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Abstract

We give a proof of a KAM theorem on existence of invariant tori with a
Diophantine rotation vector for Hamiltonian systems. The method of proof is
based on the use of the geometric properties of Hamiltonian systems which, in
particular, do not require the Hamiltonian system either to be written in action-
angle variables or to be a perturbation of an integrable one. The proposed
method is also useful to compute numerically invariant tori for Hamiltonian
systems. We also prove a translated torus theorem in any number of degrees of
freedom.

Mathematics Subject Classification: 37J40

1. Introduction

The goal of this paper is to present a proof of a KAM theorem on existence of invariant tori
with a Diophantine rotation vector for Hamiltonian systems (symplectic maps and Hamiltonian
vector fields).

What we show is that, given an approximately invariant torus which is not too degenerate,
there is a true invariant torus nearby. We will refer to such proofs as ‘polishing’.

The proof is constructive and the KAM method presented here leads to an algorithm that
can be implemented numerically and which uses very small requirements of memory and
operation.

The methodology presented here does not require the system either to be a perturbation
of an integrable system or to be written in action-angle variables. This is due to the fact that
the method is based on the geometric properties of Hamiltonian systems which do not require
such assumptions.

Of course, action-angle variables always exist in a neighbourhood of an invariant torus.
However, a change of coordinates bringing the system to action-angle variables in general
cannot be explicitly computed.
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The guiding principle for the proof given here is the observation that the geometry of the
problem implies that KAM tori are reducible and approximately invariant tori are approximately
reducible—see sections 4.2 and 8. This leads to a solution of the linearized equations without
transformation theory. Moreover, the reducing transformation is given explicitly in terms of
the approximately invariant torus, which forms the basis of an efficient numerical algorithm.

The use of the geometry makes the method applicable to other situations where geometric
conditions imply automatic reducibility. For example, in [HdIL04b] similar ideas in spirit
have been developed to prove existence of normally hyperbolic manifolds of quasi-periodic
mappings. The numerical results, obtained by the implementation of the algorithm yielded by
the method of the proof, are presented in [HdlL0O4a].

The customary KAM statements for nearly integrable systems follow taking the invariant
tori for the integrable system as approximately invariant tori for the perturbed system.

Presenting the KAM theory in a polished way—as is done in [Mos66a, Mos66b, Riis76a,
Zeh75,7Zeh76,S789,Ran87, CC97]—has certain advantages. We mention just a few, which
we will develop in future papers.

e In many practical applications, one has to consider systems that are not close to integrable
but nevertheless one has some approximately invariant tori with small enough error—
obtained, for example, by using a non-rigorous numerical method, some asymptotic
expansion etc. Then, the results presented here imply that close to these approximately
invariant tori there is a true invariant torus. That is, the existence of invariant tori is
validated. In numerical analysis, theorems of this type are often called ‘a posteriori
estimates’.

e From a more theoretical point of view, by approximating differentiable functions by
analytic ones [Mos67,Zeh75,Sal04], the results presented here more or less automatically
lead to results for finitely differentiable Hamiltonian systems.

e By taking the results of formal expansions as approximately invariant tori, one obtains
differentiability with respect to parameters or with respect to the frequency. In particular,
the families of tori are Whitney differentiable. A general discussion of this can be found
in [Van02,dILV0O0].

By a similar method, one can also obtain results on the abundance of tori near a torus
(this is sometimes called ‘condensation’).

e The smooth dependence on parameters leads to several other results such as estimates on
the measure occupied by the invariant tori and the persistence of tori in near-integrable
systems with weak conditions of non-degeneracy.

A novelty of our approach compared with other approaches to KAM theory is that the
method does not require action-angle variables at all. This seems to be useful in several
situations. We just mention the following:

e In practical—numerical—applications, it is often not easy to work with action-angle
variables. Hence, from the point of view of using the result as a validation tool for
numerics the requirement of using action-angle variables is unduly restrictive.

e On several occasions the action-angle variables are much more singular than the original
system (a recent remarkable example of a very smooth integrable system with complicated
action-angle variables is [RC95,RC97]).

Two important examples of this situation, from a theoretical point of view, are:

— Tori near a separatrix in a perturbed pendulum. Near a separatrix, the orbits
change from rotation to libration, which are topologically different. Hence, action-
angle coordinates on each side are discontinuous. There are several applications
in which it is useful to have tori close to a separatrix. In one degree of freedom,
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see [Nei84,Her83]. The paper [DAILS03] contains a detailed study of the singularity
of the action-angle variables and shows that tori near a separatrix play an important
role in mechanisms of instability.

— Tori close to an elliptic point. The action-angle variables are singular near an elliptic
critical point. Since in the vicinity of an elliptic point, the approximation of invariant
tori is related to the size of the actions, the methods based on action-angle variables
cannot deal with regions in which one of the actions is much smaller than some
of the others. Similar phenomena occur in the proof of the Nekhoroshev theorem.
The papers [FGB98, GFB98] overcome the problem of degeneracy of action-angle
developing a Nekhoroshev theory not based on action-angle. Other proofs based on
other methods are [Nie98, P5s99].

We hope to come to the problem of tori in the vicinity of an elliptic point in the
near future.

Let us give a general picture of the results for symplectic maps—the Hamiltonian vector
fields case is similar.

The results for an exact symplectic map f of a 2n-dimensional manifold U are based on
the study of the equation

(f o K)(O) = K(0+w), ey

where K : T" = (R/Z)" — U is the function to be determined and w € R”" satisfies a
Diophantine condition.

We will assume that U is either T" x U with U € R" or U ¢ R?", so that we can use a
system of coordinates. In the case that U = T" x U, we note that the embedding K could be
non-trivial.

Note that (1) implies that the range of K is invariant under f. The map K gives a
parametrization of the invariant torus which makes the dynamics of f restricted to the torus
into a rigid rotation.

What we show is that, given a K which solves equation (1) approximately and which is
not too degenerate (see definition 2), then, there is a true solution nearby.

Remark 1. It is a general fact that the results on invariant tori for maps imply the results for
vector fields if we have local uniqueness.
If we denote the flow by S;, if S} o K(0) = K (6 + w), then, for all ¢

S10(S;0K)O)=S80810K(@)=(S0K)O +w).

By the local uniqueness, we conclude that, for small ¢, we have S; o K(0) = K6 + ¢;),
where ¢, is a differentiable function. From S;.; = S; o S5, we conclude that ¢,y = ¢, + ¢
and, since ¢ is differentiable, ¢, = nt for some vector 1. Since ¢; = w, we conclude that
n = w. Hence, from the equation of invariance for the time one map and the uniqueness we
obtain that

S, 0 K®) = K +1tw)

forall 7.

A different argument to show that invariant tori theorems for maps imply results for flows
(and vice versa) can be found in [Dou82]. Note that the argument presented above applies to
other types of invariant objects.

Nevertheless, in section 8, we will present a direct proof for flows along the same line as
the proof for maps. This has a certain interest since the direct proofs presented here can be
converted into algorithms. Moreover, we also formulate the results for vector fields precisely
in section 2.4.
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Figure 1. Geometric reason for automatic reducibility.

Reducibility of invariant tori. The method we present is based on a very simple geometric
observation which has further applications. We use the geometry of the Hamiltonian
system to show that an invariant torus has the remarkable property that the equations of
infinitesimal perturbations can be transformed into upper triangular linear difference equations,
with diagonal elements equal to one in the symplectic maps case and equal to zero in the
vector fields case. A perturbative argument will show that for an approximately invariant
torus, the linearized equations can be approximately reduced to upper triangular linear
difference equations, with diagonal elements equal to one in the symplectic maps case
and equal to zero in the vector fields case. This is enough for a quasi-Newton method—
see [Mos66a, Mos66b, Zeh75,Zeh76].

The geometry of this phenomenon can be understood pictorially in dimension 2. We hope
that this will give the flavour of the ideas.

Let us consider the symplectic maps situation, the case of vector fields is similar. Note
that if we take derivatives of (1), we obtain that the vector field u(8) = 9y K (0) based at the
point K (0) satisfies

Df(K(@)u®) = u(0 +w). ()

Since K (0 + w) = f(K(0)), we see that (2) implies that the vector field u () is invariant
under the map.

We now consider the vector field v(8) based also at K (6), perpendicular to u(6) but
normalized so that the area of the parallelogram based on u(0), v(9) is 1 (see figure 1).

The fact that the map f preserves the area, together with the fact that u is preserved
implies that

Df(K(©@))v(B) = v(0 + w) + c(@)u(®). 3)
Together equations (2) and (3) imply that if we consider the basis given by u(0), v(6)—at
the point K (6)—the derivative Df (K (6)) becomes a particularly simple matrix

1 0
mo o prkomo = (5 7). @
where M is the matrix of the change of variables to u(0), v(6).

This means geometrically that the infinitesimal perturbations just get sheared along the
invariant torus.

The infinitesimal equations involved in a Newton method to solve (1) are given by

Df(K(6)A®O) = A0 +w) = —n(0). &)
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Using equation (4) they become

((1) c(16?)> M@)A®B) — (MA)O +w) = —M(© + ) 'n0). (6)

Equation (6) can be studied using the usual techniques for difference equations. It is well
known that one can solve equations of the form (6), provided that certain averages vanish. As
it turns out, the vanishing of the averages can be guaranteed by a geometric condition and a
non-degeneracy condition on c(6). As a possible alternative, we will also propose the use of
the method of the translated curve theorem and solve problems with extra parameters which
make the averages zero.

Of course, there is little point in applying a linearized equation to something that is already
a solution, but it turns out that if the K is not an exact solution but an approximate solution
of (1), it is possible to construct a matrix which approximately satisfies (4). This is enough to
get a quasi-Newton method.

Note that (2) is a feature of all conjugacy problems (it plays a prominent role in the
discussions of [Mos66b]). On the other hand, (3) uses the geometric properties of the map f.

The automatic ‘approximate reducibility’—an analogue of equation (3)—is guaranteed by
quite a number of geometric properties. For example, in this paper we will discuss the situation
for symplectic maps and Hamiltonian vector fields. In such cases the fact that invariant tori
are Lagrangian plays an important role.

There are, however, quite a number of other contexts. We just mention that the
same phenomenon happens for conformally symplectic mappings in the sense of [WL98]—
those are mappings in which the symplectic form gets multiplied by a constant—as well as
volume preserving maps.

We point out that automatic reducibility has been considered in the case of Lagrangian
systems. For example, it appears in [Koz83, Mos88]. The Lagrangian automatic reducibility
has the advantage that it also applies to systems with more independent variables. On the other
hand, there seems to be no straightforward variational context for several situations such as
conformally symplectic or volume preserving.

Besides the Lagrangian context, reducibility has also been used in the Hamiltonian context
in [Bos86], where the author uses reducibility to prove the theorem of persistence of invariant
tori in Hamiltonian systems close to integrable. In [Riis76b] the author presents a geometric
method, using reducibility, to prove existence of invariant tori for twist mappings. In [CC97],
the authors use the automatic reducibility for tori which are graphs in mechanical systems
(action-angle coordinates and Hamiltonians of the form kinetic plus potential energy) to obtain
the existence of invariant tori in rotations of the three body problem with parameters close to
those of the Ceres asteroid.

This paper is organized as follows: in section 2 we formulate the results of this paper. In
section 3 we explain briefly the general idea of the proofs. Section 4 contains the main step on
the construction of the polishing method for symplectic maps and proves that the linearized
equation of (1) can be transformed into an upper triangular linear equation which can be
solved approximately. In section 5 we use the results from section 4 to construct a quadratic
convergent Newton-like method for solving equation (1). In section 6 we prove that solutions
of equation (1) are locally unique. In section 7 we will see how, with the use of parameters,
the non-degenerate condition can be avoided. More concretely, we will describe a polishing
method to prove the existence of an invariant torus for an element of a given parametric family
of symplectic maps f;. Finally, in section 8 we sketch the procedure from Hamiltonian vector
fields.
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2. Statement of results

2.1. Notation and preliminaries

Before we formulate the results of this paper, we introduce some notation. Let 2 = do be an
exact symplectic structure on U, and let a : U — R?" be defined by

o, = a(z)dz, vz e U. @)
For each z € Ulet J(z) : T,U — T.U be a linear isomorphism satisfying
Q& n) =& J@n), (8)

where (-, -) is the Euclidean scalar product on R>". It is well known that J satisfies
J@)T =-J(2).

Remark 2. Although it is possible to assume (by changing the metric on U, cf [Wei77]), that
J is an almost complex structure, i.e. J 2 = —_1d, we will not make this assumption. Indeed,
we have striven to deal with the problem in whatever coordinates it is presented.

Definition 1. Given y > 0 and 0 > n, we define D(y, a) as the set of frequency vectors
w € R” satisfying the Diophantine condition:

1€ w—m|Z=yle”, Ve e Z"\{0}, m €,

where |€]] = |€1| + -+ |€,].
Similarly, giveny > 0and o > n — 1, we define D;,(y, o) as the set of frequency vectors
w € R”" satisfying
Ik - | > lklo Vk € 7" — {0} ©)
1
Let U, denote the complex strip of widthp > 0: U, = {68 € C" : [Im0| < p}. (P, |l 1l,)

will denote the Banach space set of functions K : U, — U which are one-periodic in all its
variables, real analytic on the interior of U, continuous on the boundary of U,,, and such that

def
1K, = sup |K ()| < oo,

0eU,

where |-| represents the maximum norm on the spaces R” and C”, i.e. if x = (x, ..., x,) €
C™, then

def
|x] = max |x;].
j=l..., m
Similar notation for the norm will also be used for real or complex matrices of arbitrary
dimension, and it will refer to the matrix norm induced by the vectorial one.
Similarly, we will consider the set P, of functions K : U, — U real analytic on the
interior of U, and continuous on the boundary of U,,, and satisfying

K@ +k)=K(@©)+(k,0), keZ". (10)

Note that it is equivalent to saying that K satisfies (10) as to say that K (8) — (6, 0) is periodic.

Hence, we can consider P, as an affine space modelled on P,.

Given a function g, analytic on a complex set B, for m € Z, e N U {0} denote the

C™-norm of g on B by |g|c» g, i.€.

def k
|glcns = sup sup|D"g(z)].
0 |k|<m zeB
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Given a function g : B C R? — R™, Dg(z) will denote the m x d matrix with i, j coordinates
(0gi/0x;). For h : U — R, Vh will represent the gradient of 4.
We denote the Fourier expansion of a periodic mapping K : T" — U by
K@©) =Y K exp@mit-0),
Lezn

where - is the Euclidean scalar product in R" and the Fourier coefficients K® can be
computed by

kO« / K (0) exp(—27il - §) do.

The average of K is the 0-Fourier coefficient, and we denote the average of K on T" by
ave{K o d=f/ K(©)do = K©.
Tll

Definition 2. Given a symplectic map f and w € D(y, o), a mapping K € P, is said to be
non-degenerate if it satisfies the following conditions:

N1. There exists an n x n matrix-valued function N (0), such that
N@©)(DK©6)" DK (©6)) = I,
where I, is the n-dimensional identity matrix.

N2. The average of the matrix-valued function

S©O) = PO +w) [DFKO))T(K6) " PO) — J(K@O +w)" PO +w)]

with
P(O) = DK ()N () (11)
is non-singular.
We will denote the set of functions in P, satisfying conditions N1, N2 by N'D(p).
By the rank theorem, condition N1 guarantees that dim K (T") = n. For the KAM

theorem, the main non-degeneracy condition is N2, which is a twist condition. Its role will
become clear in section 4.3. Note that N1 depends only on K whereas N2 dependson K and f.

2.2. Existence of an invariant torus for symplectic maps

Now we are ready to state the sufficient conditions to guarantee the existence of a true invariant
torus with Diophantine frequency vector @ near an approximately invariant torus.

Theorem 1. Let f : U — U be an exact symplectic map, and w € D(y, o), for some y > 0
and o > n. Assume that the following hypotheses hold:

H1. Ky € N'D(py) (i.e. K satisfies definition 2).
H2. The map f is real analytic and it can be holomorphically extended to some complex
neighbourhood of the image under Ky of U,:

B, ={zeC™: sup |z— Ko@) <r}

[m 6] <po

for some r > 0, satisfying | f|c2.5 < 0.
H3. Ifa and J are as in (7) and (8), respectively,

-1
lalc2,5, < o0, [J]cr g, < 00, [J 7 e B, < 00.
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Define the error function ey by
0™ foKy—KooT,. (12)

There exists a constant ¢ > 0 depending on o, n, r, po, |flc2.s., lalc2g., |J]c 5,
[J 7 e B IDKoll oy N0l g |(avg{So}9)_l | (where Ny and Sy are as in definition 2, replacing
K with K) such that, if ||leo|l o, defined in (12), verifies the following inequalities:

cy 85" eollp < 1 (13)
and
cy 7285 lleollpy < 7.
where 0 < 8¢ < min(1, py/12) is fixed, then there exists Ko, € N'D(pyg — 68¢) such that
foKe—KeoT,=0.
Moreover,
1K oo = Kollp < ¥ 72857 lleoll,-

Remark 3. We emphasize that theorem 1 does not assume either that the system is given in
action-angle variables or that the maps are close to integrable.
The only smallness conditions needed are on the size of ¢;.

Remark 4. The geometric method we present here enables us to construct a quadratic
convergent sequence of approximate solutions of (1) (see lemma 11).

The quadratic estimates (see inequality (68)) contain the term y‘4, this is the reason for
the coefficient y ~* in (13) which is the same as that obtained in some classical papers on
KAM theory (e.g. [Mos66a, Mos66b, Zeh76]), but it is worse than the y’z obtained in some
classical KAM theorems (e.g. [P6s01, Sal04]). This estimation results in worse estimation of
the measure of the invariant tori than what is possible.

Similarly, the exponent of § in the conditions is similar to that of [Mos66a,Mos66b,Zeh76]
since it is proportional to 4o but is different from that of [P6s01, Sal04] which contains only
20 + A. This leads to different losses in differentiability.

We hope to come back to these problems in future research.

Remark 5. Note that given a mapping K satisfying equation (1), for any ¢ € T" the mapping
K (0 + @) is also a solution of (1). We will adopt the criterion that two parametrizations, K
and K , of an embedded torus such that K (0) = K (6 + @), for some ¢ € T", are equivalent
since they only differ in the arbitrary choice of the origin of the phases.

The following result states that the solutions obtained in theorem 1 are locally unique up to
the irrelevant choice of origin of the phase. As we mentioned, remark 1 is a general argument
that allows results for flows to be obtained from results for maps with local uniqueness.

Theorem 2. Assume that o € D(y,o0). Let Ky, Ky € ND(p) (see definition 2) be two
solutions of (1), such that: K1(U,) C B,, and K»(U,) C B,.

There exists a constant ¢ > 0 depending on n, o, y, p, p~\, | flc2s, 1B, |J71|B,
1Kl c2,p0 IN |l |(avg{S}9)’1| (with N and S as in definition 2, replacing K with K,), such
that if | K1 — K3 ||, satisfies

cy 287K, — Kall, < 1,

where § = p /8, then there exists an initial phase T € R", such that Ky o T; = K> in U, .
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2.3. A translated torus theorem

Let us assume that U = T" x U where U C R" is an open set, and let 2 be an exact symplectic
structure on U. In this section we will assume that K is a non-trivial embedding of the torus
in the annulus rather than just a periodic function. We say that f; is a d-parametric family
of symplectic maps if there is a function f : U x B — U, with B C R?, such that for each
x € Uthemap f(x, ) is C2, and such that for each A € B, the map f3 dof fG,A):U—Uis
symplectic and real analytic.

Definition 3. Given a 2n-parametric family of symplectic maps f; and € D(y, o), the pair
f5, K € P, is said to be non-degenerate if it satisfies the following conditions:

T1. There exists an n x n matrix-valued function N (0), such that
N(@©)(DK ()" DK(®)) = I,.

T2. Let P be as in (11) and
T©)=P®) [, — J(K©)'PODK®) J(K O],

then the 2n x 2n matrix

A(9)=< T(0 +w) ><afA

DK@ +w) J(KO+w)) \ ar

X
is such that avg{A}y has a range of dimension 2n.

A(K(@)))
A=A

Let f, : U — U be a 2n-parametric family of symplectic maps, and let Ky be an
approximate solution of (1), with f = fy. Thatis, K@ + k) = K@) + (k,0) for k € Z".
Assume that the pair fy, K satisfies definition 3, then we prove that there exists a solution of

froK=KoT,, (14)

where w € D(y, o) is fixed.
In the simplest case—which gives the name to the theorem—the family f consists just

in f)»(xv }’) = fO('xa }’) + (07 )\')
This translated curve theorem is a technical tool in the study of invariant circles when the

non-degeneracy assumptions are not met.
The main result of this section is the following:

Theorem 3. Let w € D(y, o) be a frequency vector and let f, be a 2n-parametric family of
symplectic maps. Assume that the following hypotheses hold:

HY'. fyand K, € 1’3,,U satisfy conditions T1 and T2 (see definition 3).
H2'. f, is a family of real analytic symplectic maps that can be holomorphically extended to
some complex neighbourhood

B, ={zeC”: sup |z — Ko(0)| <r}
0eUp,

for some r > 0, such that | fy|c2 5, < 00.
Define the error function
eo(®) = fo(Ko(0)) — Ko(8 + w).

There exists a constant ¢ > 0, depending on o, n, po, ¥, |folcz.s, IIDKollp»
1313/ 0X) [r=0Koll py» I Noll o, and |(avg{A0(0)}0)_1| (where Ny and A are as in definition 3,
replacing K with K), such that if ||eg|| ,, verifies the following inequalities:

—4 o4,
cy "85 Nleollp < 1
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and

—2¢-2
Cy 5() (7”60”)00 < ra

where 0 < &9 < min(1, pg/12), then there exists a mapping K, € ﬁpo_égo and a vector
doo € R, satisfying

fr 0 Koo = Koo 0 T
Moreover, the following inequalities hold:

260—20

Koo — Kollpy—6s, < C¥ lleoll o s

2 o—2
ool < c¥785 7 lleollpy-

Remark 6. The same resultholds if we consider a d-parametric family of symplectic maps with
d > 2n. Moreover, if the elements of the family are exact symplectic we can consider d > n.
In this case we also have local uniqueness.
Theorem 4. Assume that w € D(y, o). Let K|, K, € N'D(p) be solutions of
fioK=KoT,,
satisfying the hypotheses of theorem 3, and such that: K\(U,) C B, and K,(U,) C B,.
There exists a constant ¢ > 0 depending on n, o, y, p, ,0’1, | filcz,,> 118, IJ’IIB,,
10f5./82) =0 K2l p» 1 K2llc2,p0 1Nl and [(avg{Aa}e)~"| (with Ny and A as in definition 3,
replacing K with K,), such that if || K| — K ||, satisfies
cllKy - Ksoll, <1,
where § = p/8, then there exists an initial phase T € R", such that K1 o T, = K> in U, 5.

2.4. Existence of an invariant torus for vector fields

The results for a Hamiltonian vector field with Hamiltonian function H : U — R are based
on the study of the equation

3,K () = IVH(K©)), (15)

where J is defined in (8) and 9,, is the derivative in direction w:

def o d
0, K = i — K,
;a) 891

where K : T" — U s the function to be determined and w € Dj,(y, o) C R” (see definition 1).
Note that (15) implies that the range of K is invariant under the Hamiltonian vector field
with Hamiltonian function H, Xy. The map K gives a parametrization of the invariant torus
which makes the dynamics of the vector field Xy restricted to the torus into a rigid rotation.
In order to simplify the notation we assume that & = dx A dy. This is not restrictive
because the proof of theorem 5 follows from theorem 1 (see [Dou82]). Moreover, the direct
construction given in section 8 works for a general exact symplectic structure Q2 = do.

Definition 4. Given a Hamiltonian function H and a frequency vector w, the mapping
K : T" — U is said to be non-degenerate (for the Hamiltonian vector field Xy) if it satisfies
the following conditions:

— K is real analytic on the set U,,.
— There exists a matrix N satisfying

N@©)DK(®)'DK©®) = I,.
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— avg{S}y is invertible, with
S(O)=N@®)DK©®)[A®B)] — JAO)DK ()N ®),
where

A@®) = < D.,V,H(K(©)) DyVyH(K(G))) .

—D.V.:H(K()) —DyV.H(K(®))
Theorem 5. Let w satisfy the Diophantine condition (9). Assume that K is non-degenerate

(i.e. satisfies definition 4). Assume that H is real analytic and that it can be holomorphically
extended to some complex neighbourhood of the image of U, under Ky:

B ={zeC™: sup |z — Ko(0)| < r}.
0eU,

Define the error function

o = JVH(Ko(6)) — 0,Ko(0).

There exists a constant ¢ > 0, depending on o, n, r, p, |H|cs 5, IDKoll, |Noll, and
[(ave{So}e) ' | (with Ny and Sy given by definition 4, replacing K with Ky), such that if

—4o-4
cy 8, Nleoll, < 1
and
—25-2
cy 85 Nleollpy < r

with 8 = p/12, then there exists a solution for (15), K, which is real analytic on U, ;, and
satisfies the non-degenerate conditions in definition 4. Moreover,

Koo — Kollp2 < ey 2852 lleoll,-

Remark 7. There is a local uniqueness statement for vector fields which follows by the
reduction to the time one map (see [Dou82]). We do not formulate such a theorem.

We will say that H, is a d-parametric family of Hamiltonian functions if there is a function

H :Ux B — R, with B ¢ R, such that for each x € U the map H(x, ) is C? and such that

for each A € B, the map H, 'y (-, A) : U — Ris areal analytic Hamiltonian function.

There is an analogue of the translated torus theorem (theorem 3) in which we study the
equation

0, K (0) = JVH,(K(0)), (16)
where H,, is a 2n-parametric family of Hamiltonian functions, and K € 75p (see equation (10)).

Theorem 6. Let w satisfy the Diophantine condition (9). Assume that Ky € ”ﬁp satisfies the
following properties:

— There exists a matrix Ny satisfying
No(0)DKo(0) " DKo(0) = I,.

— avg{Ao}e has maximum range, with

0]
No(6)DKo(6)"J <5VH,\(K0(9))

)
)

Ao(0) =
DKy(0)"J <%VHA(K0(9))
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Define the error function

def
eo = 3,Ko(0) — JV Ho(Ko(6)).
There exists a constant ¢ > 0, depending on o, n, r, p, |H|c3 g, IDKollp, I Nollp, 1 A0, and
[(ave{Ao}e) ™|, such that if

cy 485" lleoll, < 1
and
cy 28, Nleollpy <
with 8 = p/12, then there exist .o, € R* and K, € 75p/2 satisfying
0w Koo (0) = JVH, (K (6)).
Moreover,
1Koo = Kollpa < v 7285 lleoll,

and

2 o—2
ool < c¥=85 7 lleollpy-

2.5. The perturbative case

Even if one of the strong points of the proof presented here is that it does not require that
the problem is in action-angle coordinates or close to integrable, we will present how the
results here apply to the quasi-integrable case. We hope that this can help in understanding
the meaning of the non-degeneracy conditions.

We consider T" x U endowed with the usual symplectic structure.

If we consider a map

flo. D) =(@+A), 1)+ Ap. 1),

where A is small, we can take as K () = (8, I*) where I* is chosen in such a way that
A(I") = w.
Then, we see that the size of the error function can be controlled by the size of A.
The non-degeneracy condition N1 on the embedding is satisfied clearly since N(0) = I,.
We have that in this case P is the constant matrix

P@®) = (é) .

Since A is assumed to be small, we will verify the hypothesis on the main part of the map
considering A as a small perturbation.
Note that

I, DAY

Df (K(0)) = <0 ;

) + O(A).

Performing the calculation in the definition of S, we obtain that, in this perturbative case,
S=DAI*) + O(A).

Hence, in this perturbative case, the non-degeneracy condition we assume is precisely the
twist condition.

We leave to the reader the verification that in the other quasi-integrable cases, the non-
degeneracy conditions we assume reduce to the standard ones.
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3. Sketch of the procedure

Equations (1), (14)—(16) are functional equations for the unknown function K (and the unknown
parameter A in the case of (14) and (16)). As shown in [Mos66a, Zeh75], in order to prove
the existence of a solution of a nonlinear problem by using a modified Newton method it is
enough to have an approximate solution of the corresponding linearized equation such that the
new error is quadratic with respect to the original one.

The main idea is to use the geometric properties of the problem to prove that the
corresponding linearized equations can be transformed into a simpler linear equation that
is approximately solvable by using Fourier series.

We emphasize that, at each step of the iterative procedure, the reduction of the error
is accomplished by adding a small function rather than composing with a near identity
transformation (as is customary in many proofs of the KAM theorem). This leads to simpler
and more efficient estimates, which are closer to those obtained in numerical procedures. It
is also interesting to note that the procedure presented here can be implemented to compute
numerical approximations of invariant tori.

3.1. Maps

The key point in finding a solution for (1) and (14) is to solve the corresponding linearized
equation approximately. The main part of both linearized equations is the linear operator:

Tikwh = DF(K@O)A —AoT,. (17)

Indeed, equations (1) and (14) can be formulated as finding zeros of

FIK)Y foK—KoT, (18)
and

GK,MNY oK —KoT,, (19)
respectively. Therefore, at least formally we have

DF(K)A =TpkwA,

J
oK) Ad.
oA

In section 4 we prove that, under certain hypotheses, the corresponding linear operator D F (K)
is approximately invertible in the sense of [Zeh75]. First of all we prove that the Lagrangian
character of an invariant torus, for a symplectic map, is slightly modified if the torus is
only approximately invariant (see section 4.1). The approximate Lagrangian character of
an approximately invariant torus enables us to define a change of variables such that in the new
variables the linear operator D F (K) is, except for quadratic terms, an upper triangular linear
differential equation. In section 4.3 we show that, if some non-degeneracy conditions hold, in
the new variables the linearized equation

DF(K)A = —F(K)

DG(K, })(AK, AX) = T, k.o (AK) +

can be solved approximately.
Similarly, in section 7 we prove (with different non-degeneracy conditions) that

DG(K, \)(AK, 81 = —G(K, X)

can be solved approximately.
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4. The linearized operator DF(K)

In order to construct a modified Newton method for the functional equation (18) we have to
study the invertibility properties of the corresponding linear operator D F (K). More concretely,
we are interested in the solvability properties of the linearized equation

DF(K)A@®) = Df(K(0))AO) — A(Q +w) = —e(8), (20)
where K is an approximate solution of (1) with error function
e(9) = F(K)(9), 0 e R". (21)

By using the geometric properties of the problem we will prove that (20) can be transformed
into another equation that can be solved approximately by using Fourier series. To be more
precise, by using the symplectic properties of f and the algebraic properties of w we will show
that, if the error e defined in (21) is small enough, then for any 6 € T" the set

{BK(Q) K (0) }

a0, JEOD 90,

j=1
forms a basis of Tk @)U ~ R?" (the tangent space to U at the point K (6)). We use this basis

to transform the linearized equation (20) into a convenient linear equation for which we can
construct an approximate solution.

4.1. Approximate Lagrangian character

In this section we formulate the well-known result that a torus supporting an irrational rotation
is Lagrangian.
Let L be the linear application defined by

(K*Q)9(&,n) = (&, L(O)n), forany £,n e R*, 0 eT",
then
L) = DK(G)TJ(K(G))DK(G), (22)

where J is defined by (8). With the previous notation the Lagrangian character of K is
equivalent to the following equality:

L(®) =0, Vo e T".

Therefore, it is natural to say that an approximately invariant torus is approximately Lagrangian
ifthe norm of L is ‘small’. We will show that if a parametrization K satisfies (1) approximately,
then the norm of L can be estimated by the norm of the error given in (21), e.

4.1.1. Exact solutions. In order to make the proof of the approximately Lagrangian character
of an approximate solution of (1) clearer, we present a proof of the Lagrangian character of an
exact solution of (1).

Lemma 1. Assume that K is a solution of (1) then K*Q (equivalently, L defined in (22)) is
identically zero.
Proof. Since K satisfies (1) and f is symplectic we have
foK=KoT, and ffQ=q.
Then,
K*Q=K*(f"Q =(foK)*Q= (K o T,)" 2
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and so we have
K'Q—(KoT,*Q2=0.

Moreover, since w is rationally independent, rotations on the torus are ergodic, this implies
that K*2, equivalently L, is constant.

Also, since € is exact with @ = du, then if K = (Ky,..., K»,)" and if in (7)
a=(ay,...,ay)",then

n
(K*a)g =Y ¢;(0)d6;,
j=1
where for s = 1, ..., n, ¢, has the following expression:
2n
cs(0) = (DK () a(K(©0)))s =)

j=1

IK;(6)
30,

a;(K(9)).

This implies L(0) = Dc(0)T — Dc(8), and since the average of Dc(8) is equal to zero one
obtains that the average of L is equal to zero. |

4.1.2. Approximate solutions. ~We need the following result; for a proof see [Riis75,Riis76b,
Riis76c] (see also [dILO1]).

Proposition 2. Let v € D(y, o), assume that the mapping h : T" — R*" is analytic on U,
and has zero average, avg{h}y = 0. Then for any 0 < § < p, the difference equation

v(@) — v +w) = h(9) (23)
has a unique zero average solution v : T" — R, real analytic on U,—s, forany 0 < 8§ < p.
Moreover, the following estimate holds:

1vllp-s < coy™ 87 Il
where ¢ is a constant depending on n and o.

The approximate Lagrangian character of an approximate solution of (1) follows because

K*Q satisfies a small divisors equation, similar to (23), with the right-hand side expressed in

terms of derivatives of the error function e defined in (21). We make this more precise in the
following statement.

Lemma 3. Let e be the error function defined in (21), then K*S2 satisfies the following linear
difference equation:
K*Q— (K oT,)"Q2 = Q,, (24)

where

Qo =Y > g (0)do; do;,

i=1 j=1
where g;; are the coordinates of the n x n matrix g given in (25). In particular, the average of
g is equal to zero.
Moreover, if K is real analytic on the complex strip of width p, then there exists a constant
¢ > 0, depending on n, o, p, ||DK ||, | flct 5., | It 5., such that, for0 <& < p/2
—1g—(o+
ILllp—25 < c1y™ '8~ el

where L is given in (22).
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Proof. Define Q, = K*Q — (K o T,))*$2, then
Q. =(foK)'Q—(KoT,)* Q2
and
g(6) = DK(©®) ' Df(K(©))"J(f(K(©6)Df(K(©6)DK(6) — L6 +w),
where L is defined in (22). Using the equality
Df(K(®))DK () = DK(0 + w) + De(0),
which follows from (21), and performing some computations, one obtains
8(0) = DK(0 +w) 9(0)DK @ +w) — ¥ (@) +(Df(K(@)DK )" J(f(K(6)De(®),
(25)
where
@O) = J(f(K(©0) — J(K(O +w))
and
¥ (0) = DK (0 + )" J(f(K () De(®).
Note that if K is real analytic on the complex strip of width p, then
lell, < [Jlcr s llellos
1l -5 < 8"l
where c is a constant depending on n, | DK ||, and | f|¢c1 .. Therefore, from (25) we have
lglo—s < c87 el
Applying the last inequality and proposition 2 we obtain an estimation for the norm of L.
Indeed, equation (24) is equivalent to
L—LoT,=g.
Proposition 2 implies
11 p-25 < oy '8 llgllp—s < coy ™' ed™ Vel

where ¢y is the constant of proposition 2. (|

4.2. Approximate reducibility

In this section we will use the results of section 4.1 to prove that there exists a change of
variables A(6) = M (6) £(6) such that in the variable & equation (20) takes the form

(C+Bt —Eo0T,=—(MoT,) e, (26)

where C(6) is an upper triangular matrix with diagonal terms equal to 1.

We will see that, in the invariant case (i.e. K is a solution for (1)) M can be chosen in such
a way that B is identically equal to zero.

In the invariant case the change of variables is obtained by using the fact that Df (K (0))
is a linear symplectic transformation taking the tangent vector (d K (9)/96;) into the tangent
vector (0K (6 + w)/06;), and the Lagrangian character of an invariant torus. In the case that K
is an approximate solution for (1) we will use the change of variables defined in the invariant
case. The fact that Df (K (9)) takes (0K (6)/06;) into (0K (6 + w)/36;) + (de(#)/d6;) and
that K is approximately Lagrangian will produce the following estimate:

—lg—(o+1
I1Bllp—2s <y '8 elle]l,.
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4.2.1. Exact solutions. Let us look for a matrix-valued function M such that
Df(K@)M(®) = MO +w)C(0),

where C () is an upper triangular matrix with diagonal terms equal to 1.
If K satisfies (1), taking derivatives we obtain

Df(K(©))DK(9) = DK (0 + w), 27
hence M(0) and C(0) can be chosen to have the following form:
_ (L S
M) = (DK(©®) Mi(9)) and c®) = (0 H(9)> ,

where S and H are n x n matrix-valued functions, and M, is a 2n x n matrix-valued function,
that has to be determined.
Define

N©O)E (DK ©)TDK®))". (28)
If we take M, to be

Mi(0) = J(K(©))"' DK(@)N®),
some simple algebraic calculations show that H is the identity matrix and
() = PO +w) [Df(K(©)J (K@) PO) = J(KEO +w)" PO +w)] (29)
with

P©O) X DK©O)N®). (30)
Therefore, we have proved the following result.
Proposition 4. Assume that K satisfies (1). If

def

M) = (DK(©®) J(K(©))'DK@O)N(®)) (€29)
and
wt (I, SO
c) = (0 I > (32)
with S defined in (29), then
Df(K(@)M@©O)=M®O +w)C(@®H). (33)
Remark 8. If the symplectic linear transformation satisfies /! = —J, then

PO+w) J(KO+w) 'PO+w)=0.
Therefore, S takes the following form:
S() = —P(O +w) DF(K(©)J(K(@®))P©®).

Remark 9. Itis possible to make further transformations that make C a constant. Nevertheless,
since the present form is good enough for our purposes, we do not pursue it here.

Let M be defined by (31), in what follows we show that M is invertible. A direct
computation yields

M@©)"J(K©)M®©®) = V() +R©®), (34)
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where
def (O I,
o= (—In —P(e)TJ<K(9)>—1P(9>) 32
and
_(L®) O
R() = ( 0 0) (36)
with P, L and N defined in (30), (22) and (28), respectively.
Note that V is invertible, with its inverse given by
—PO)TJ(KO)'P -1
Vo) = ( ©) J(I ©)7'P(©) On>' 37)

If K satisfies (1), then lemma 1 implies L = 0, this implies R = 0. Hence, equality (34)
implies that M is invertible and its inverse is given by

. ( T®
M@O) ' =V©®)'M®) J(K(e))—(DK(Q)T](K(Q))>

with V! given in (37) and

T®)E PO, — J(KO) ' PODK®O)JKO))], (38)

where P(0) is given in (30).
Since M and C satisfy equality (33), we have that M (6 + w) "' Df (K (0))M () = C(6).
Therefore, if we substitute A(6) = M (6)€(0) in the linear equation (20) we have

C0)§(0) =60 +w) = p©)

with

(39)

pO) = —M©O +w) e®) = ( —T (6 +w)e®) ) |

—DK@O +w)TJ(K(O +w))e(®)
where P(0) = DK (O)N (0) (see (30)), and T is defined in (38).
Remark 10. If J~! = —J, then

0 Iy
V) = <_1n N(G)L(G)N(9)> ’

where L is defined in (22). Then

T —
M) J(K(e))M(G)—Jo+< 0 N@L®O)N®)

0 I,
w=(5 %)

In particular, if K is a parametrization of an invariant torus and 2 is the canonical symplectic
form in R?", then M is symplectic:

L) 0 )

where

MM = .
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4.2.2. Approximate solutions. Assume that K is an approximate solution of (1) with error
given by (21), and let M be defined by (31). We will show that, with the change of variables
A = ME, equation (20) takes the form of (26).

In order to guarantee that M defines a change of variables we need M to be invertible.
From equality (34) one sees that if the matrix V (6) + R() is invertible, then M (6) is also
invertible. The invertibility of V (9) + R(6) depends on the size of | ¢]| ,, in order to show that
we first bound the norm of V(8) ! R(0) in terms of ||e|| - Using expressions (36) and (37) the
following lemma is immediate.

Lemma 5. Assume that the hypotheses of lemma 3 hold. Then there exists a constant c3
depending onn, o, p, | flc s, | |ct 5. |15, N, | DK, and the constant c| of lemma 3
such that for any 0 < § < p/2 the following inequality holds:

V@) ' RO) | p—25 < c3v '8V le]l,.

As a consequence of lemma 5 we have:

Lemma 6. Assume that the hypotheses of lemma 3 hold, and let c5 be the constant of lemma 5.
If e satisfies

csy 18T Vel < 3, (40)
then M is invertible and its inverse is given by

M@ =VE©)'M©) J(K®))+ M), (41
where

M,(0) = ~ (L + VO ' ROITVO ROV O MO) (K (©)).
In particular, M, = 0 if e = 0. Moreover,

[Mellp—2s < cay ™87 Vel
where cy is a constant depending on n, c3, |J Vg, |J|5,, IDK I, IINIlp.
Proof. From lemma 5 and the assumption on ||e||,, one obtains

V) RO p—25 < c377 87 Vlell, < 3.
Then I, + V(6) "' R(8) is invertible with

1 <2

L= V(@)~"RO)l -25

[(Lan + V(O) ' R©)) "l p-25 <

and using equality (34) we have
M@©)™"' = (V(©O)+R©)'M®O)"J(K(©))
=V(©)'M©)"T(K(©))+ M.(©). O

Proposition 7. Assume that w € D(y, o), and that |le||, satisfies inequality (40), where c; is
the constant of lemma 5.
The change of variables A(0) = M(0)£(0), transforms (20) into

[(g 559)) ¥ B(e)] £0) — £(0 +w) = p(©) +w (), (42)

where S is defined in (29), p is given in (39), and

BO)E M©® +w) 'E®), w(O) L M, (0 + w)e(®) (43)
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with
E©) & Df(K@©))M(@®O) — M©® +w)C(6). (44)
Moreover, the following estimates hold:
IB@)llp-25 < csy '8~ el (45)
lwllp—2s < cay ™87V e]l?, (46)

where cs is a constant which depends onn, p, | flc g, |/ |c1 5, |7 g, IDK |l INIl,, and
c1 and cy are constants of lemma 6.

Proof. In the variable &, equation (20) takes the form
Df(K(©)M(©6)§(©0) — M0 +w)5(0 +w) = —e(0).
Multiplying by M (6 + w)~' we obtain
M© +w) ' Df(K@0)MO)EWD) —EO +w) = —M (O +w) " 'e().
Using equality (44) and the definition of B we have
M@ +w) 'Df(K(©))M(©®) = C(H) + B(@®).
Moreover, from (41) we have
—M@O+w) 'e®) = -V (O +w) ' MO +w)J(K©O +w)e®) — M0 +we®),

defining p and w as in (39) and (43), respectively, we have (42).
Estimate (46) follows from lemma 6.
Let us prove estimate (45). From lemma 6 one obtains

IBllp—25 < IV, IM©O + )T T(K©O +0)E©O)lp—25 + IME|, .,
xc|M@® + o) J(K@O +w)E@®)] -5 +cy '8 Ve, (47)

for some constant c.
We claim that there exists a constant ¢,, depending on n, p, |flc1 5., |/ 5., |J g,
IDK]|l,, IN|l, and ¢; such that, for any 0 < § < p/2, the following estimate holds:

M6 +@) " T(K O +)EO) 25 < cay™ 87 e, (48)
Indeed, using the following equality:
Df(K(0))DK(@®) — DK(0 +w) = De(8)
we have
E(0) = (De(0) E\0)),
where
Ei(0) = Df(K(0))J(K(©))"'DK(@)N©) — DK (6 +»)S(6)
—J(K@ +») 'DK@® +»)N (@O + ).
On the other hand, performing some simple computations, we have

2] T
M®)"J(K®)) = (_QP(((;)T) :

where P is defined by equation (30), and Q(0) = —J (K (0)) DK (0). Then, we have

QO +w) " De(®) Q0B +w) E1(0) )

M@+ J(KE +o)EE®) = <—P(9 +®) De®) —P©O+w) Ei6)
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Moreover, E| satisfies

PO+w) E0)=0 (49)
and

0 +) E1(0) = ¢(6) — ¥ (6) — L(6 +)S(0), (50)
where L(0), defined in (22), is bounded in lemma 3,

¢(©) = (Df(K(©)DK () ¢®)Df (K(©))J(K(©) ' DK (O)N©)
with ¢(0) = J(K (0 +w)) — J(f(K())), and

¥ () = De(0)"J (K (6 +w))Df (K (6))J (K (6))"' DK ()N (0).

Then inequality (48) follows from equalities (49), (50) and lemma 3. Therefore, estimate (45)
follows from (47) and (48). O

Remark 11. Note that in proposition 7, we have w = 0 and B = 0 in the case that K
parametrizes an invariant torus.

4.3. Approximate solvability of the linearized equation

Proposition 7 guarantees the existence of a change of variables which takes (20) into (42). We
emphasize that proposition 7 holds for any real analytic symplectic map f for which there is a
real analytic approximate solution of (1), K, with small enough error function and frequency
vector € D(y,o). In this section we prove that if f is an exact symplectic map, and
K satisfies the non-degeneracy condition N2, then equation (20) can be solved approximately
in the customary sense of Nash—Moser theory. In order to do that we study the approximate

solvability of (42).
Let us consider the following linear operator:
L, S
ek = (4 57)ew -0+

where S is defined in (29). Note that (42) can be written as follows:
L,50) + B(0)§(0) = p(0) + w(0).

The approximate solutions of (42) will be the solutions of

0
L,E0) = p©) (avg{py}g>’ (S
where (py, p,) are the symplectically conjugate variables of p. The exactness property of f
will enable us to prove that |avg{p,}e| is quadratic with respect to the norm of the error. Then
a solution of (51) will satisfy (42) up to errors which are ‘quadratic’ in the errors, which does
not affect the ‘quadratic’ convergence of the methods [Zeh75].

The non-degeneracy condition N2 in definition 2 guarantees the solvability of (51), as we
prove in the following result.

Proposition 8. Assume that € D(y, o) and that the following hypotheses hold:

(a) The average of S, avg{S}y, is non-singular.
(b) v = (vy,vy) : R" = R" x R" is real analytic on U,, one-periodic in all its arguments,
with vy, : R" — R" a zero average function.
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There exists a unique function & = (§,,&,) : R" — R" x R" real analytic on U,_»s, for any
0 < § < min(1, p/2), satisfying

L, =v
with avg{&,}p = 0 and

avg{&,}p = (avg(S}) ' (avgluito — avg{S(0)E,}p), (52)
where é,gy =&, —avg{éle.

Moreover, there exists a constant ¢ depending on o, p, n, |[Nl, K|, and

|(avg{S}e) "], 5.1.

1§ 11p-25 < cy 72872 vl
Proof. The linear difference equation £,& = (v, vy)-r is written as follows

£x(0) — §:(0 + ) = v:(0) — S(0)§,(0),

£,(0) —&,(0 +w) =v,(0).
First we consider the n-dimensional equation

£,(0) —£,(0 +w) = vy. (53)
Since w € D(y, o) and avg{v,}s = 0, proposition 2 implies the existence of a solution &, of
equation (53) which has arbitrary average and is analytic on U,_s, forany 0 < § < p/2, and
satisfies the following estimate:

1€y llp-5 < cor ™87 vyl + lavel€, ol

where ¢y is the constant given in proposition 2.
Moreover, if avg{£,} is defined by (52), then the following equality holds:

avg{v, (0) — S(0)5,(0)}e = 0.
Thus, there exists a unique zero average solution &, of

§x(0) — & (0 + ) = v,(0) — S(6)5,(0), (54)
satisfying

€l p—25 < coy ™' 877 02(0) — S(O)Ey ()l p—s-
Finally, using the bound for ||&, || ,—s and assuming 0 < § < min(p, 1), one obtains the desired

estimate. O

Remark 12. We remark that proposition 8 is the justification for our definition of the non-
degeneracy condition N2 (see definition 2).

Remark 13. The uniqueness property of the solution £ in proposition 8 implies that for any
other mapping & = (&,, &,) satisfying £, § = v will also satisfy

£ _ an{éx}H
e ()

Let £ be the solution of (51), with avg{£}y as in proposition 8, and define A(f) =
M(6)&(9), then

F(K)A@®) = —e(@) + M (6 +w) |:B(9)§(0) —w(®) — (avg{op ,}0>:| , (55)

B and w are defined in equation (43).
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Note that if we want to obtain an approximate solution of (20) with quadratic error with
respect to the norm of e, because of (45), (46) and the estimates given in proposition 8, it is

enough to prove that the norm of avg{p,}s is quadratic with respect to the norm | e]| ,.

Lemma 9. If f is exact symplectic, then the following equality holds:
avg{pyle = —avgle(®) + De(0) " Da(K (6 + ))e(®)}s,
where e is defined in (21), a is defined by o = a dz, and
¢(0) = (Df(K () DK (0)) ¢ (),
¢(0) = a(f(K())) —a(K (0 +w)) — Da(K (0 +w))e(0).
Moreover, the following estimate holds:
lave{pylol < csp”'llell?.,
where cs is a constant depending on n, p, |DK ||, | flc1 5. and |a|c2 g,.

Proof. First of all note that

px(0) = =T (0 +w)e(9), py(0) = —=DK (O + )" J(K (0 +w))e(®),
where T is defined in (38). Moreover, from (8) we have
2n  2n

Q. =) Jij@am;. V¢, n e R

i=1 j=1I

Then, if Q = do, witha = adz, fori, j =1, ..., 2n, we have

aaj(Z) _ da; (z)
0z; 0z;

Jij(@) =

k]

equivalently
J(2) = Da(z)" — Da(z).
Using equality (59) we obtain
DK@ +w) J(K(6 +w))e(®) = DK (O +w) " Da(K (6 +w))" f(K(®))
(€)]

(56)

(57)

(58)

(59)

—DK®+®) Da(K@® +») K@ +w)— DK@ +w) Da(K (6 + w))e(d).

@

Note that

(1) = V[a(K (6 +w)) - f(K(©)]— DK©®)" Df(K(®)) a(K (@ +w))
and

(2) = V[a(K©® +w)) - K@ +w)] — DK® + ) a(K (@ + ).
Then

avg{(1) — (2)}y = —avg{DK (0) " Df (K (0))"a(K (0 + w)) — DK (6) "a(K (6))}s.

Moreover, if f is exact symplectic the following equality holds:
(foK)'a=K*'a+d(DoK).

Expressing this in coordinates and integrating we have

avg{DK (0)"a(K (0))}e = avg{(Df (K (0)) DK (6))"a(f (K (0))}s,

3)

(60)
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Equality (60) implies (see (56))
avg{(1) — )}e = avg{(Df (K (0)) DK (9)) " (a(f (K (0))) — a(K (0 + »)))}e
= avg{(Df (K (0))DK (9))" Da(K (6 + w))e(®)}s
+avg{(Df (K (0))DK (6)) ¢ (0)}s.
Therefore,
avg{(1) — (2) — (3)}o = avg{(Df (K () DK () ¢(©)}s
+avg{De(0) " Da(K (6 + w))e(0)}s,

where we have used that Df (K (0))DK (0) — DK (0 + w) = De(09).
By Cauchy’s inequalities and the properties of the norms, we have the following estimate

for lavg{py}al:
lavg{pylel < csp'llell?,
where cs is a constant depending on n, p, || DK ||, | flct 5, and |alc2 5, (|
From propositions 7, 8 and equation (57), we have that the linearized equation
[DF(K)A]®) = —e(0)
is approximately solvable in the following sense.

Lemma 10. Assume that o € D(y,o0), [ is an exact symplectic map, S (defined in (29))
satisfies that avg{S}y is non-singular, and that ||e||, is small enough such that proposition 7
applies.

Let M be defined by (31), and & be the solution of (51). The mapping A(0) = M (6)E(0)
satisfies (55). Moreover, the following estimates hold:

1Allp-25 < ey 287 ell, (61)
and

IDF(K)A +ellp—25 < cy 2877 Vle]2, (62)
where c is a constant depending on o, n, p, |alc2 g, |J|ct 5, |J’1|Br, [ flcr s, IDK o N,
I(ave{S}e)~"|.

Proof. Estimate (61) follows from proposition 8. Equality (55) follows from proposition 7
and the definition of A. From inequality (45) and proposition 8 one obtains

M6 +@)BOE©O) | p—25 < cy 87 Vle]?
for some constant c. Inequality (46) implies
1M + @) w(®) | p—25 < cy '8Vl

and from inequality (57) we obtain

M@+@(

-1 -1 2
<ey~'o el

)
an{py}O
Applying these estimates to (55) we obtain (62). ]

p—28

5. A modified Newton method

In this section we will assume that f, Ky, w and p, satisfy the hypotheses of theorem 1. We
apply the results of section 4 to construct a modified Newton method. We will show that if
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lleoll o, is small enough, the procedure can be iterated indefinitely and it converges to a solution
which satisfies the bound claimed in theorem 1. In this way we construct a convergent sequence
of approximate solutions for (1), and the limit function will be an exact solution of (1).

5.1. Description of the method

Starting with the approximate solution K, of equation (1), we define the sequence

K = Kn—1 + AK,—1, m>=1,

where AK,,_; is the approximate solution of the following linear equation:
DF(Ku_1)AKyy—1 = —em_1, (63)
em—1(0) = F(Ky,—1)(0). (64)

We emphasize that the symplectic map f is never modified in the Newton method
described here.

The following result formulates the estimates that make precise that this quasi-Newton
step improves the solution.

As is standard in KAM theory, we will obtain that the norm of error, in a slightly smaller
domain, is bounded by the quadratic norm of the original error multiplied by a power of the
domain loss.

Lemma 11. Assume that K,,_y € N'D(p,,_1) (see definition 2) is an approximate solution of
(1) and that the following holds:
def

Fm1 = 1Kn—1 = Kollp,, <7. (65)
Ife,,_1, defined in (64), is small enough such that lemma 10 applies, then there exists a function
AKy—1 € Py, =35, 1, Jorany 0 < 8,1 < pm—1/3, such that

IAKm-1llpyi—281 < Cm-1¥ 28,27 lem—11l 5+
D Qo+1) (66)
IDAK il o =380y < Cm—1¥V 8,1 llem—1llp_,>

m—17

where ¢,y is a constant depending ono, n, | flc1 g, 1/ ¢t 5, [J~1 18> I1DKm—1ll s INm=1llp,,_,
and |(an{Smfl}0)71|~
Moreover, if K, = K1 + AK,,_1 and
—2¢-2
Fm—t +Cma17 8, Nlem—1llp,, <7, (67)
then we can redefine c,,—1, which will depend on | f|c2 g, and all the previous quantities, such

that the error function e,,(0) = F(K,,)(0) satisfies

404 2
lemllp, < cm—1v~"8," lem—1ll, - (63)

Proof. Let AK,,_1(0) = M,—1(0),-1(f) be the approximate solution, provided by
lemma 10, of (63). Then, estimates (66) follow from (61) and Cauchy’s inequalities.
Moreover, if K,, = K,,—1 + AK,,_1, then

2

252
K, — K0||pn,71—26m < Ip—1 +Cp—1y am_al llen—1 ”p,,,,l <r.

Hence, if (67) holds K,,,(0) € B, for any 6 with |Im 68| < p,,—; — 26,,—;. Define the remainder
of the Taylor expansion

R(K,v) = F()— F(K)— DF(K)(v—K),
then
en(0) =lem—1 + DF(K)AK,;—110) + R(K\u—1, K1) (0).
Therefore, estimate (68) follows from Taylor’s theorem and (62). O
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5.2. The non-degeneracy condition

In this section we will inductively show that if the norm ||eg]|,, is small enough and the first
step of the method described in section 5.1 is possible, then K, satisfies the non-degeneracy
conditions N1, N2, for m > 1.

Throughout this section we will assume that K,,_; € P,
(see definition 2), and that inequalities (65) and (67) hold.

Since conditions N1, N2 involve the derivative of K,,, its norm is estimated in the complex
strip U, ,-3s,_,,forany 0 < §,,—1 < pp—1/3 (seelemma 11). We define p,, = pm—1 — 38,1,
for 0 < &,—1 < pm—1/3 fixed.

satisfies conditions N1, N2

m—1

Lemma 12. Assume that the hypotheses of lemma 11 hold. If |le,—1 ||, is small enough, then

(1) IfDKm_l(O)TDKm_l(G) is invertible, with inverse N,,_, then DK,, ()T DK,,(0) is
invertible, and the inverse N,, satisfies

~ —2¢o—(20+1)
”Nm ”pm < ”Nm—l ”/Jm,l + Cp—1 Y (Sm_](r ||em—l ”,qu .

(2) Let S,,—1 and S,, be defined by replacing K with K,,_; and K,, respectively, in (29).
If avg{S,,_1}e¢ is invertible, then avg{S, }o is also invertible. Moreover, the following

inequality holds:
@vg(Sue) ™| < [@velSu—1}o) ™1+ én 1y 28,57V llem -1l
where Cy—y and Cy— depend on the same quantities as cy—y in lemma 11, |f|c2 5 and

[V e B,

Proof. Performing some computations we have

Sn = Sm-1+Pp_1,

DKu(8)" DKy (8) = Nu—1(6) ™' + Zn—1(6),
where Z,,_ satisfies

1Zn-1@)lp,- < 2D Km—illp,  IDAKn—1llp, ., + IDAKp_1llp,_ |AKm—1ll,-,

—Qo+1)
< em=18,, 7 Nem=1llp .

where we have used estimates given in (66) and have ignored the quadratic terms at the price
of redefining c,,_;. Similarly, we have

1Pm—1llp, s < cm17 28, llem—1llp, .-
Therefore, if
def _
b1 = max(|(@vg{Su-1}s) "I, INu-11)
and e,,_; satisfies
bu-1m-17 28,7 P llem-1llp,, < 3. (69)
then we have that the matrices
Iy + (avg{Sy—1}e) ' avg{Pm_1}s) and (I + N1 Zn—1)
are invertible. Hence, Neumann’s series theorem implies that the matrices
DK, (0) " DK,y(0) = Ny—1(0) ' [1y + N1 (0)Z(0)]1,
avg{Sp}o = avg{Su—1}olLn + (avg{Su—1}e) ' avg{®m_1}e]
are invertible. O

Remark 14. For typographical reasons we redefine constant ¢,,_, given in lemma 11, to be

max(Cm—1, Cm—1, bm—1Cm—1)-
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5.3. Convergence

The convergence of the modified Newton method described in section 5.1 is standard in KAM
theory. We will present full details for the sake of completeness.

We have seen that if K,,_;(U,, ) C B, and ||e;,_1],,_, is small enough, then K,, € P,
and it satisfies conditions N1, N2. More precisely, there exists a suitable constant (see
lemmas 11 and 12), such that if ||e,,—]l,,_, satisfies

—2¢-2
Tm—1+Cp—1Y 8m_(r1 ”em—l ”pmq <r,

(70)
—2o—(o+1 1
Cn—-1Y 5m871+ )”em—l”pm,l < 25

then one step of the modified Newton method produces a mapping K, € P,, which satisfies
conditions N1, N2 and the corresponding error function e,, satisfies the quadratic estimate (68)
(see lemma 11).

We will establish conditions on ||el|,, that guarantee that inequalities (70) hold for all
m > 1. Then we will prove that the Newton method described in section 5.1 is quadratically
convergent and obtain bounds for ||Ky — K|l . The obtained estimates are similar to those
in [Zeh75], hence, the argument follows similar lines.

Remark 15. In principle, the constant c¢,,_; depends on the parameters of the problem n, o, y,
| fle2s.s et B, [J! |c1 5. It also depends on p,,—; < po, and on the following quantities,
related to the approximation K,,_|,

def def def -1
dm = ”DKmfl”,o,,,,l» Vim = ||Nm—1||pm,,, Tn = |(an{Smfl}9) |

Moreover, it is possible to see that the dependence of ¢, on (d,,, Vi, Tpp,) 1S polynomial. That is,
there exists a polynomial, A(y;, y2, ¥3), with positive coefficients depending on the parameters
of the problem, and such that

Cm—1 = )"(dmflv V-1, Tmfl)’ Ym > 1. (71)

Since we are looking for a solution of (1) which is close to K, it is natural to expect the
quantities d,,, v, and t,, to vary not more than a small quantity from d, vy and 7. If this is
the case, the constant ¢,,_; would be bounded

Mdo + B, vo+ B, 10 + B),

where 8 will be conveniently determined.

Lemma 13. Let {cy}n>0 be the sequence of positive numbers given in (71). For a fixed
0 < 8o < min(py/12, 1) define
def ¢ o def def
S = 802 ", Em = ”em”pma I'm = | Kn — KO”pma m 2= 0.
There exists a constant ¢, depending on o, n, r, po, |flc2.5., lalc2s., |J|c1 B, |J‘1|C1‘B,,
1D Koll o> 1 N0l o |(ave{So}e) ™|, such that if lleoll o, satisfies the following inequalities:
def

e = 2% ey 80" eoll,, < 3 (72)

40
[1 * 3 1] ey 28,2 lleollp, < 7 (73)

then, the modified Newton step can be iterated indefinitely and it converges to a mapping
Koo € Ppy—6sy Which satisfies the non-degenerate conditions N1 and N2 (definition 2), and

foKe=KsoT,.
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Moreover, the following holds:
20

Koo — Kollpp—65y < [ﬁ

} ey 2857 lleoll po- (74)

Proof. It is enough to prove that conditions (72) and (73) imply conditions (70) for all m > 0.
Define

¢ S Ao+ B.vo+B. 10+ B) (75)
with

B déf y2530—127(4a+1)(1 : 24071)_
We prove, using induction, that for all integer m > 0 the following holds:

Cl(m) ry <[1+(2)/(2% — 1)y 28,70 <1,
C2(m) &, <2741 @"=Dg,

C3m) c, <c,

Cd(m) c,y 25,2, < %

Note that this implies that conditions (70) hold for all m > 1.
C1(0) and C2(0) are immediate. Note that from the definition ¢y < ¢, i.e. C3(0) holds,
and since we are assuming ¢ > 1 and 0 < y < 1, inequality (72) implies

coy 285 % ey < (coy 485 e0)s2 T <27 < L

3
This proves C4(0).

Assume that C1( j)—C4(j) holds for j = 1,...,m — 1 (then it is possible to perform
m — 1 steps of the modified Newton method described in section 5.1). In particular, for
Jj=0,....,m—12>0,c;is bounded by c, then for j = 1,...,m, one has the following
estimates of the error (see (68)):

—4¢o—40 2 —4\ (142 2 \—4o 4
g <cy 8 el | < ey THMP(8;1187 ) e,

/

4\ 1424420 2 21\ do 2
SN (& 200 M G SR PEER. S B
j—1 0/ . i—2 i

— (cy o4y s (o G D2k

(CV_43640)2]_1240(2j_j)8(%j

—4o—4 J1m— - J— - j—
(C)/ 480 (724080)2 12 4o (j 1)80 < K2 1(2 4o (j 1))80,
[ —

NN

K

where we have used that 2°(j — 1) +2(j — 2) +--- +2/ 72 =2/ ! Zf;l §275 <20 —
Let us prove that C1(m)-C4(m) holds. We first prove C1(m):
m—1
P < Pt * ety 28, lem—tllp,, < < ey 2050 +ey 2y 876,
j=1
m—1
< cy—2862080 + C]/_Z(S(;ZJK'SQ Z 22,/02—40(]—1)
Jj=1
25-2 4 - 2j 20-2 2%
ey 8, e | 1 +427 ]Z_l:Z 17 =cy ™8, €0 <l +Kﬁ>
and since « < 1/2, (73) implies C1(m).
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Therefore, inequalities (68) and (72) imply
g <P gg2 40U, forj=1,...,m, (76)

this proves C2(m).
We now prove C3(m). The first inequality in (66) and lemma 12 imply

—2o—Qo+1
dm < dm—l tCn—1Y (Sm(,f )8m—1 < d() + Sm—1,

~
—2o—(Q0o+1)
Vm < Vin—1tCm—1¥Y Sm—l Em—1 Vo + Sm—1,
<

<
—2o—(20+1)
8m,1 Em—1 < To + Sm—1,

$

Tn—1tCm—1Y

where
m—1
def —2o—Q0+1)
Sm—1 = E ciy 8}' Ej.
j=0

Let us estimate s,,_;. Inequality (76) and C3(j) imply, for j = 1,...,m — 1,
¢ y—28;(2<7+1)8j < (Cy—286(20+1)80)24GK2j—l2—j(2(7—1) ,

then, using inequality (72) one has

oo
Sm—1 < Cy280(20+1)80<1 +K240‘ sz(ZO‘l))
j=1

2020—1~—4 2%
=Ky 2 0<1+K—226_1_1>

< )/2830—12—(4o+1)(1 +2%1) = gy
Then
dy < do + B, Uy < Vo + B, T < T0+ B,
this implies ¢;, < ¢, i.e. C3(m) holds. From (76) and (72) we have
“25-Cothg < (Cy7280—(20+1)80)24UK(2”’71)27m(2071)

< K_yzagaflKZ"'—lz—mQU—l) g %

CmY

Hence, we have proved C j(m) for j =1, 2, 3, 4.

Therefore, the modified Newton method described in section 5 produces a sequence of
mappings K, satisfying lemma 11. In particular, from the first inequality in (66) we have that
{ K }m>01s a Cauchy sequencein the scale of Banach spaces P,,,. Let Ko, = lim,,—, o Ky, then

K« € P, (see definition 2), with oo &f lim,,;— 00 P = po — 68p. Moreover, inequality (68)
implies that K , satisfies (1). Finally, estimate (74) follows from the first inequality in (66) and

1Koo = Kollpw < Y IAKmllpy < D NAKIl,-
m=0

m=0

O

6. Local uniqueness

In this section, we prove theorem 2. The proof is rather standard. It suffices to show that the
operator D F(K) has an approximate left inverse (see [Zeh75]).

In our context the existence of the approximate left inverse amounts to the uniqueness
statement of proposition 8 and remark 13. The uniqueness up to additive constants in these
results amounts to the uniqueness of re-parametrization of K (see remark 5).
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From now on we assume that K; and K, satisfy the hypotheses of theorem 2. We note
that if F(K;) = F(K;,) = 0, by Taylor’s theorem we have

0= F(K1) — F(K2) = DF(Ky)(K1 — K2) + R(K1, K2), (77)
where
IRIl, < clKy — Kalf2.

Since K is an exact solution of (1), the results of section 4.2 apply and proposition 7 implies
that equation (77) can be transformed into

<16’ 559)> A@B) — A +w) =—-M"'0+w)R(K}, K2)(0),
where S is defined by (29), replacing K with K5, and
A=M®O) (K — K)(0) = e (K1 — K2)(0)
B T T pk@Tiken)

with T defined in (38) (replacing K with K»).
By the uniqueness statement in proposition 8 and remark 13 we obtain

A — (avefAe, 0) llp-2s < cy 28RN < cy 287 |IK) — K7,
where

avg{Ayle = avg{T (O)[K1 — K21(0)}e.
Lemma 14. There exists a constant ¢, depending onn, p=', |J|5,, | 5, NI, IIK; llc2, pr
such that if

clKy — Kaoll, <1,

. o def
then there exists an initial phase T, € © = {t e R":|7] < [IK\ — K2} such that,

avg{T (0)[K, o Ty, — K>](0)}s = 0. (78)
Therefore, for any 0 < § < p/2 we have
1Ky 0Ty — Kallpmas < &y 811Ky — Kall} (79)

for some constant ¢ depending on n, o, v, p, p= ', | flczs, |15, |J7 5 IDKall, N
[(avg{S}e)~'|, with N and S as in definition 2, replacing K with K.
Proof. Some direct computations (see (38)) show that

T(O)DK>(0) = 1.
Then, for x € R”

T(O)K1(0+x) — K2(0)] = T(O)[K1(0 +x) — K2(0)] — T(O)DK2(0)x + x.
Therefore, a solution 7| of (78) is a fixed point of

V() E —avg({TO)K (6 +x) — K>(0)] — T(O) DK (0)x}s.

Performing some computations we see that for any x|, |y| < ||[K; — K2||, (.e. x, y € ©), the
following holds:

W (y) — W) < cily — x> +ealxlly — x| + e3ID(Ky — K2)loly — x|
< allKy — Kallply — x|,
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where the constant ¢4 depends onn, p~!, IK2llc2,, and | T||, Gee. | ]35,, |J g, IDK>||, and
IN]l,, see (38)). Therefore, if ¢ = c4, and

clKy — Kallp, <1,

then the mapping ¥ : ® — © is a contraction.
Let || < ||K1 — K»]|, satisfy (78), then K o T, is a solution of (1) such that if

A©) = M©®) " (K10 Ty, — K2) ().

then the uniqueness statement in proposition 8, remark 13 and equality (78) imply
[Allp—2s < cy 28 RIS < cy 87 ||K1 — Ka2.

Therefore, we have
1KyoTy — Kallp—25 < 1Mol All p—2s

ey — Kol

forany 0 < §, p/2. O

<
<

Let 71 be as in lemma 14, since K o T3, is also a solution of (1), we can apply lemma 14
to the solutions K; o T7, and K, (note that we do not change K>, this implies, in particular,
that ¢ and ¢ do not change). Hence, we obtain a sequence {7, },,>1 such that

[T — Tm-1l < K10 Ty, | — Kallp,_,
and

IKioTy, — Kall,, <cy 28,KioT,

< et
<@y DY [BnbL 1820 5. 87 T7NK — KoY
<@ 2K — Kall)P 2,
where §; = p/8, 8;ps1 = 6,n/2 and p,, = p — Z';':l §; form > 1.

Therefore, if

2
— K2

m

¢ = max(¢, £2%)
and
“257%¢c| Ky — K 1
y 1 c ” 1 2 ” 14 <1,
then the sequence {t,,} converges, and its limit 7, satisfies

IKioT:, — Kzllpp2=0.

7. Proof of theorem 3

We formulate a general step of the procedure, the iterative procedure and the argument for the
convergence are identical to those presented in section 5.

7.1. A general step of a modified Newton method

LetK € ’ﬁp be an approximate solution of (14) with error function
e=fioK—-—KoT, (80)
and assume that K and f; satisfy definition 3. In order to construct a new approximate solution

by using a modified Newton method, we look for an increment of the parameter AA and an
increment function A K which is one-periodic in each variable and such that the elements of
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order 1 of G(K + AK, A+ A)) are equal to zero, with G defined in (19). This leads to a study
of the solvability properties of the linearized equation:

(3fx(K(9))
oA

Note that, except for the term (3f; (K (8))/9dA) AX, the left-hand part of (81) has the same form
as the linear operator D F(K). Hence, the geometric procedure described in section 4 will
work in this case with small modifications.

We emphasize that the geometric properties of an approximate solution of (1) and the
results on the reducibility of the linearized equation in section 4.2 follow from the symplectic
properties of f and the size of the error function, then the results of sections 4.1 and 4.2 also
hold for the symplectic map f;. The main difference is that in section 4.3 the approximate
solvability was achieved using the exactness character of f and the non-degeneracy condition
N2 (see proposition 8 and lemma 9). In this case this will be achieved by using the increment
of the parameter AA.

The approximate solution of the transformed equation will produce an approximate
solution of the linear equation (81) with quadratic error.

In order to ensure that the procedure can be iterated, we have to verify that the correction
obtained by adding to K the approximate solution of the linearized equation (81) and the
symplectic map fy4a; satisfy the same conditions as K and f; (this part is identical to
section 5.2).

Proposition 7, applied to the map f; and K, implies that if M is defined by (31), replacing
f with f,, then the change of variables A(#) = M (6)&(0) transforms (81) into

) AL+ Df(K(0))AK(O) — AK(O +w) = —e(B). (81)

I f (K (O
[(0 SEG)) + 3(9)] EO)—E@+w) = pO) +w®O) + MO +w)™! (%) AX,
(82)
where S is defined in (29) replacing f with f3,
pO)=—-VEO+w) MO +w) J(K®O+w)e®), (83)
where V! is given in (37), and B and w satisfy estimates
IB@)llp-2s < cy '8~V lell,,
lwllp—zs < cy™ '8~ Vel
for some constant ¢ > 0.
Moreover, lemma 6 implies
Af (K (O
MO + )~ (%) Ak = AO)AX+q(0)
with
af (K (6
AO) L VO +w) MO +0) JK®O +w)) (%) (84)
and
oo || 0/ (K (0))
Igllp—2s < cy~'s*D *T | A el -
P

Let us prove that the reduced equation obtained by removing the terms B, w and ¢ from
equation (82) can be solved for (£, AA).
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Proposition 15. Assume that ® € D(y, o) and that K and f, satisfy definition 3. If |lel|,
is small enough then there exists a mapping &, analytic on U,_»s, and a vector A\ € R?",

satisfying

I,
(5 )0 -c0 40 = ro) (85)
where
ROE VO +w) 'M®O+w) J(K®O +w)) [e(e) + (W) Ak] ) (86)

Moreover, there exists a constant ¢, depending on n, o, p, v, |flc2p., DK, INO)|,,
1(3f5.(K(8))/0M)]l, and |(an{A}g)_1| (see (84)) such that the following inequalities hold:

11,25 < cy =267 llell,, (87)
| AL < cl(avg{A©)}) el (88)

Proof. Consider the symplectically conjugated coordinates R = (R,, R,) and § = (&,,§,),
then equation (85) can be written as

§x(0) — & (0 +w) = R (0) — S(6)§,(0),
£,(0) —§,(0 +w) = R,(0).
From (86) one can see that

—T 6 +w)e(®)

R(0) = <_DK(0 +0)TJ(K (0 +w))e(®)

) + A@)AL (89)

with A given in (84).
Since f; and K satisfy definition 3 we have that avg{A}y has range of dimension 2n.
Therefore, we can fix the last n-coordinates of AL € R?" such that

avg{R,}s = 0.
Proposition 2 implies that there exists a unique zero-average analytic mapping on U,_s
satisfying

§y(0) —§,(0 +w) = Ry(0)
and

I€1p—s < cy ™ 87T IR, - (90)
Now, we let AA be completely determined by the equation

avg{R,(0) — S(0)5,(0)}o = 0.
By proposition 2 there exists a unique mapping &, satisfying

£x(0) — §:(0 + @) = px(0) — S(0)§,(6)
with

I€cllp—25 < ey '8 NIR(O) — S©O)Ey (Ol p—s- oD
Note that AL € R?" was defined to be the unique solution of

avg{—T (0 + w)e(0) — S(0)€,(6)}o ) _

avg{—DK (0 + ) T J(K (0 + w))e(0)}p ©2)

avg{A(0)}g AL = (
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Let (¢, cpy)T = avg{A(0)}y AA, then from (89) and (92) we have the following estimates:

IRyll, < ¢ (II@IIp + <w> |<py|> < Cllell, 93)
P
and
< aﬁ(K(@))) ! )
| Rl C<||e||p+ (—M plfﬂ |
< c(llell, + lavg{S(©)&, (@) }el)
<éllell, + <y~ o7 IR M) (94)
Inequalities (90), (91), (93), (94) and equality (92) imply estimates (87) and (88). O

The construction of an approximate solution of the linearized equation (81) is now clear,
and we establish this in the following result, the proof follows from the previous construction
and is very similar to the proof of lemma 10.

Proposition 16. Assume that the hypotheses of proposition 15 hold. Let & and A\ be as in
def

proposition 15, define AK(0) = M(0)£(0). The pair (AK, A)) is an approximate solution
of the linearized equation (81) satisfying

IDG (K, 2)(AK, AN+ G(u, W)l p—2s < 87 e
forsome constant c, depending onn, o, r, | flct 5., IDK o, IN©O) |(ave{Ale) | (see (84))
and ||(0f,.(K(6))/dM) |l -
Remark 16. In the case that f; is exact symplectic we have proved in section 4.3 that
(see lemma 9)

|avg(DK (0 + @) " J (K (0 +w)e®)}s] < cp™ el
then, if AL = (AA,, Aky)T, we have

| A%y | < cI(avg(A)) ™ lavg{DK (6 + @) T (K (6 + w))e®))] < " llell}.

Moreover, if K satisfies the non-degeneracy condition N2 stated in definition (29), i.e. the
n X n matrix avg{S(0)}e, with S defined by (29), replacing f with f;, is non-singular, then
we can choose avg{&,} in proposition 15 such that

avg{—T (0 + w)e(0) — S(O)&}y,
then AX, = 0 (see (92)).

7.1.1. The iterative procedure. Let AK and AA be as in proposition 16, we consider K + AK
as an approximate solution of the equation

frsnr0oZ =ZoT,.

Since K is analytic on U, and the solution of (85) is analytic on U,_»s forany 0 < 6 < p/2,
K + AK is analytic on U,_,s. Moreover, inequalities (87) and (88) imply

IAK [lp-25 < 87 lell, [AL] < cllell, 95)
and by using Cauchy’s inequality one has
IDAK [|p-35 < 87 Vel (96)

One step of the modified Newton method is obtained by proving that K + AK and f; ., satisfy
the same conditions as K and f;.
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Lemma 17. Assume that » € R", K € P, and that f; and K satisfy definition 3. If llell, is
small enough, then K + AK and f..a satisfy definition (84). Moreover, if A is defined by (84),
then the following inequality holds:

lave{A1(0)}s| < lave{A@)}o] +cy 28" V|,

where Ay is defined by (84) by replacing f and K with fiia) and K + AK, respectively, and
¢ is a constant depending on n, o, r, | flc2 5, |DKllp, IN@)l,, (3% f1(K(0))/9*M)|,, and
l(ave{A}g)~"].

Proof. The proof is very similar to the proof of lemma 12 in section 5.2, it follows the
assumption that the family f; is twice differentiable with respect to A, the estimations given
in (95) and (96) and Neumann’s series theorem. O

Since the estimate and the induction hypotheses have the same structure as those in
section 5, the convergence argument and the final estimates do not need any modifications.

8. The linear equation for vector fields

Let w be a fixed frequency vector satisfying the Diophantine condition (9), and let K be an
approximate solution of (15). We study the invertibility properties of the linear operator

JD(VH(K))A — 9,A. o7

8.1. Lagrangian character

We need the version of proposition 2 for vector fields.
Proposition 18. Assume that w satisfies the Diophantine condition

k- w| > YkeZ"— {0},

v
o 9

|kI

for some constants y > 0ando >n — 1.

Let h be a real analytic function with zero average. There exists a unique analytic solution
v with zero average, of the linear equation

. av
Z Wj— = h.
, a0;
j=1
Moreover, if h € P, the solution v satisfies the following estimate:
—o,,—1
vllo-s < 6~y lIvllps
where c is a constant depending on n and o.

It is known that if K is a solution of (15) with w rationally independent, then the torus
K (T") is a Lagrangian manifold. In the case that K satisfies (15) only approximately, we will
prove that K (T") is approximate Lagrangian.

Lemma 19. Let K : T" — U be a real analytic mapping on the complex strip of width p > 0.
Define the error function

e(0) = IVH(K(0)) — 3,K (0). (98)
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The following holds:

(a) The components of the vector DK (0)" Je(9) are zero average functions.
(b) Ife =0, i.e. K satisfies

0,K =JVH oK, (99)
then there exists a function b : T" — R and a constant vector ay € R" such that
K*a = db +agdb,

where « = —y dx.
(c) There exist two functions b : T" — R and g : T" — R" and a constant vector ay € R"
such that

K*a=db+aydd + Y g;(0)do;.

j=1
Moreover, the function g satisfies
3,8(0) = DK (0) T Je(0). (100)
(d) Let L(0) be defined by (22). There exists a constant c, depending on n, o and |DK|,,
such that
ILlp-25 < cy~'87 Vle]l,. (101)

In particular, L = 0ife = 0.

Proof. The pull-back of « = —y dx under K = (w, v) " is given by

" dw(@) "
K'a=—vdw=—3 ';9( ) v(0) db;.
=t

For j =1,...,n, define a;(0) = (dw(9)/36;) " v(0), then

.

0,a;(0) = < aw(a)) @+ 220 5 00)
00;

_ [ 8v(9) ey (0)- Bw(G)]
99,
+ % DyH(K(0))v(8) + (H o K)(0) — e, (0) - v(0)
J

I Tz

Note that since 9,a;(6), (0/00;)h and (3/36;)h, have average equal to zero, then

v(0) dw(®) |
avg {ex((?) %0, —ey(0) - 26, L =0,

which proves part (a) of lemma 19. Moreover (cf [Riis75]), since w is Diophantine there exist
functions g : T" — R”" and by, b, : T" — R such that g satisfies (100) and

0wb1 = Ry — avg{h}e, 0wby = hy — avg{halg.
If K is a solution of (99), then g and b, are constants. Setting g = 0 and b, = 0, we have

- 9
= aj®)do; =) Mbl,,(e) do; — avela,}s db;,
j= j J

this proves part (b) of lemma 19. Taking b=—(b) —b) part (c) of lemma 19 follows.
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Let us prove part (d). From part (¢) we have
K*Q =dK*a = d(—gdb)
in coordinate representation one has
L(®) = Dg(6) — Dg(®)",
therefore, part (d) of lemma 19 follows from equality (100). O

8.2. Change of variables in the linearized equation

As in the case of analytic exact symplectic maps, the geometric structure of K makes it possible
to define a change of variables which transforms the linear operator (97) into a simpler one
(compare with the case of maps in section 4.2). Let A be defined by

A(0) o (—DDXXVVyf;{(fK(fG);) —DD\VVV}fIH(fI;fQ);D =JD(VH)(K(6)). (102)
Then the linearized equation

JD(VH(K))A — 9,A = —e,
takes the form

AB@)A(O) — 0,A(0) = —e(0). (103)

If we perform the change of variables A(9) = M (0)£(0), in the variables & the linearized
equation (103) has the following expression:

[A@O)M () — 3, M (0)]5(0) — M (0)3,8(0) = —e(0),

where A(0) is defined in (102). Similar to the case of exact symplectic maps, we give a change
of variables M such that the matrix

M©)~'TAO)M(©6) — 8,M(6)] (104)

is an upper triangular matrix with diagonal terms equal to zero.
Assume that there exists a matrix N such that

N(6) = (DK () DK (6))™" (105)
and consider the 2n x 2n matrix valued function

M@)=(DK(@®) JDK@)N(@®)). (106)

Lemma 20. If K is an approximate solution of (99), with error e, then if M is defined by (106)

we have

AOYMB) — 3,M(©O) = M(0) (8 5(09)> + E©) (107)
with

S0) = N(B)DK(@)T[A(Q)J — JAO)]DK(O)N(H) (108)
and

[JM@) JE| p—25 < cy ™' 87|, (109)

where 0 < 8 < p/2 and c is a constant depending on n, p, ||All,, | K|, and | N||,.
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Proof. This is an analogue to the results for maps presented in section 4.2. Since the case
when K is an approximate solution of (15) involves a lot of (but simple) computations which
could hide the main idea we only consider the case when K is a solution of (15).

Let us compute W) = A@O)M(©O) — 3,M () in two steps: (a) compute the first
n-columns, (b) compute the last n-columns.

First note that since K satisfies (15)

A©)DK (0) = 3,DK (6), (110)

this gives that the first n columns of W (0) are equal to zero.
The last n columns of W (0) are given by

Wi () = AB)JDK(O)N(O) — 3,(JDK ()N (0)).
The Hamiltonian character A(6)J = —JA(0) " and equality (110) implies
Wi(0) = —J[A@©®) + A(O)IDK (O)N () — JDK (9)d,N (0).
Moreover, by using equality (110), it is not difficult to see that
3,N(@®) = —-N@O)DK©O)'[A®O)" + AB)]IDK (O)N(6).

Since K satisfies (15) the vectors {0 K (9)/36;, J(BK(G)/BEU-)}?=1 form a basis of TyU ~ R?",
then we can find n x n matrix-valued functions S(6) and T (6), such that

Wi(0) = DK(0)S©®)+ JDK(O)N(©O)T (6). (111)

Multiplying the last inequality by —D K (9) T J and performing some simple substitutions one
obtains

T(©) =—-DK(®)TJW,(9) =0.
Moreover, multiplying equality (111) by N(@)DK (6)T we have

S@) = N@O)DK®) [AO)JDKO)N®) — Jd,(DK(@O)N(6))]

= N@O)DK@®)[A©O)] — JAO)IDK (O)N®),

where we have used the two following equalities:

DK ()" JDK () =0, 0,DK(6) = AO)DK (9).
Therefore, if S has the expression given in (108), and K is a solution of (15), we have

0 S(Q))

0o o0 )

The case when K is an approximate solution of (15) with error e follows defining

0 S©)
0 0 /)

AO)YM(O) — 3,M () = M(6) (

E©®) = A@)M®) — d,M(©0) — M(0) (

Performing some computations and using the equality
A@)DK (@) — 3,DK () = De(9),
we obtain equality (107) and estimate (109). O

Now we prove that the matrix M defined in (106) is invertible. From the definition of M
it follows that

M®)TIM®) =—J+R(®)

_(L®) 0
Rw)‘( 0 NTL(G)N(9)>’

where L = DK (6)TJDK (9).

with
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The norm of matrix R is controlled by the approximate Lagrangian character of the torus K .
In fact, from inequality (101), the norm of R verifies the following inequality:

IRllp-25 < cy '8~V el
Lemma 21. [f the error function e is small enough, the matrix M, given by (106), is invertible
and the inverse is given by
M©O) ' =JIM@©O)" T+ M)
with
IMellp—2s < cy™ '8 e,
for some constant c and any 0 < § < p. In particular, ife =0, M, = 0.

When K solves equation (15) approximately, matrix M defined by (106) reduces (104)
into a simple form, and the change of variables A(0) = M (0)&(6) will transform the linearized
equation (97) into a more simple one (see (112)). The result can be summarized as follows.

Proposition 22. The change of variables A(0) = M(0)&(0), with M defined in (106),
transforms the linearized equation (103) into

[(8 SE?) + B(e)] §(0) — 3,5(0) = p@) +w(®), (112

where S is defined in (108),

T —N@®)"DK®) e®)
pO) =—JM©) Je(®) = T (113)
DK () Je(0)
and B and w satisfy
1Bllp-25 < cy =!8 Vell, 11
lwllo—s < cy™'87 Ve

forany 0 < 8 < p/2, where c is a constant depending on n, | DK ||, and || N | ,.

Proof. Since M is invertible, we have
AOYMO)EB) — 0,(M(0)E(0)) = MO)M(6) ™' W(0)E(©O) — 0,£(6)]

=M©O)IM@©O) TWO)E®) + MW (0)E(B) — 0,£(O)],
with W(0) = A(O)M () — 9,M (0). From lemma 20 we have

0 S®)

M@®)'W®) = (0 0

>+M(9)_1E(9).

Therefore, if we define
B(O) = M®)'E®) = IM@®O)"JE@©) + M, (0)E(©)

the estimate (109) and the estimate for the norm of M, imply the first inequality of (114).
Therefore, in the variables &, the linear equation (103) is written

[C©®) + B@)E©O) — 3,E©0) = —M©B) "e(@) = —IM©O) " Je(®) — M,e(0). O
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8.3. Solvability of the reduced equation

Let us consider the reduced equation
S(©)&, — du&c = —N(©) DK (0)"e(6),
d,€, = DK (6)" Je(®),

The conditions guaranteeing the existence of a solution (&,, &,) of equation (115) are provided
by the following result:

(115)

Lemma 23. There exists a solution (&, &,) of equation (115) satisfying the following estimate:

—1o—
1Eyllp—s < cry™ 8 llell,s
—2¢-2
&xllp—25 < c2y "8 lell,p

forany 0 < § < p/2, where ¢| and c, are constants depending on n, o, |N|,, |K|, and
I(avg(S}e) ™',

Proof. From part (c) of lemma 19 avg{DK (6) " Je(8)}s = 0, then the small divisors equation
d.E, = DK(©0)" Je(0)

has a solution éy with average equal to zero (cf [Riis75]). Let "g“_y € R”" such that the function
£, = g} + é_y satisfies

avg{S(0)&, + N(©)"DK (9) e(®)}y = 0.
Then, the small divisors equation
dobx = S(O)E, + N(©) DK (6) e(6)

has a unique solution &, with average equal to zero. The estimations for &, and &, follow
from [Riis75]. O
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