)%'(Sf(TJrSd) o

NH L C 76( N>4T57(2T+6d) PN HEN|
pn TV G (1 r1/2)d

where C' = C(d, HM[SN]H

DK[SN]HP ,T), the constant C

]

PN YN’ YN

and ,LLL—SN] .

Proof. The expansion (5.45) follows from using the same argument as in the proof of Lemma 43.
We also have

HR [ KISN [SN] A(N:N},g(mm] H

N—

P*éyr’YN
2 2
ol o
o pf(s:T'YN |5|Sr'yN
—6 47 s—(27+6d) 2Nt N2 -2 Y N2
<C (V (QN) 0 (1 _ 7“1/2)4 HE pr(S,r'yN +v (CLN) P (1 _ T1/2)4 HE pré,r'yN
Combining this estimate with (5.44) in Lemma 44 one gets (5.46). O

6. ITERATION OF THE QUASI-NEWTON METHOD.

We start this section giving the choice of parameters which quantify the loss of regularity at
any step of the quasi Newton method. Lemma 49 will guarantee that the Newton method is well
defined at any step. We note that we have loss of domain in both the variable on the torus, 6,
and the variable of the perturbation, €. In contrast with the regular KAM theory we end up losing
much more domain in €, so that at the end we do not have any ¢ domain.

6.1. The iterative procedure. We denote by h € N the number of steps of the quasi Newton
method. We consider

._ _Po o Po
5h = W and Ph+1 ‘= Ph — 5h Z ? for h Z 1, (61)

where pp denotes the radius of analyticity in the variable 6 at step h, that is, at step h we will be
considering functions in the space A,,. Note that pg = p’ can be the one given in Theorem 20.
Since at any step we double the number of coefficients of the Lindstedt expansions, we have,

Ny, := 2" Ny (6.2)

T = I = @Ua Wi)/ = @W <a2hN10>/a (6:3)

where a € N is the exponent in A(e) =1 — ¢, a € N, and Ny € N is a fixed constant to be chosen
later. Note that 7y, is the radius of the domain of analyticity in the variable € at step h, that is, at
step h we will be considering functions in the space A,, 5, . Also note that

The1 = 277/%F,. (6.4)
Denoting Ko := K=Nol and g := pl=Nol, for h > 1 we have
Ky, = KNl ANONT o ANl SN0l g (N T oy (N M (6.5
Furthermore, denoting

Ah = A(Nh7Nh+1] and Op 1= O'(Nh7Nh+1} fOI" h Z 0 (66)
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we have that, for h > 0
Kpi1=Kp+Ap and  ppy1 = pp + ope (6.7)

Finally, denote also

€p i — HE[Kthh]thﬁh = HENhHth:Yh (68)

dh = ”Ah”ph+1ﬁh+1 (69)

Vp 1= ||DAh||ph+1,’Yh+1 (6'10)

o s o] (6.11)
le|<An41

Remark 46. We emphasize the dependence of 4y, in Ny, note that 4, — 0 as N — oo (h — o0).
This implies that this quasi Newton method will not converge in any Banach space A,, 5, , because
the domains in € shrink to 0, however, at each step we get estimates in balls with positive radius,
Y. An analysis of these bounds will provide us with estimates of the coefficients of the expansion.

Note also that to start with eg < 1 we require Ng sufficiently large in the formal power series in
Theorem 20.

Note that with this new notation the estimates in Corollary 40 can be written as

Np,

A~ —(T+3d 1

dh < Chl/ 3(aNh)2T6h (r ) <27—/a> ep (612)
N,
< Gy~ (aNy)¥s; (7T R (6.13)
vp < Cprv™?(aNy)™" 9, 5r/a en .

. 1\
sp < Chl/_l(aNh)T(SI:d <27/a> en (6.14)
where Cj, is an explicit constant depending in a polynomial manner on ||My|| on A ‘Mh_ 1th 5

NN, 5,0 DK, 5, and Tp. Moreover, the non linear estimate (5.46) given in Proposition 45
implies
~ @riea) 1\ 2
— —(27
ent1 < Cpv G(GNh)4T(5h <27—/a) (eh + eh) (6.15)
= . . .. -1
where C}, is a constant which also depends explicitly on || M|, 5, ; || M}, thﬁh’ NG, 5,0 IDER, 5, 5
and Tp,.
Remark 47. In the following we will denote C' a constant depending on v, T,d,&, po, J_1|; and
. L -1 .

that is a polynomial in || Mol| ,, 5, - || M Hpoﬁo’ [Nl o500 DKl 5,0 and To. We will also denote

C}y, = max (C’h, C’h) .
In Lemma 49 , we give smallness conditions so that Cy, < C for every h > 0. Since we are
working with expansions near to (KI=Nol| y[<Noly it is natural to expect that the quantities HMthhﬁh’
-1 : -1
HMh Hﬂhﬁh’ HNhHﬂh,’m’ HDKh||Ph7'~Yh’ and Tp will be close to HMOHpOﬁO’ HMO Hpo,’yo’ HNOHPOﬁO’
||DK0HPO7%, and Ty, respectively. For now, we assume that C' is large enough, for instance C > 2Cj.
Here My, = MISN NG, = NISNWL D and Tr, = TN as in (4.8), (4.10), and (5.20).

Considering this uniform constant C' on (6.15), and taking Ny sufficiently large, yields e, < 1
for any h > 0, and inequality (6.15) implies

—(or 1 \ M
eni1 < CV*G(aNh)éLT(Sh (27464d) <27—/a> ep- (616)
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Remark 48. Due to Remark 47 and the definitions of o, pn, Np, and Ay; the inequality (6.16) can
be rewritten as

eht1 < Cu—6(QNO)4TPE(2T+6(1)2_(47+12d) <2h)67'+6d <2Tl/a>2hNo .
or
eni1 < CDB"? Mgy (6.17)
where

D— V_6(aNO)47—pa(27+6d)2—(47'—1—12(1)’ r—= 2—7’/a and B = 967+6d_

Lemma 49. Assuming that 23T 3)+10DBrNo < 3, Brio <1, N¥eg < 1, and

Cy—s(CLNO)27p6(7+3d+1)22r+6d+260 < 1.

Then, for all integers h > 0 the following properties hold:
(p1; 1)

HKh_KOH = SKKN(?TBQ <§
PhsVh

sup | — po| < LuNgeo < §
le|<Ah+1

with L = Cu_3a27pa(7+3d)227+6d and £, = Cv='a72%p; ¢
(p2; h)

ep < (C’D)hthr(Qh_l)Noeo

(p3; h)

C,<C

Remark 50. Note that by (3.12) we have eg ~ O(N(;(T/Q)NO), due to the fact that we estimate e
in a ball with radius vy ~ O(NJT/Q). So the assumptions on the smallness of Noeg are satisfied.

Proof. Note that (p1;0), (p2;0), and (p3;0) are trivial.
Let us now prove (pl, H+1), (p2, H+1), and (p3, H+1) assuming they are true for h = 1,2, ..., H.
Noticing that 2/ < 2/+1 — 1, for any j > 0, and assuming that Ny is large enough such that
31



23(d+7) 0D BrNo < 3 and Brio < 1, we have

| K1 — Kol

PH41,VH+1

H
3 (aN0)27p8(7+3d)227+6d Z 23(d+7’)jr2jN0 ((CD)ijzr(gj_l)No eo)
7=0

IN
Q

H
< Cy_g(aNO)QTpa(T+3d)227'+6d Z 23(d+r)j(CD)J‘BJ‘QT(W'H—l)Non
j=0

H
< CV*3(aN0)2Tp(;(T+3d)227+6d Z 93(d-+7)j (CD)j B2 No €o
§j=0

T

< CV—S(aN0)27p8(7+3d)227+6d60 Z (23(d+T)CDBTN0)J
3=0

< CV_S (GNO)QTP(; (T43d) 227+6d60
E KKNO%—GQ
Similarly,

sup  |pg —pol = sup  |oNON g o (NNl

lel<7H+1 lel<¥H+1

H
< Zsj < ZCA'jV_l(aNj)TéjdrNjej

H
=0

H

S Cyfl(aNO)Tpad22d Z(2T+d)j<cD)ij2r21N0€O

=0

u j
< Cv~HaNy)" py 2% eq Z (2T+dC’DBrN°)
=0

< CvH(aNo)"2%py e
S K#Ngeo.

Thus, taking Ny large enough, which makes eg small, we get {x N37eg < € and £,Njep < &.
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Since (p1; H + 1) is true, we use the estimate (6.17) given in Remark 48, which is a consequence
of the nonlinear estimates given in Lemma 45, that is

ens1 = |EKn + Apypin + o), = < CDBM?"Nog, (6.18)

Ph+1Yh+1 —

where D, B, and r are as in Remark 48. This yields,

ept1 < C’DBhrthOeh
< CDBM?' Yo ((CD)! B ~DNogy )

(CD)h+lBh2+h7.(2h+1—l)Noe

IN

0

< (CD)h+lB(h+1)2T(Qh“—l)Non

which yields (p2, H + 1). In order to prove (ps; H 4+ 1) note that

NG = Noll,, =, < C DKy — DK, - (6.19)
1My, = Mo, 5, < C DKy — DEoll,, 5, (6.20)
M =M, 5 < C DKy — DKol 5, (6.21)
|Tn = Tol < C | DK}, — DEoll, 5, (6.22)

where C is a uniform constant. The above inequalities come from the fact that Mj, N}, and Tp,
are algebraic expressions of DK}, Df. ,,, and D,f. ., ; see (4.8), (4.10), (4.9), (5.20). Then,

|DK 1 = DEo - HDA(N&NI] + ...+ DAWHNi]

PH+1,YH+1 PH+17’?H+1

H
dj <3 3 (an;)?ms, THD N,

< CV—?)(aNO)QTpa(T+3d+1)22T+6d+2 ZH: 9(3d+37+1)5,.29 No <(CD)ij2T(2j—1)NOeO>
§=0
- H .
< Cy,g(aNO)QTpg(THdH)227+6d+2 Z 2(3d+37’+1)j(CD)ijQT(QJH*l)No €o
§=0
H .
< CV—B(aNO)27p8(7+3d+1)227—+6d+2 Z 2(3d+3r+1)j(CD)ij2r23No €o
§=0

T

< Cv3(aNo)?p (T+3d+1 927 +6d+2,, Z (23d+37—+10DBTN0)j
=0
< CV—3(aNO)QTpa(T—i-Zid—i-l)227—+6d+2€0
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where the sum is bounded as in the previous estimates. Taking ey small enough, such that
601/*3(aNg)QTpg(T+3d+1)227+6d+260 < 1, we are able to verify (p3; H + 1) because Cp41 is an

algebraic expression of My, Ny, and Tg; and taking C > 2Cy, for example. ]

6.2. Proof of main Lemma 22. For the proof of the main Lemma we inherit all the notation
introduced throughout this section.

Proof. Note that Theorem 20 assures the existence of the Lindstedt series satisfying (6.2). That is,

given Ko € A, and pg € A C C satisfying fo ,, 0 Ko = Ko o T, and HND, there exists pg < p and

[<N] [<N]

power expansions Kz and pe ' such that

[ im0 KN~ REM o 7| < Ole

for any N > 0. This expansion is unique under the normalization condition (3.3).

It K[<N] and ML ] satisfy hypothesis HTP1 and HTP2 then, we can choose Ny such that
KI=Nol and ,u[ Nol satisfy the hypothesis of Lemmas 37 and 39. Also, Ny needs to be large enough
such that 23 +3)+1CDBrNo < 1 BrMNo < 1, (5 NZTey < €, £,NJeg < € and

CCv=3(aNog)*p (T+3d+1)227'+6d+2€ <1,

then Lemma 49 can be applied and this allows us to iterate the quasi Newton method described in
Algorithm 33. That is, we can construct the unique formal power series as follows

KIENo] 1 A(No,2Nol | A(2N0,2°No] . A(@"No2"HiNo]
& 3 3 3
MLSNO] + ,ugNO’QN‘ﬂ + N§2NO’22NO] 4+oa M§2hN0»2h+1N0] 4.

Note that by definition of 4;, we will have ), = 773y , where r = 2-7/® and 3¢ = 2~/ (aNy) 7/,
see (6.4). Before giving the detailed computations, note that 7, ~ (2hN0)*T/°‘ and if n €
(QhNo, 2h+1Ng] NN then

(’?h)in ~ (thO)C(T/a)2hN0 ~ nC(T/a)n.
Using this together with Cauchy estimates is expected to yield the Gevrey estimates. More precisely,
if n € (2"No, 2" Ny] NN, using Cauchy estimates, (6.12), and (p2; k) we have

[Knllee < Gnan) " [Anlleo 5,
( ) H h||Ph+1n7h+1
< (" i ) "dh
g( )~ —2 +1N°Ch1/ (aNh)275}:(T+3d)rNheh
< (r h+1z 0)~ 2" No 7, —3 <a2hNo) 2T pa(7+3d)2(27+6d)2(T+3d)h7,2hNo(CD)hBhZT(Zh—l)Noeo
< CV—3pa(T+3d)2(27+6d) (aN0)2T60<23T+3dCD)hBh2 (;m—2h+1N07,(—(h+1)2h+1+2h+1—1)N0
< CV—BPE(T+3d)2(27+6d) (aN0)2T€0(23T+3dCD)hBh2 (21/041/—1/04(aNO)T/a)2h+1NOT—(h2h+l+1)NO

R 2" N,
<L (23T+3dODB22/aV—2/aa27'/a) 0 (Ngr/a)QhNO(2r/a)(h2h+1+1)No
< [9(r/@)No 22" No (Ngf/a)QhNo (227‘/04)h2hN0
< LthNO (QhNO)(QT/a)thO

< Lan(QT/a)n
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where I: — CV—3pa(T+3d)227+6d(aN0)2T60’ F = 237—+3d+2/aCDBV_2/aCL2T/a, and I = ﬁ(27/a)No
The estimates for u, are obtained in a similar way. 0

6.3. Proof of Theorem 23.

Proof. Inheriting the notation from Lema 49, consider Ny sufficiently large such that the a-posteriori
theorem, Theorem 14 in [CCdIL17], can be applied. That is, Ny such that

sup HEéVOH < C(vo(Aw,7))? o4+, (6.23)
Eeg)|€|§ﬁ/0 p
where U(\;w, 7) is defined in (3.15). Then, following the discussion in Section (3.3) and applying
the a-posteriori theorem, Theorem 14 in [CCdIL17], one obtains

KFZhNO} - K. < Cvlo(w,7) 7620 qup

2" Ny
s ~ E7
po— e€G,|e|<Anq2

sup
e€G,le|<An+2

where G is defined in (3.16).
Now, considering n € (2" Np, 2"+ Ng] NN one has

PO

Klgn] . K K£§2h+1NO] - Agn’2h+lNO] . KE

sup
e€G,le|<An+2

< sup
po—0 e€G,le|<An+2

po—6

KE[SQhHNO] K. A 2" Ny

< sup

e€G,e|<Vn+2
< Cylple2r+d) sup
£€G,e|<Vn42
h
EE

+ sup
PO cEG [e|<Anya

po—30

2" Ny n, 21N,
E: Al ]

+ sup
PO e€G le|<Anta

A(n72h+1N0]
g

po—6

< Cy-lp—lg—2(r+d)

|

P Vh+2 P0—0,Vh+2

n+1
T ‘ A(2hN072h+1N0]
3

IN

1o N
Co—1p—15-20r+d) HE€2 No

-+
PO YR 1—-7r

n+1 dh

P0—8,Yh41
—15-15-2(7+d)

IN
oY

v ep+r

Cr 1l 1g2rtde, + "L Cy 3 (aNy, )2757(T+3d)rNheh

IN

IN

U+Cy3 (aNy )2T S(T+3d)227+6d2h(3r+3d) n+1 2hN0) (CD)hBhQT(2h—1)N060

(U 4 Yoh(3r+3d) .t 2hN0) (CD)hBhQT,(TL—l)NOeO

where U = Cv= 157157200+ apnd v = Cu‘?’(aN0)2Tp5(T+3d)22T+6d 0

APPENDIX A. THE CASE OF THE DISSIPATIVE STANDARD MAP OF THEOREM 18

A.1. Verifying trigonometric polynomial hypothesis for the dissipative standard map.
Consider the dissipative standard map f; ,. : T x R — T x R given by

fepe (@ y) = (. + M)y + pe — eV (@), AE)y + pe — €V (7)) (A.1)
Where V(z) is a trigonometric polynomial. In this section we verify that maps like (A.1) satisfy
HTP1 and HTP2 of Lemma 22. For the sake of simplicity in the exposition we do it for the case
A(ge) = 1 — 3. The general case for a € N is done by very similar computations, fixing the value of
«a = 3 allows an easy analysis of the Lindstedt series.
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Note that one has f7 @ = A(¢)§2 for the symplectic form Q(,,) = dz A dy, so it is conformally
symplectic. One can write the map as

Tp+1l = Tn + Yn+1
Ynt1 = AE)Yn + pte — €V (zn)
equivalently
Tpg1 — (L+X(E)xn + ANE)zp_1 — pte +V(zy) = 0. (A.2)
Considering a parametric representation of the variable x,, € T as z,, = 6,, + u-(6,), 6, € T; where

ue : T — R is a 1-periodic function and assuming that 6, varies linearly, i.e., 6,11 = 0,, + w, then,
(A.2) becomes

ue (0 + w) — (1 + A(e))uc(0) + Ale)ue (0 — w) + (1 — A(e))w — pe +eV (0 +uc(0)) =0 (A.3)
If u. satisfies (A.3) it is easy to check that K. : T — T x R, given by

0= o )

satisfies f; . 0K.(0) = K(6+w). Therefore, the problem of finding Lindstedt series for quasiperiodic
orbits for the map fc ,,. is equivalent to find asymptotic power series to a solution, (ue, pc), of (A.3).
Using A(g) = 1 — &2, equation (A.3) becomes

Ue (0 +w) — (2 — eHue(0) + (1 — 3)ue(f — w) + 3w — pe + V(0 + ue()) = 0. (A.4)
Introducing the operator

Lou(0) = u(f +w) — 2u(f) + u(d — w),

and expanding in power series on €, i.e., u-(0) = Y o7 un(0)e"™ and p. = > ;7 pne™ equation
(A.4) becomes

2
> (Lowur(0) — ) € = (Lous(60) — ps + uo(0) — uo(f — w) — w) &
k=0

) (Lotur(0) = e + wpe—3(0) — up—3(0 — w)) e* = — Z Sp_1(0)e" (A.5)
k=4

Remark 51. When V(0) is a trigonometric polynomial, the coefficients S, can be computed as
follows. Note that Vi (0) = Fue®™k gatisfies the relation

d d
d—EVk(H +us(0)) = 27Tikd—€ug(0)vk(0 + us(6)). (A.6)
Thus, considering
Vie (0 4 us (6 Z SlC

and (A.6) the coefficients Sﬁ satisfy the following relatzon

(n+1)8k il = Z omik(l + Vugy1S* (A.7)
£=0

and S¥(0) = fre*™*0. Furthermore, if V(0) = > |kl<a fre2™ 0 = > jk|<a Vk(0) is a trigonometric
polynomial of degree a, considering

V(0 + u (0 Zs
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the coefficients Sy (6) are given by
Sn(0) =Y Sn(0)
[k|<a
where Sk is given by (A.7).
Remark 52. Note that if n is a trigonometric polynomial and ¢ is a solution of the equation

Ly = n then, ¢ is a trigonometric polynomial of the same degree asmn. This is due to the fact that

the Fourier coefficients of ¢ satisfy o = mﬁk. Note that the equation L,p = n has a

solution if [z n(0)d0 =0, and this solution is unique if we impose the normalization [ ¢(0)d6 = 0.

Proposition 53. If V(6), in (A.1), is a trigonometric polynomial of degree a, then u,(0) is a
trigonometric polynomial of degree an. Furthermore, S,_1(0) is a trigonometric polynomial of
degree an.

Proof. Equating the terms of same order in equation (A.5) one gets that for order zero py = 0 and
ug(f) = 0. For order 1 we have,

qul(G) — U1 = —S(](H)

So, taking p1 = 0, u; becomes a trigonometric polynomial of degree a, because Sy(0) = V(6). Now,
for order 2 we have

Loua(0) — p2 = —51(6),
if 12 = 0 the right hand side is 51(0) = 3_; <, SE(0) = 2miug (0) > lkl<a kSE(0) which is a trigono-
metric polynomial of degree 2a, thus us is a trig polynomial of degree 2a. For order three we
have

Lous(0) — ps +w = —S52(0),
here we take pu3 = w and ug is a trig polynomial of degree 3a because
So(0) = > S5(0) = wiuy(0) Y kSF(0) + 2miug(0) > kSg(6)
k|<a k| <a [k|<a

is of degree 3a; then u3(f) is of degree 3a. Finally, for n > 4, assume the claim is valid for any
m < n then, the equation of order n is

Loyun(0) = iy — un—3(0) + up—3(0 —w) — Sp—1(0).

So, taking p, = fT Sp—1(6)df, u, can be found and has degree an since, S,—1 = Zlklén Sﬁfl and
each S*_| has degree an due to (A.7). Note u,_3 has degree (n — 3)a. O

Corollary 54. If V(0), in (A.1), is a trigonometric polynomial of degree a, then for any fized €
N

the sum Zun(ﬁ)an is a trig polynomial of degree alN in 0.
n=0

Note that in this case
0+ SN u,(0)e”
KI<N)(g) — ( n=0 A8
O = Y (0) — un0 — ) (A.8)

and using equation (A.5) we have
Nigy ._ [<N] [<N] o (Sa1 (0 n
EN(0) i= . w0 KIEV(0) - KIEM (0 40y = 3 (510

n=N+1
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and therefore, for any fixed ¢, F, (N’2N}(9) is a trigonometric polynomial of degree 2aN. Moreover,

in this case the matrix M=V (0) = |DK <N]( 0)|J 1o o KI=N (0)D <N]( )N[<N]( )} is given by

MEN @) = | THSew @ NEN0) ST (0 - w) — e (0))eF
. S @ () — (0 —w)ek  NEN@) (1 + Nl (0))

where ATEM(0) = (14 Ty uf(0)5)2 + (SN0 ((0) — (0 — w))eh)?) - So.

(Mgmoﬂazz(Nﬁmoﬂ0<r+zﬁo%w+wk% @%gﬂwm)z?owue+m—wumx1

S (up,(8) — uj (6 + w))e 1+ 3Nl (6)eF
N2N] .

(N 2N]

which implies that E( is a trigonometric polynomlal of degree 3a/N. Remember that E.

is the second row of the vector E(N 2N] _ (M(E[SN] o Tw> EE(N’2N]. Note that J = <_01 é)

Furthermore, we have Duf =M (r,y) = <}>, then the second row, /Nlé\g, of the vector

Aé\’ = ( ME[SN I'o Tw> D, f VRS K; <N s a trigonometric polynomial of degree aN.

The following proposmon Summarlzes the computations presented above and assures that hy-
pothesis HTP1 and HTP2 of the main Lemma 22 are satisfied for the dissipative standard map.

Proposition 55. For any N € N, if V/(0) in (A.1) is a trigonometric polynomial of degree a, then

Eg(gQN} is a trigonometric polynomial of degree 3alN, 121272 is a trig polynomial of degree alN, and

EY.(0) = DKEN(0 +w) T o KIEM(0 + w) DKIEN (0 + w)
= D(f, =m o KEN(©0)TTo (f, SN © KL=N(9)D(f, SN © EEN(6) (A9)

is a trigonometric polynomial of degree 2aN .

Proof. 1t is only left to prove the last claim. Note that Eg .(0) is the expression in coordinates of
( £<N] ) Q- (fe,u[SNl o K[EN)*Q. Now, using the fact that fe,u is conformally symplectic we
have (fs JLEN © KE[SN])*Q = K(;LSN]*f:#[SSN]Q = )\(s)KE[SN]*Q, which means that, in coordinates

EX_(8.¢) = DKIEN(9 + w) T J o KIEN(0 + w)DKIEN (0 + w)
—Xe)DKEN(0)TJ o KIEN(9)DKIEN(9)  (A.10)

which is a polynomial of degree 2aN due to the fact that J is a constant matrix and

[<N)(gy — 1+ Y0 ul (0)e"
DEST) (zia%wwﬂ4w—MkJ

is a trigonometric polynomial of degree aN. ([l
A.2. Uniqueness. Note that for e = 0, My = I. Also note that the coefficients of the expansion
(A.8) are given by

Un(0) — un (0 — w)
Therefore, the normalization condition

/ (Mg K (6)],d6 =0
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in this case has the form

/T un (6)d0 = 0,

which is satisfied by the construction of the u/,s. Thus, the expansion given in (A.8) is the only
one which satisfies the normalization condition.
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