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Abstract: We give a proof of the convergence of an algorithm for the construction of lower
dimensional elliptic tori in nearly integrable Hamiltonian systems. The existence of such invariant tori
is proved by leading the Hamiltonian to a suitable normal form. In particular, we adapt the procedure
described in a previous work by Giorgilli and co-workers, where the construction was made so as to be
used in the context of the planetary problem. We extend the proof of the convergence to the cases in
which the two sets of frequencies, describing the motion along the torus and the transverse oscillations,
have the same order of magnitude.
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Foreword

In a previous work in collaboration with Locatelli (see [7]), we have emphasized the key role played
by the invariant elliptic tori in the dynamics of the FPUT non-linear chains with a small number of
nodes. In fact, in that article we have described a suitable algorithm constructing the normal forms
corresponding to those lower-dimensional manifolds. Moreover, we have shown that most of the initial
conditions of the same type of those considered in the original work written by Fermi, Pasta and Ulam
(see [15]) stay in the effective stability region around elliptic tori. These are keystone concepts to
which Prof. Antonio Giorgilli has repeatedly given fundamental contributions during his scientific
career: dynamics in FPUT models, perturbative methods constructing normal forms, effective stability,
lower-dimensional tori and very slow diffusion in the neighborhood of an invariant manifold (see,
e.g., [2,19,25,28,30]). Since this paper is devoted to a rigorous proof of the convergence of such a


http://www.aimspress.com/journal/mine
http://dx.doi.org/10.3934/mine.2022051
www.aimspress.com/mine/article/5514/special-articles

2

constructive algorithm, it looks very natural to dedicate this work of mine to him, so as to include it in
this Volume in honor of Antonio Giorgilli.

I think that my personal growth during my Ph.D. studies can be seen as an “indirect fruit” of the
huge work he did in the foundation and consolidation of a research group that is well recognized at an
international level for its contributions in the field of Hamiltonian perturbation theory. Indeed, I could
enjoy his marvelous notes, his very explanatory articles and I can work by using the powerful algebraic
manipulator (namely, Xpdvog) he has developed. Last but not least, even if my direct contacts with him
have not been very frequent, he has been the mentor of my supervisor, that is used to repeat: “Basically,
I am trying to transmit to you what I have learned from Antonio”. I think it is more than enough to be
grateful to him.

1. Introduction

Lower dimensional elliptic tori can be seen as an extension of stable periodic solutions, because
they are invariant manifolds on which the motion is quasi-periodic but characterized by a number of
frequencies less than the number of degrees of freedom of the system; furthermore, the linear
approximation of the local expansion of the equations of motion in the remaining degrees of freedom
possesses an elliptic equilibrium point in correspondence of the origin. For what concerns the
persistence of elliptic tori in nearly-integrable Hamiltonian systems of finite dimension, a perturbation
theory was firstly proposed by Melnikov (see [35]), even if a complete proof was lacking; the first
proofs were given by Moser ( [37]) and Eliasson ( [13]); in [40], Poschel gave another proof of the
existence of lower dimensional elliptic tori using a quadratic perturbative method and including the
case of tori embedded in infinite dimensional Hamiltonian systems. These results have been further
improved in [41], in order to make them suitable to applications in nonlinear PDEs. More recently,
in [4] and [5], the authors proved the existence of elliptic tori in two kinds of planetary problems.
However, analytical results concerning the persistence of these invariant objects tend to be unusable
when dealing with the application to specific dynamical systems, being the hypothesis on the
smallness of the perturbation usually unrealistically small. Moreover, when dealing with physical
problems, the perturbation is not a free parameter, but it is given. Therefore, despite the numerical
evidence of stable motions, the existence of invariant manifolds cannot be guaranteed by the mean of
these analytical results, because the problem is not so close to an integrable one.

For what concerns the KAM theorem, several different proof schemes have been introduced in the
last 50 years with the aim of improving the applicability to realistic physical problems. In this
context, approaches based on explicit techniques that can be translated in an algorithm, which can be
coded in any programming language, are in a better position. In the present work, the attention will be
focused on the particular kind of proofs based on a classical convergence scheme with respect to the
small parameter € (see [21,22]). The key idea of these approaches is that explicit computations of
proper normal forms can significantly reduce the size of the perturbation so as to allow the application
of analytical results, otherwise inaccessible. Moreover, they can be effectively complemented with
computer-assisted estimates (see [11] and, for computer-assisted rigorous results based on a different
technique, e.g., [9]). In the same spirit of what was done for the existence of full dimensional
invariant tori, in [43] the authors developed a constructive algorithm for showing the existence of
lower dimensional elliptic tori in the planetary problem. The construction of elliptic tori was
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performed by giving the Hamiltonian a suitable normal form, using an infinite sequence of
near-to-the-identity canonical transformations defined by the Lie series operator. In the subsequent
paper [25], the complete proof of the convergence of such a procedure was included. Though, that
method and the proof were designed with the aim of being applied to the study of planetary systems,
where typically the frequencies of the motion on the lower dimensional torus are faster with respect to
the transverse frequencies, that are indeed generated by the small perturbation.

We adapt that algorithm and, more specifically, the proof so as to apply it to a general class of
Hamiltonians for which the frequencies of the torus are of the same order as the frequencies describing
the limit of the small oscillations that are transverse to the torus. On one hand such a difference
does not affect the general structure of the algorithm, on the other hand it has a role in the proof
of the convergence of the construction of the normal form, in particular in the discussion of the so
called geometry of the resonances. Moreover, let us remark that this new formulation of the theorem
includes also the cases in which the two sets of frequencies are of different order, as the one considered
in [25]. The main obstacle to the convergence is the introduction of possible small divisors, that are
integer combinations of the two sets of frequencies, i.e., the frequencies of the invariant torus and
the ones related to the motion transverse to the torus. Furthermore, the algorithm itself introduces
small corrections on both the frequencies, thus making the non-resonance condition to be verified at
each step different and somehow unpredictable. Since the transverse frequencies have the same weight
with respect to the others and they depend on the frequencies of the torus, we need to introduce some
hypotheses in order to assure the convergence for an initial set of frequencies of positive measure. Let
us stress that some of the hyphoteses used here could be weakened. For example, in [25] the authors
assumed the weaker condition T instead of the usual Diophantine condition in the estimates for the
analitic part (see [27] and [26] for a more detailed discussion about the condition T and its link with
Bruno numbers). However, while the set of Diophantine numbers has positive Lebesgue measure, the
one satisfying condition T that are not Diophantine has zero Lebesgue measure. Since the result we are
presenting here cannot ensure the convergence for a specific set of initial frequencies and, therefore,
we cannot ensure that the frequencies for which it will work satisfy such a condition, we decided to not
include it here. In [3], the authors showed how also the Melnikov conditions can be imposed just to the
final frequencies. Both these kind of improvements could be considered by substituting the measure
argument in favour of a statement for specific final frequencies. Something in this direction has already
been done in the case of full dimensional tori in [42], where the set of initial frequencies for which the
theorem is valid is determined a posteriori.

1.1. Outline of the algorithm and of the proof

By following the approach of Poschel [40], let us consider a family of initial Hamiltonians
parametrized with respect to w® and written as

na

QO (w®)
HOp, q.x,y;0?) =0 - p+ Z ! >
j=1

——— (5 +)

(1.1)
+eFo(q; ) + eF1(q, x,y; ©°) + eF2(p, ¢, x, y; ©)

+F8(p, x,y; 0 ) + eF 5 (p, g, x, y; 0 ),
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where the variables, split in action-angle variables (p, ¢) and canonical variables (x, y), belong to
neighborhoods of the origin. We collect the Hamiltonian terms in the functions ¥, where the subscript
J denotes the quantity 2deg(p) + deg(x,y). Moreover, the terms of total degree j > 3 are split in
the averaged terms T(a ") and in the part with null average with respect to the angles ¢, i.e., 877(1’ "),
As usual, & denotes a small parameter. Here, w® is considered to be a parameter with Values in
some open domain. Under the hypothesis of the nondegeneracy of the frequency-action map related
to the integrable approximation, we can expand a given analytic quasi-integrable Hamiltonian as in
formula (1.1) by doing expansions for different values of the actions p, that therefore correspond to
different frequency vectors w®. An example of how to define such a family of Hamiltonians in the
case of the FPUT model can be found in [7]. The search for an elliptic torus proceeds by applying to the
Hamiltonian a perturbative procedure that is a natural adaptation of the original scheme of Kolmogorov.
Let us give a sketch of it.
We look for a canonical transformation that gives the Hamiltonian above the normal form

ny (°°)
H(P,0,X,Y;0”) = 0™ - P+ Z F 4+ ¥2) + o(IPIl + 11X, VIP)

where 0™ = 0™ (w?) and Q™ = Q) (w®). For this purpose, the transformation should remove
all terms Fo(q; 0 ), F1(q, x,y; ) and F>(p, q, x, y; ©'?). Indeed, as a straightforward consequence
of the normal form above, the torus P = 0, X = Y = 0 is invariant and elliptic, and it carries a
quasi-periodic motion with frequencies w™.

The proof is divided in two parts: analytic and geometric. The analytic part requires an infinite
sequence of near to the identity canonical transformations through the Lie series (see, e.g., [31] and [20]
for a self-consistent introduction) defined as

exp Ly () = Z L) (1.2)

j= 0

where L/(-) = {f,} is the Lie derivative with respect to a generic dynamic function f, being {-, -} the
Poisson bracket®. An accurate control of the accumulation of the small divisors is needed in order to
assure the convergence of the procedure.

Starting with H? as in (1.1), we introduce an infinite sequence of Hamiltonians

Q(r)(w(O))
H (p.q.x.y;0") = 0" p+ Z (x5 +7)
1) 0 1= ( > 0 1) 0 (1.3)
+& F i (q; ) + & F (g, x, y;w( N+ & F(p g x, y; 00)
(f(dv )(r)(p X,y w(O)) + &F (n av. )(r)(p’ q.x,y; w(O)) ,
such that at every step the size of the perturbing terms is reduced, as indicated by the factor £*!. During

the iteration of the algorithm, we introduce possible small divisors, that are integers combinations
of the frequencies w™ and Q), which are at each step different. This is an additional issue to the

“Let f and g be dynamical functions in the canonical variables (p, ¢), therefore the Poisson bracket between them is defined as

—_ 3y of g of g
{f.gt =20 (a—%m—o—p,yﬁ)
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control of their contribution. Usually, the accumulation of small divisors is controlled by the mean
of a perturbation method that exhibits a fast convergence (quadratic method), as in the original paper
of Kolmogorov. Here, we follow the classical procedure that works step-by-step in powers of the
parameter &, with the aim of producing an effective constructive algorithm. The accumulation of
small divisors can be geometrically controlled, as it follows some strict “selection rules”. The method
is essentially the same that has been used for the proof of Kolmogorov theorem in [21] and [22] and
described in [23]. The analytic procedure is followed by a geometric argument concerning the estimate
of the measure of a suitable set of non-resonant frequencies, based on an adaptation of the approach
described in [40]. The scheme is actually a revisiting of the geometric construction of non-resonant
domains that can be found, e.g., in [1,13,28,38,39].

1.2. Statement of the result

We come now to a formal statement of our main result. Let us consider a 2(n; + n,)-dimensional
phase space endowed with n; pairs of action-angle coordinates (p,q) € O; X T™ and n, pairwise
conjugated canonical variables (x, y) € O, € R?™, where both O; € R™ and O, are open sets containing
the origin. We also introduce an open set U C R™ and the frequency vector o® € U which plays the
role of a parameter.

Theorem 1.1. Consider a family of analytic real Hamiltonians as in (1.1), parametrized by the n,-
dimensional frequency vector oY, with & playing the usual role of small parameter. Let us assume
that

(a) the frequencies QEO) : U — R are analytic functions of @ € U ; similarly Fo, F1, Fr and Fs3
are analytic functions of (p, q,%,y; w?) € Oy x T" x O, x U ;
(b) (@) # QY () and () # 0 for @ e Uand 1 < i< j<ny, 1 <k <nmy;

(c) the functions ¥ ; are such that j = 2p +m, where p is the degree in p, while m is the degree in (x,y);
in particular, -3 contains terms with degree j at least 3;

(d) for some E > 0 one has

sup Fi(p.q. x.y:0™)| <E V¥ jx0.
(P,g:%,y;0)e0 XT" XOr xU

Then, there is a positive * such that for 0 < & < * the following statement holds true: there exists a
non-resonant set U™ C U of positive Lebesgue measure and with the measure of U \ U™ tending
to zero for € — 0 for bounded U, such that for each ©® € U™ there are functions ™ = ' (w?),
Q) = Q) (W) and an analytic canonical transformation (p, q,x,y) = 1//2:?0)) (P,Q,X,Y) leading the
Hamiltonian in the normal form

HOP.Q.X. Vi) =™ P+ Y —— (X} +7}) + oIl + (K. DIP).
j=1

We remark that the main difference with respect to the result reported in [25] is the lack of the
small parameter ¢ in front of the terms which describe the motion transverse to the n;-dimensional
torus, as these transverse oscillation are of the same order of the quasi-periodic motion. For the sake
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of simplicity, in the statement above we omitted any explicit estimate of the threshold value £*, which
can be found in (3.77). In turn, this estimate depends on a set of parameters introduced in lemma 3.1,
in proposition 3.11 and in formule (3.13), (3.26) and (3.43).

The whole proof requires a lot of technical estimates and it is organized as follows. In Section 2
we describe the formal algorithm. Section 3 is devoted to the proof of theorem 1.1 and it is composed
of two different parts: the analytic part of the proof contains the quantitative estimates that lead to the
proof of convergence, with a special emphasis to the control of small divisors; in the geometric part of
the proof, we show that our procedure applies to a set of initial frequencies of large relative measure.
Finally, in Section 4 we comment the result and the possible applications.

2. Formal algorithm

This section is devoted to the formal algorithm that takes a Hamiltonian (1.1) of the family H©,
parametrized by the frequency vector @, and brings it into a normal form. Therefore, the section
includes all the formule that will be used in order to establish the convergence of the normalization
process. We found convenient to use the complex variables (z,iZ), defined by the canonical
transformation z = (x + iy)/ V2, in order to deal with the transverse oscillations.

2.1. Initial settings and strategy of the formal algorithm

For some fixed positive integer K, we introduce the distinguished classes of functions ﬁang , with

integers i1, €, s > 0, which can be written as

gp.gzi= D Y > cuerap"2 (2 explik - g), 2.1)
meN”Al (f,i)ENZ"Z kezZ"
mi=rn =g WkI<sK

with coefficients c¢,, ;7 € C. Here we denote by |- | the £;-norm and we adopt the multi-index notation,
ie, p" =11, p';.”. We say that g € P3¥ in case

DK
8 € U Pﬁz,f’ :

m=0,1>0
2h+i=C

Finally, we denote by (g)y = ﬁrn didy ...dd, g/(2nr)" the average of a function g with respect to the
angles ¢ € T". We shall also omit the dependence of the function from the variables, unless it has
some special meaning.

In the following lemma we state a relevant algebraic property what we are going to use several
times.

Lemma 2.1. Let g € PiX and g’ € P3X for some €, s, €', s > 0and K > 0. Then {g,g'} € P;:,f,_)f

The straightforward proof is left to the reader.
We start with the Hamiltonian in the form
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2 5>0 (2.2)
_I_ng (o,s)_l_zgs (o,s)+Z s (Os)
0 1 >
s>1 s>1 s>1

where f(O ) P"'K The Hamiltonian (1.1) may be written in the form (2.2) (see Section 3).
Starting from H?, we introduce an infinite sequence of Hamiltonians {H (’)} o With H" in normal

form up to order r, according to the following description. We transform H"~ into H"” via a near-
the-identity canonical transformation generated by a composition of three Lie series of the form

H(r) — H(V—l) o exp (Sr‘£)(g)) o exp (gr‘EX(lr)) o exp (grl:)(g-)) 5 (23)
where X(’)(q) e PX, x\V(q,2,i2) € PI¥ and x\"(p, . 2,i7) € P;X. The generating functions x|, x\"
and )(2 are determined by homologlcal equations. At every normalization step the frequencies w”
and Q) may change by a small quantity (see formula (2.22) and (2.23)).

The small divisors are controlled by introducing a non-resonance condition up to a finite order rK,
namely

- (r=1)(, (0) 0D > Y 2.4
kezﬂlr}%g?mgrl( |k @ @)+ (@ )| T (rK)’ 24)
ez ,0<|0<2
and
min |£- Q" ()| >y, (2.5)

0<|f<2

where y > 0 and 7 > n; — 1. For |£| = 0 condition (2.4) is the usual condition of strong non-resonance,
while for |£| = 1,2 it is usually referred to as the first and second Melnikov condition, respectively.

We come to the description of the generic r-th normalization step. Let us write the Hamiltonian
H"™ as

HD = =D p+ZQ(r I)ZJZJ_I_ZZ sf(r Ls)

>2 >0 (26)
+ZSS ér—l,s)+zg (r1s)+28 (rls)’
s>r s>r s>r

where £ = #3K. In the expansion above, the functions f;" ' may depend analytically on &, the
relevant information being that they carry a common factor £°. Such an expansion is clearly not unique,
but this is harmless.

2.2. First stage of the normalization step

Our aim is to remove the term f(’ ") We determine the generating function )(g) by solving the
homological equation

Lo (0 p)+ 7 = (7 = 0. 2.7)
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Considering the Taylor-Fourier expansion

@ = ) chporexplk - q) (2.8)
|k|<rK
we readily get
(=1
C
Py 0,0,0.k
X@= Y, o explikg). 2.9)
O<|k|<rK

The denominators are not zero in view of the non-resonance condition (2.4) with |f| = 0. The new

Hamiltonian is determined as the Lie series with generating function sr)(é ), namely

H(I;r) = exp (8r£ (r))H(r_l)

WD p+ ZQ(’ D7z, + ZZ& () (2.10)

>2 >0
Z (Irs) Z (Irs) Z (Irs)
s>r s>r s>r

The functions f, &9 are recursively defined as

Lrr) _
o =0,
Lr,r+m) _ p(r—1,r+m) fOI' O <m<r
0 =Jo )
2.11
s/l ‘ (2.11)
9 = N - LJ(,) T for€=0, s22r or £=1,2, s>
Jj=0 or {>3,5>0,

with f, ) e € PiX. The constant term cf{; }))0 = fér_]’r)>q has been omitted. Indeed, it does not affect the

Hamilton equations, but it is just the level of the energy of the solution we are going to construct.
2.3. Second stage of the normalization step

We remove f"” from (2.10). We determine a second generating function y” by solving the
homological equation

n2
LX(lr)(w(r—l) p+ Z Qy_l)zjij) + f(lrr) (2.12)
=1
Again, if we consider the Taylor-Fourier expansion
K@i = ) ) e, 262 explik-q)., (2.13)
e1+E1=1 |kl<rK

then the solution of the homological equation is

e 111 2Y
2 (i2)" exp(ik - q)
) . Olt’k
»%,1Z) = , 2.14
X1 (g ) Z Z i[k- 0D+ (¢ -F) QD] ( )

|e]+12]=1 |klsrK
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where the divisors cannot vanish in view of condition (2.4) and of the condition QEH) # 0.
The new Hamiltonian is calculated as

HU = exp (8’£X(lr))H“;’) , 2.15)
and is given the form (2.10), replacing the upper index I by II, with
=0 for£=0,1,
L = ;‘;””’") for£=0,1,0<m<r,

(Lr2r) _ (I;r,2r) (L;r,r)
0 —J0 f ?
(2.16)

(ALr2r+m) _ (I;r,2r+m) f(I s r+m)

0 = fy forO<m<r,

Ls/r] 1

J!

J=0 or {=2,s>ror {>3,s5s>0.

2.4. Third stage of the normalization step

We remove here at the same time the g-dependent part and the average one of f, ey,
Considering again the Taylor-Fourier expansion

1L;r, o= 1I; .
A g zizy= ) > i p"explik - q)
iml=1 |ki<rk

+ Z Z ;Ht,:,)kz (1z) exp(ik - q),

o1 +181=2 1kl<rk

(2.17)

we determine the generating function X(r) by solving the homological equation

z <r>( D py ZQ(’ D, ,) § 00 = 700 (2.18)

with
700 — Z A P +Zc§){1,§20z"(iz)f , (2.19)
lm|=1 [e]=1

where the coeflicients c(Hgi) o and CE)H;?O are the same as those related to the monomials p™ and z/(iz)*

appearing in the expansion of ;" in (2.17).

We get
L)

r . CmooiP™ explik - q)
wani= ) )

1K - (r-1)
Im|=1 O<|k|<rK ik - w

e 24(02) explik - g)
+ Z Z i[k - w- 1)+([_[).Q(r—l)] (2.20)

- 1
|6|+]f|=2 O<|k|<rK

C(ll;r)
0.6,2,0 o7
|€]+8]=2
t+
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where the divisors cannot vanish in view of conditions (2.4) and (2.5).
The terms of the Hamiltonian can now be calculated as

=0 for £=0,1,2,

Ls/r]—-1
1 . o

) = — L f for{=0,1,s>r

€ ]' X(zr) t
=0 7

-2
. 1 . o
(r,Jr) j—1 (Lr,r) (Lr,(j=0)r) .
7 1, (,) Y SL 0 for j>2,
! L4 2.21)
j-1
1 (s .
(” rm = —'.El ® 2(H,r,(] orem forj>1,0<m<r,
i!
i=0
D .
f{f”) — Z T,ij [(H’”_J’) for¢ >3, s>0.

— ] X2
j=0

The average terms that cannot be eliminated contained in f, @21 are recollected in the frequencies w
and Q, which are therefore corrected as:

") _ 0D 02"

w: + & forj=1,...,n (2.22)
i T ap; !
and 270
Zr
Q(r) Q(’ Dy 2 forj=1,...,n 2.23
92,9(iz,) / 2 (223)

with Z" as in (2.19).
The transformed Hamiltonian is given the form (2.6), replacing r — 1 with r, namely

H(r) _ w p+ ZQ(r)Z]Zj + ZZE (r,5)

>2 520 (224)

s>r+1 s>r+1 s>r+1

eventually with a change of the frequencies @™ and Q.

Let us add a few considerations. First, we remark that our formulation of the algorithm works for
both real and complex Hamiltonians. However, if the expansion (2.2) contains only real functions, then
all terms of type 0 - p, 2 QE’)Z jzj and £ generated by the algorithm are real too, as it can be
easily checked. Finally, the Hamiltonian H" in (2.24) has the same form of H"~V, so that the induction
step can be iterated provided the conditions (2.4) and (2.5) hold true with r + 1 in place of r.

3. Proof of the convergence of the algorithm

3.1. Analytic settings

We introduce the complex domains D, s = G,XT, XBrx W), , where G, € C" and B ¢ C">xC"™
are open balls centered at the origin with radii p and R, respectively, ‘W is a subset of R, while the
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subscripts o~ and & denote the usual complex extensions of real domains (see [20]), i.e.,

G,=1{zeC": [max lzjl < p}, (3.1)
T ={geC" :Req; €T, 121}_2(1 | Img;| < o}, (3.2)
By ={ze€C™: max. Izl <R} (3.3)
and
W,={zeC" : JweW, Ejii‘] |z; — wj| < h}. (3.4)

Let us consider a generic analytic function g : D, sz — C,

2(p.4.2,i%:0) = ) gu(p, 2,1z w) explik - ), (3.5)
kezZ"

where g : G, X Br X W), = C. We define the weighted Fourier norm

lelporn = D [8], 5, explkior)

kezZ"

where
8klprs = sup  |gk(p, 2.z 0)| . (3.6)

PEGp
(z,i7)€Br
wGWh

It is convenient to introduce the Lipschitz constant for the Jacobian of the function Q© : (Wg;) — C™,

defined as
12”0 + B) - ()|

= sup sup  max (3.7
1<i<
co; W ;l()) w© EWZO) B#0 15;’5:’3 I’Bj |
0 0 B+w©® e(WLO)
0

40O
0w

We notice that the dependence on the parameter w® plays no role in the following, thus we shorten
the notation by ignoring it.

Lemma 3.1. Let us assume the same hypotheses of theorem 1.1 over the family of Hamiltonians H.
Then, there exist positive parameters p, R, o, hy, v, T, Jy, Oy, E, a compact set W c R™ and
a positive integer value K such that the canonical change of coordinates (p, q,z,iZ) — (p,q,x,y)
transforms HY in the Hamiltonian H® : D, , g X "Wg())) — C described by the expansion (2.2), where

both QO(w?) and all the terms of type féo"y) are real analytic functions of 0 € (ng). Moreover, the
following properties are satisfied:

(a’) the initial set W of frequencies is non-resonant up to the finite order K , namely every o €
WO satisfies
2y

min k- 0@+ - Q@) > 22

kezZ™" | 0<|k|<K
ez ,0<|6<2
and

min - Q90N > 2y;
t’eZ”Z,0<|t’|§2| ( )| Y
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(b’) the Jacobian of QO(w®) is uniformly bounded in the extended domain ‘W(?, namely
|69(°) / ﬁw(o)|m.w<o> < Jy < o0, moreover, it is such that
Wi

dist(k, ") > 20, VkeZ"\{0}, feZ 0<|f<2,

being dist the usual euclidean distance from a vector to a set and 7(;0) the closed convex hull of the
gradient set
g;o) = {3w(0> [£- QYw?)] : 0 e ‘W(O)} ;

(C)) f;O,S) c 7)2;[(;
(d’) the following upper bounds hold true:

E
p,0,R — ? .

I

We give a sketch of the proof. The Hamiltonian terms should be split in different parts, each of them
with a finite expansion. For any fixed value of index ¢, standard arguments on the Fourier decay of
the coefficients allow us to determine suitable values of the parameters K and o, such that for s > 0
the norms of the functions ft,(o’s) are uniformly bounded (see, e.g., the proof of lemma 5.2 in [20]).
For a fixed K, we can determine y > 0, 7 > n; — 1, hy > 0 and a compact set ‘W C U such
that a Diophantine inequality in (a’) is satisfied, being U the initial set of frequency vectors ©® in the
hypotheses of theorem 1.1. The first property in (b’) is a straightforward consequence of the analyticity

of QE.O) on the domain U and the second property is satisfied if we choose W® small enough. Indeed,

by reducing ‘W we could reduce also the gradient set G\ in view of the analiticity of Q® in W®.
Property (c’) is a consequence of the fact that we can organize different terms of the Taylor-Fourier
expansion of the Hamiltonian. Finally, the inequality at point (d’) is satisfied for appropriate values of
p and R determined by standard arguments on the Taylor expansions of homogeneous polynomials’.
Taking into account that the usual sup-norm is bounded by the weighted Fourier one, for € < 1 we have

DU prr < 2E/(1 - &)

l,s

This implies that the Hamiltonian H”) is analytic in D, ,r X W), .
We give now some estimates for the Lie series. We shorten the notation by writing || - ||, in place of
the norm || - ||4(,-r), Where a is a positive number.

Lemma 3.2. Let d and d’ be real numbers such thatd > 0, d > 0Oandd +d < 1; let X and g be
two analytic functions on Di_gp.or) having finite norms ||X||\—o and ||glli—a , respectively. Then, for
Jj =1, we have _

1 : 1 (2 €V 1 ;

F 1Zxsll, o < = (/; + ﬁ) X lIglh-a (3.8)
Estimates similar to (3.8) are contained, e.g., in [20]. Nevertheless, a little additional work is needed
in order to adapt them to the present context.

TAn example of how to estimate E can be found in lemma 5.2 of [20].
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3.2. Analytic part

In this section, we translate our formal algorithm into a recursive scheme of estimates on the norms
of the functions involved in the normalization process.

3.2.1. Small divisors

It is well known that the accumulation of the small divisors is one of the major obstacles to the
convergence of perturbative proof schemes. In order to control it, firstly, we introduce lists of indices
S = {s1,...,s;} that may contain repeated elements and we give some definitions that will be useful
later.

Definition 3.3. For any fixed o, we say that the sequence of frequency vectors

(" @), 27(@®)]

r>0

is Diophantine, if there are two constants y > 0 and T > ny — 1 such that (2.4) and (2.5) are satisfied,
forallr > 1.

Definition 3.4. Let S be a list of indices. We define the evaluation operator V on S as follows:

V(S) = ]—[ sHT (3.9)

seS

where T is related to the Diophantine condition in definition 3.3.
Moreover, let Sy,...,S, be lists of indices, the operator MAX extracts the list of indices that
maximizes the evaluation operator, i.e.,

MAXS1,....,8) =S, wherel <m<n and V(S,)>V(S;,) V1I<j<n. (3.10)

Finally, we introduce the operator Ny on a list S, which counts the numbers of elements in S with value
in a quadratic range, that is

N(S)=#seS :28<s< 28y VEk>0. (3.11)

Now, let us describe the mechanism of accumulation of the small divisors in a rather informal way.
The key remark is that the small divisors are created by the solution of a homological equation and
accumulate through Lie derivatives. For instance, when we solve (2.7) with r = 1, in )(E)” we introduce
a divisor which can be estimated by a; = y/K™ according to condition (2.4). We can therefore associate
to )(E)]) the list {1}. Similarly, at order r if the list {ji, ..., j,} is associated to fér_l’r), then )(g) possesses
the associated list {j, ..., j., r}. Concerning the Poisson bracket, suppose that the functions y and f

possess the associated lists { i, ..., j,} and {j],..., ji}, respectively. Then L, f possesses the list

{.]177.]W}U{]/1”]:;} = {jl""’jW7j/1’~~-’j:;}~

For a sum of several Lie derivatives, we select the greater list, according to the definition of the operator
MAKX in (3.10). Thus, the process of accumulation of divisors is described via the union of lists. An
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heuristic analysis of the mechanism of accumulation, with the aim of identifying the worst one, could
be made by unfolding all the recursive definitions of the functions £ in (2.11), (2.16) and (2.21), in
consequence of the three transformations of coordinates introduced at every normalization step. The
process is substantially similar to the simpler cases of the Birkhoff normal form or the Kolmogorov
normal form. Using as a reference the description in [23] and [33], we define a valid selection rule that
allows us to control geometrically the product of small divisors.

A second source of divergence is connected with the restriction of domains required by the estimate
of multiple Poisson brackets. The restrictions are controlled by a sequence d, that should converge to
some positive d small enough. We define the sequences {d,},>¢ and {0,},>; as

1
C 2
At the r-th step of the algorithm, we find an Hamiltonian H () which is analytic in D(1-4,)p.or) » Namely
in a domain restricted by ¢,. Nevertheless, the parameters can be chosen in a way that lim,_,., d, = 1/4
and, therefore, the sequence of domains converges to a compact set with no empty interior.

Finally, in order to give quantitative estimates of the accumulation of small divisors, we are going
to use the operator N,(-) that counts how many indices of a specific range we have in a list.

dO:O’ dr:dr—1+36r’ 6}’

(3.12)

3.2.2. Convergence of the algorithm under non-resonance conditions

It is convenient to introduce the constant

An*EKT (2 2

M=max{l, === [Z 2|1 (3.13)
y \po R

This will allow us to produce uniform estimates in the parameters. The number of summands in

the recursive formule (2.11), (2.16) and (2.21) will be estimated by the three sequences of integers

Wrshs0. 5500 Ve hst 520 and (V)51 =0 defined as

vos = 1 fors >0,
ls/rl
vg)Y = Z Vi—l,rvr—l,s—jr forr>1, s>0,

7=0
Ls/r]
/ 3.14
Vg.lv) = Z(ng)] VS;_ . forr>1,5>0, (3.14)
7=0
Ls/r]
Vrs = Z(Vg))JVS?_ iy forr>1,s5>0.
7=0

Lemma 3.5. Consider a Hamiltonian H®of type (2.2).  Assume that the non-resonance
hypotheses (2.4) and (2.5) are satisfied up to order r > 1, for some y > 0 and T > n; — 1. Then, the
formal algorithm described in section 2 can be iterated up to introduce H'™Y expanded as in (2.6)
with f[(r_l’s) € ?;K and also the r-th normalization step can be performed. Moreover, we assume that
the terms of the Hamiltonian H"=" are bounded so that

EM

—1,s
A

(r—1,s)
(V(We )v,_l,s forO<{€<2,s>r, (3.15)

ort{>3,s5>0,
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where {y = 3—-Cif € <3, {; = 0 otherwise, and V is the operator defined in (3.9). Therefore, the norms
of the generating functions of the r-th step are subject to the following limitations:

2e € _
(— ) ||X(r)||1—d,_1 <M 2(V( E{)) Veelr

oo
2e & ) 3r-1 O\ D
po R 52 U a1, < MYV (GY) (3.16)
26 ez )
(pO' Rz) ||X2 li—a, 25, < M3’q/(g( )) (11).

Furthermore, the terms appearing in the expansion of the new Hamiltonian H" in (2.24) are bounded
by
EM

1 Mhea, < == V(H)ves for0<€<2. 5> 7 (3.17)
ort>3,s5=>0.

The lists of positive integer numbers {H é”) },and {Qi.r)}o < j<» are recursively defined as follows:

7{<0,s>:@ fors>1,¢>0,
j 1
7_{(1 rs) _ MﬂX0<]<|_s/rJ {U] (r) U 7_({(;:% .5= jr)} for €>0, s>2r
or £t>1, s>0,
HE = H) for r < <2r,
7‘[(11)’3‘) MﬂX / g(r)uq,{(lrs Jr) f f_O >3
¢ o<j<ls/r) \Yiz1 O+j or t =4, 5257
or t=1, s>2r
or t>2,s>r,
j I;
7{(11 ) = MAXo< j<s)r) 1{ {zlg(’) (HEH” Jr)} for £=0, r<s<3r
or t=1,r<s<2r (3.18)
j IL; 75—
7_{(r \S) _ MﬂX0<]<|_c/rj{ { g(zr) U 7_({() i ]r)} for €>3, 5> 0,
k IL; r(k—j
7_{(r r+m) _ Mﬂ(\/o<]<k 1{Uz] | (Zr) 7_{2 r( J)r+m)} for k>1,0<m<r,
£=0,1,2,
-k j 1L r(k—j
7.{(}’ r _ MﬂX0<]<k ) {Uj (Zr) U ﬂé ry( J)l’)} for k>2,¢=0,1,
W(rkr) MﬂX0<]<k I{Ulj | (Zr) 7_(511; r,(k—j)r)} fOi‘ k> 1,
L
o =Hy U,
Lr,
G\ =H" U,
g(zl’) — Wéll;r,r) U {r} .

Finally, for r > 1, the variations of the frequencies induced by the r-th normalization step, are bounded
by

max {l|w§’) -], QY - Q" ”|} <ye MV (G) v, (3.19)
l<isnp | O

1<j<ny

The proof is made by induction on r and it is deferred to appendix A.
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Lemma 3.6. The following rules hold true for the list of indices defined in (3.18) for all r > 1 and
s>rwhent=0,1,2 0rs>0if{>3:

s
3 5% for k < |log, r],
s
3|=|-3+¢ fort<3, k=]l ,
N (1) < P L] 73+ for b3 k= log ] (3.20)
s
3 5% | for ¢ > 3, k = |log, r],
0 for k > |log, r],
;
3{% for k < [log, r] ,
(r)
Nk(gj)5 j+1 fork=llog,r], Vj=0,1,2. (3.21)

0 for k > |log, r],

The proof is made by induction and it is deferred to appendix B.
We can estimate the sequence {v,},>0. 50, counting the number of summands generated by the
algorithm, as in the following lemma.

Lemma 3.7. The sequence of positive integer numbers {v,s},>0 . s>0 defined in (3.14) is bounded by
Vis S Vs S28s fOl"I’ZO, s>0.

The proof is available in [25].

Lemma 3.8. Consider a Hamiltonian HYof type (2.2).  Assume that the non-resonance
hypotheses (2.4) and (2.5) are satisfied up to order r > 1, withy > 0 and T > ny — 1. Then the formal
algorithm described in section 2 can be iterated up to introduce H"™ expanded as in (2.6), with

;’_l’s) € P;K, and also the r-th normalization step can be performed. Moreover, let us suppose that
conditions (c’) and (d’) of lemma 3.1 are satisfied.

Therefore, at step r of the normalization procedure, the generating functions are bounded by:

2e e*\ 1 ; . .
(E " ﬁ) W go, S AT for j=0,1,2; (3.22)

the functions f{f”), with s > rfor0 < € <2, s >0 for € > 3, are bounded by:
r,s E Ky
1M —g, < A (3.23)

finally, the sequences {w"},=o and {Q"},s¢ satisfy:

W — wEH)| < yo(eA)", max
1<j<ny

max
1<i<m

QY - QY| < y(eA), (3.24)

where A = M>224028 and M is defined as in (3.13).
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Proof. Thanks to the hypotheses (c’) and (d’) of lemma 3.1, it is straightforward that the terms of the
Hamiltonian at step O statisfy (3.15). Then, lemma 3.5 applies and we can iterate it up to r times.
Therefore, since we can use the estimates in (3.16), (3.17) and (3.19), in order to prove the new
inequalities in the statement we need to provide an upper bound for V(-). Using the definition (3.9)
and the rules for the list of indices in (3.21), we have the following estimate:

) [ [
k=0

segg)

It is convenient to work with log, V. (gg)):

= N
IOgZ(V( g)) :10g2 1—[ s4+T < 10g2 1—[ 2(k+1)(4+1-) kgo)
k=0

Seg(r)

(9]

< 3 N (GY) (4 + Tyt + 1) (3.25)

k=0

[

<3r(4 + 1) Z

k=0

Thus, it follows that V(G\) < 2'@; the same inequality is valid for V(G\”) and V(GY). For the
generating functions, it suffices to observe that we can estimate v,_; ,, vﬁlz and V(H) with v,, and finally
use the estimate provided in lemma 3.7. This allows to fully justify (3.22).

The proof of (3.23) is very similar; indeed, we have an analogous estimate for log, V (Wér’s)) as that
in (3.25), by replacing r with s. Using that v, ; < v, we can verify (3.23).

We have now to prove (3.24). Using again (3.19) and the estimates for V (gg’)) and v,,, the
inequality directly follows. This concludes the proof. O

D <12r(d + 7).

We summarize the analytic estimates in the following

Proposition 3.9. Consider an analytic Hamiltonian H? : D, ,r — C expanded as in (2.2), satisfying
hypotheses (¢’)—(d’) of lemma 3.1.
Assume moreover the following hypotheses:

(e’) the sequences of frequency vectors {w")},so and {Q"},=y are Diophantine in the sense of
definition 3.3.

(f’) the parameter € is smaller than the “analytic threshold value” €, being
1
ey = A with A= M2 (3.26)

where M is defined in (3.13) and T is related to the Diophantine condition in 3.3.
Then, there exists an analytic canonical transformation d)fjfo)) s Dippor) = Dijapor) such that the

Hamiltonian H® = HY o (D( ) is in normal form, i.e.,

H® = o . p+ Zd BRI (3.27)

>2 520

Mathematics in Engineering Volume 4, Issue 6, 1-40.



18

Furthermore, the norms of the functions fé,(m’” € PK are bounded by

E
3/4S?ﬂs fort>3,5>0, (3.28)

and the sequences {w")},so and {Q"},5¢ converge to the limits ™ and Q, respectively.

The rest of the section contains a sketch of the proof, which depends on all the previous lemmas.

First, thanks to the hypothesis (e’) of non-resonance and the condition (c’), (d”) of lemma 3.1, the
estimates in lemma 3.8 hold true at every step r. Remarking that A < 1 we have that H", written as
in (2.24), is analytic on D(i_4,)p,0.r) 2 D3jap.or) - With similar calculations, in view of condition (f”),
since the inequalities in (3.24) hold true at every step r, we can conclude that the sequences {w"”},¢
and {Q"},., are Cauchy sequences, so they have limits.

Let us now focus on the difference H” — H"~V. Using (2.24) and (2.6) and the fact that féf”) =0
for £ =0,1,2and £ = f™V £>2,0< s <1, we get

n
HO _ gor-H (a)(’) _ w(r—l)) p+ Z (Q(I_r) _ Qir_l))Zij
j=1

(3.29)
s (7,5) (r—1,s)
DI e
>0 s>r
Therefore, in view of the inequalities in (3.23)—(3.24), we have
|H” = HV,, < [miyop + nayR* + 4 (eA) (3.30)
3/4 = 1yop 2Y 1 — &4 . .

Recalling that the sup-norm is bounded by the weighted Fourier one, this proves that {H"},s is a
Cauchy sequence of analytic Hamiltonians admitting a limit H*, since the r.h.s. of the estimate above
tends to zero for r — oco. Moreover, formulz (3.29)—(3.30) imply that also {w”},s¢, {27}, and
{f")50 for £ > 3, s > 0 are Cauchy sequences, which in turn implies that H = lim, ., H’ has the

form (3.27), with f;m’s) € P;K bounded as in (3.28), in view of inequality (3.23).

It remains to prove that the canonical transformation (Di)ofo)) : Dippory = Dijapor 15 analytic.
The proof is based on standard arguments in the Lie series theory, that we recall here, referring to
subsection 4.3 of [21] for more details. Let us denote by ¢ the canonical change of coordinates
induced by the r-th step, i.e.,

go(’)(p, q,7,i7) = exp (S’L)(g)) o exp (8’£X<]r>) o exp (8r.£)((2r)) (p,q,z,i2) . (3.31)
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Using inequalities in (3.16), one can easily verify that the following inequalities hold true:

.
max ||exple L (r)) P — H <0
1<j<ny p( ) PiT Pi 3/4—d,_1—6, P
r
max |lexple L (r)) P— H <o
1<j<n p( ) Pi T Pi 3/4—d,_1-26, P
max ‘exp(a’.ﬁ (r))zj—sz <o,R,
1<j<n2 X1 3/4-d,_ =26, (3.32)
r
max ||exple L (r)) =D <0
1<j<ny p( | Pi T Pi 3/4—d, P
r
max |lexp(&e" L m) =g <o,0
1<j<n p( )45~ 4 3j4-d,
r
max || ex 8£(:~))Z'—Z~ <,R.
1<j<n p( X2 ) 3paea, T

For example, let us consider the generating function Xf)'), that depends only on ¢q. Then,

8sr

6/\/3)
H p( LXB))p’ Pillsjaca, s, Z>1 s! L
52

(r)
X0 (9qj

<t 3 S (M (65) v

s>1

Thanks to the condition on &, the sum converges and we obtain the corresponding estimate in (3.32).
Estimates for the other Lie series appearing in (3.32) can be deduced analogously using the inequalities
in (3.16) and in (3.8). Therefore, one has (D1 244, ypor) € Dijara)por and defining O =
eV o ... 0 ¢" one has ®(Dy)rpor) € Dijapor - By repeatedly using the so-called exchange
theorem for Lie series, one immediately obtains that H” = H® o ®). By using estimate (3.32), we
can prove that the canonical transformation (DSE’O)) = lim,_,. @ is well defined in D, /2p.0R) - Finally,
we get H? o CDS:’O)) = lim, o H® 0 ®" = lim,_,., H" = H®™ .

Actually, with some additional effort, we could prove that d)Sfo)) differs from the identity just for
terms of order O(¢). As a final comment, we adopt the symbol <DSZ])) in order to emphasize the
parametric dependence of that canonical transformation on the initial frequency w®, which is

relevant in the next section.

3.3. Geometric part: measure of the resonant regions

The aim of this section is to show that there exists a set of frequencies w® of relatively big measure,
for which our procedure converges. To this end we consider the sequence {(w”, Q")} ., as function
of the parameter w® recursively defined by (2.22) and (2.23). We start from the compact set W©® ¢
R™ and its complex extension (W;l?)) satisfying the assumptions in lemma 3.1. Then, we construct a
sequence of complex extended domains ‘Wﬁg) 2 (Wl(qll) 2 (WEZ) 2 ..., where {h,},5( is a positive non-
increasing sequence of real numbers, with the following properties: w”(w®) is an analytic function
admitting an inverse ¢’ mapping the domain ‘W;lr) to ‘WZ? . We must prove the sequence of functions

¢ converges to ¢ mapping ‘W;l“’) to (W,(f;) , the image having large relative measure.
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Let us describe the process in some more detail. For » > 1 and some fixed positive values of the
parameters ¥, 7 € R and K € N, we define the sequence of real domains {W®},., as follows: at each
step r, we remove from ‘W=D all the resonant regions related to the new small divisors appearing in
the formal algorithm described in Section 2. Therefore,

WO =WENRO . with R7= [ ] R, (3.33)
rK<lkl<(r+1)K |
161<2
where each so called resonant strip is defined as follows:
RY) = we%ﬂﬂzkw+exww¢Wwﬂ<—¥ﬁ—— : (3.34)
- ((r+ DK

The complex extensions (Wﬁl” are technically necessary in order to work with Cauchy estimates, but it
is crucial that the measure is evaluated on the real domain. It will be also convenient to introduce the
functions dw™ and AQ" defined as

sw” = " o So(r—l) ~1d, AQD = QW o (p(r—l) — QD4 go(r_l) ) (3.35)

The following part is an adaptation of the approach described by Poschel in [40]. First, we report
here lemma D.1 in [40], since it will be used in the proof of the proposition.

Lemma 3.10. Let f be a real analytic function from W), to C", with ‘W), the complex estension of a
domain W c R". If

h
If—mhm@sész, (3.36)

then f admits a real analytic inverse ¢ on W I that satisfies the following inequalities

46
lp —Idlwow, <6 and [0u(p — 1), < -, (3.37)
4 4

where the norm | . | is defined in a way analogous to (3.7).

o W)

7
Proposition 3.11. Let us consider the family (2.2) of Hamiltonians H® parametrized by the
ni-dimensional frequency vector . Assume that there exist positive parameters o, y, T, b, Jy, a
positive integer K and a compact set W C R™ such that the function Q© : W, — C™ is analytic
and satisfies the properties (a’)—(b’) of lemma 3.1. Define the sequence {h,},> of radii of the complex
extensions as

_ hr—l
r T+2

1 Y
e (J() + (ir) 8K™

and forr>1, (3.38)

hy = min{n,

withn = min{l /K, o}.

Considering the sequence of Hamiltonians {H")} =, formally defined by the algorithm in section 2,
let us assume that the functions oV, QU ... | ", QU satisfy the following hypotheses up to a fixed
normalization step r > 0:
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(g’) the function @ (w®) has analytic inverse ¢ on (W(S) for0 < s <r—1, where ¢ =1d and the
domains are recursively defined as extensions of those glven by formulee (3.33)—(3.34), starting from
rw(O)’

(h’) both @ o @~V : (W,(jjll) — C" and QY o o7V : (W(q 11) — C™ are analytic functions, for
I1<s<r;

(i’) for 1 < s < r, there exist positive parameters €, o and A > 1 satisfying
max sup |5w( )(w)| < yo(eA)', max - sup |AQ( )(w)| <y(eA)’, (3.39)

1<j<n 1<j<n
J< 1w€fW;l: 1]) <jsm (W(s 11
= S

where 5w and AQY are defined as in (3.35), while A is given in (3.26);
(j’) the parameter € is smaller than the “geometric threshold value”

.1 ) ho
Ege = A mln{l ' oy } (3.40)

Then, the function ©”(w*) admits an analytic inverse ¢'" : (Wg) - ‘W,(g) on its domain of definition
and satisfies the inclusion relation ¢ ((W;lr)) C cp("l)(‘Wl(lr 11)) Moreover, the following non-resonance
inequalities hold true:

min inf |k-w+¢€ Q7" (w _—y )
e e ol W= Ry
7" <|l|<
(3.41)

f O (o™ >y
fezngn(l)gwkz 1n |[ ("0 (a)))| =Y

Finally, the Lipschitz constants related to the Jacobians of the functions ¢ and Q" o\ are uniformly
bounded as

(" —1d) - 16(cA)

o ey B (3.42)
‘a(szm o ") § (] L1 ) '
= r <e —1.

ow oW 0 g

where B is defined as
B .= min{ﬁ,i} . (3.43)
oy 27

Proof. The proof proceeds by induction. By hypotheses, Q©(w) is an analytic function on the complex
extended domain ‘W;loo) and its Jacobian is uniformly bounded in (W,(Zg) , namely |6Q(0)/ 6w|oo"W(O) <J,
> hg

where | . | is defined in (3.7). Thus, starting from the inequality at point (a’) of lemma 3.1, if

co; W
ho

1 Y
hy < , 3.44
0 max{%,}r} + Jo 4K* (344)
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then the non-resonance conditions (2.4) and (2.5) are satisfied in the complexified domain (W,g? for
0 < |k| < K, |£| < 2. More precisely, if o € W and |@| < hy, we have

k- (@+@)+f-Qw+d)| > k- w+ - Qw)| - Khy — 2hoJy
, 2-1/2)y (3.45)
2

and, for 0 < |£] < 2,
1
- Q%w + )| > |¢- QV(w)| - 20Ty > (2 - E)y : (3.46)

For r = 0, the inequalities in (3.41) immediately follow from the previous ones, recalling that ¢© = Id.
The first change of the frequencies might occur at the end of the first perturbation step and the
transformed fast frequencies read

w(l)(w(o)) =0 + 5(1)(1)(61)(0)) — (Id + 5&)(1)) (w(O)) ,
where max ¢ <, SUP ey |6w§.1)(w)| < yo(eA) in view of the assumption (i’) in proposition 3.11. If
0

:M<1

A7
I : (3.47)

Mo

in view of lemma 3.10, the function (Id + 6w®) admits an analytic inverse ¢! : ‘W(h?)) - (W(,g) and, in
4 2

the domain ‘W §?) ), the following estimates hold true:
=

%] (90(1) - Id)
ow

max sup go(.l)(w) - w j| < yo(eA), < Mo, (3.48)
1<j<my wE(W(fl)) J
0

%

co; W 0
ho

where the norm | : LO- o on the Jacobian of the function ¢V —1d : Wi, — C" is defined in a way
W 4

1
analogous to (3.7). The growth of the Lipschitz constants for the function ¢V — Id is controlled by
setting

Jo=0, Ji = o, (3.49)

i.e., we have |(9 (go(” - Id) /6w|m, w0 < J1 . Recall now that the step r = 1 includes also the preparation
W
a
of the next step r = 2, namely cutting out the resonant regions

RE{I} = {w eWY: k-w+et QYo 90(1)(0))| < 2)//(2K)T} .

Thus we need an upper bound on both the sup-norm of Q™ o ¢ and the Lipschitz constant of its
Jacobian. The new transverse frequencies can be written as

Q(l)(w(o)) — Q(O)(w(O)) + AQ(I)(w(O)) ,
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where we have maxj<,, sup, W | AQS_I)(w)| < vy(eA), in view of the hypothesis (i’) in
proposition 3.11. Moreover, in the domain W (,1?)) the new transverse frequencies are functions of the
transformed fast frequencies, namely *

V(W) = QO(¢D(w D)) + AQD (D (D)) . (3.50)

Using this formula we can bound the Jacobian of the function Q% o ¢V, To this end, we need the
preliminary estimate

(1) 1 _ 00 (O] 1 _
QY o Q) < 0Q Iy Id)
(?(1) oo;W(}i; (9(1) oo;(W(hg 60) oo;“VV(hg
i 2 I
0AQD oM
+
00 Ny 1 00 Loy
2 r
2yeA
< Jouo + h (1+,U0)SJ0,U0+5—0(1+/10),
0 o

where we used formule (3.47)—(3.48), the estimate |8Q(O) /8w|m, wo < Jo and Cauchy inequality to
’ ho

2
estimate |8AQ(1) /8w|m, WO - Thus, we can ensure that the Jacobian of the transformed transverse
wh

2
frequencies is bounded as

(0D o o
‘% < (Jo + 5—3)(1 o) = ;. 3.51)

oo;(W(O)
hg
K

Using again formula (3.50), we can bound the deterioration of the non-resonance conditions involving
the transverse frequencies. In fact, for £ € Z™, |f| < 2, we have

sup [¢-[20(6V() - )|
WO

x

< 2max sup Qi.o)(go(l)(w)) - QE.O)(w)‘ +2max sup AQE.I)(cp(l)(w))'
ey 7 e
N N (3.52)
<o |27 W 2 AQY)
< £ . mjax supo) ©; (w)—w j‘ + mjax sup0 i (w)|
OO;W(’L(; weW(LO wEW(’L(;
2 4 2

ho (1
< 2Joyo(eA) + 2y(eA) = ‘% (E + Jo) .

Thus, for w € ‘W(h? ,0 < |k| < K and |£] < 2, we obtain the non-resonance estimate
by

k- o+ Q00 (w)| Q}(ﬂ = sup |£-|QV(e"(w)) - Q(O)(w)]‘
we ©)
Wiy (3.53)
2-1/2)y 1 ho . 2-1/2-1/4)y
= Tk _’“’O(E”")?Z K ’
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where we started from estimate (3.45) (holding true on all the complex domain ‘W (hz)), we used (3.52),

(3.47), the inequality for hg in (3.44). Moreover, using the estimates in (3.46), (3.523 and the inequality
for hy in (3.44), one can easily obtain the lower bound

11
|t’ ) Q(l)(90<1)(w))| > (2 -5 Z)y’ (3.54)

(0)
hy
Py

resonant regions R;{l} for K < |k| < 2K, |€| < 2. First, we remove them from the domain, by defining
W according to (3.33)—(3.34). Having required that the new radius of the complex extension is so

small that

uniformly with respect to w € W,”, when 0 < |£] < 2. It is now time to consider the new subset of

hy < min {22 3.55
1= mm{ 4 max(K, 1/o} + J; 8(2K)T} ’ (3:53)

for K < |[k| < 2K, |f] <2 and w € WY, |@| < h;, we have
k- (w+ @)+ - QPN (w+@)|>|k-w+ - QYD (W)

(2-1/2-1/4)y (3.56)
(2K)" '

-2Khy = 2J1hy >

Here we used the definitions (3.33)—(3.34) for the real set ‘W and subtracted the contribution due to
the complex extension; moreover, we also used formula (3.51), (3.55), (recall that ‘Wﬁlll) - wg, in

view of (3.33) and (3.55)). The inequalities in (3.41) are justified in view of (3.53), (3.54) and (34.56).
This concludes the proof of the statement for r = 1.

Iterating the procedure for a generic step » > 1 is now straightforward, provided the sequence of
restrictions of the frequency domain is suitably selected. Let us describe such a scheme of estimates in
detail.

We restart from the relation

@) = 0" 0 ¢V 0 0 V(W) = (1d + 60”) (0" (@) ,

where max, <<, SUP,,qy0- { |6w§.r)(a))|} < yo(eA)" in view of assumption (3.39). Thus, using again
hy—1

lemma 3.10, if
_ Ayo(eA) <

-1 =
Hr hr—l
we obtain @ (w®) from 0" (w®) via the function ¢ : W™D - W 51:1), because

hy_1
7 2

1, (3.57)

h,_
0 0 "D —1d| < 4‘ ; (3.58)

moreover, the inverse function ¢ satisfies
o™ —1d| < yo(sA) and  |0(¢"” - 1d)/dw| < p,_; . (3.59)

The function ¢, namely the inverse of W (w?), is obtained by composition, i.e., ¢ = ¢ Do ¢ =
$ y y p ¥ Y
¢V o ... 0 ¢" and, by construction, we have go(r’(W(h:D) C go“‘”(W}l:l)) (remark that ¢!V = ¢).
4
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Replacing ¢V with ¢, formule (3.47)~(3.52) can be suitably adapted to the case » > 1, so as to
prove the inequalities corresponding to (3.53), (3.54) and (3.56). First, starting from the relation ¢ =
¢V o ¢, the following inequalities hold true:
(r) (r) (r=1)
10 (" - Id)/6w|m;wﬂ < |o¢ mw'“’wiﬁ 10 (4" = 1d) /0| _ pppr-1
7 7

hy_1

+|a (¢(") — Id)/8w|m;w(}:—1)
hpy
7

<+ )t + et

where we used the estimates |0(¢"” — Id)/0w| .4y < p,—1 (because of lemma D.1 in [40]) and
> Woh—1
_ 4
10(p" D — Id)/0wl .4 < J,_i (that is the inductive formula related to the previous step,
> Woh—1
7

generalizing  (3.48)—(3.49)). Then, we can bound |(9 (¢(’)—Id)/6w|m.wm) with
S|
7T

J_r = (1 +/lr—1)jr—l + U1 -
Recall now that we have to prepare for the next step, namely we have to cut out the resonant regions
defined in (3.34), i.e.,

RO, = fw e WD i k- @+ - Q0 0 ¢(w)| < 2y/(r+ DKY) .

Thus, we need an upper bound on both the sup-norm of Q" o ¢ and the Lipschitz constant of its
Jacobian. The new transverse frequencies Q" (¢ (w'"”)) can be written as

Q(r)(go(r—l)((p(r)(w(r))) — Q(r—l)(So(r—l)((p(r)(w(r))) + Ag(r)(¢(r)(w(r))) ) (3.60)

Since we have maxicj<,, SUp, gy |AQ§.’)(w)| < y(eA), in view of the hypothesis (i) in
hy—1

proposition 3.11, using again lemma 3.10 so as to estimate |d(¢"” — 1d)/ 0wl 4y » the following

inequality (3.62) at the previous inductive step r — 1, formula (3.60) and the Caucfly inequality, we
can provide an estimate for

(’)(Q(r) o SD(r) — Q=D 4 (p(r—l))
ow

|00;W(r1)
hy_y

7
A(QD 0 gD o ¢ — QD o D)

60) o W/rD
L [0@7 06" ‘6(¢<’> - Id)‘
B o D |00 gy (3.61)

2 4
, |02 A
Ba) oW1 8a) o WD
2y(eA)
< Jr—l/Jr—l + Y (1 +,ur—1)
r—1
< Jr—l/lr—l + ,uzr—l (1 +/~1r—1) .
o
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Therefore, we can bound the Jacobian of the function Q" o ¢ with

a(g(r) o (p(’))
ow

Mr-1
<\J1 +
B ( Y

)(1 )=, (3.62)

oo W
hy_1

Using again formula (3.35) and the inequality above at the previous inductive step, we can bound the
deterioration of the non-resonance conditions involving the transverse frequencies. In fact, for £ € Z",
|€] <2, we have

sup |6+ [20(6"(@) - 2V (w)) |

W)
5t

< 2max sup ‘Qy_l)(cp(r_l) 0 ¢"(w)) - Qi-r_l)(QO(r_])(w))

! wewth
y—1
4

+2max sup ‘AQY)(¢(’)(Q)))|
J

we(W(,:_ll)
Q-1 T—l) (3.63)
< 2| ( 3 ) max  sup ‘¢§.r)(w) - a)j'
w oo;WZ J wewg
7
+2max sup )AQ(/.r)(w)'
/ weW ™) ‘
rthe_y (1
< 2J,_1yo(eA) + 2y(eA) = ’% (— + J,_l) .
o
Thus, for w € (M/(,,Zl) ,0< |kl <rK and |f| <2, if h,_; satisfies the following condition
-
. hr—2 1 Y
h,_; < min , , 3.64

defining ¢, = X}\_, % and starting from the non-resonance inequality at step r — 1 (holding true on all
the complex domain W (h:”), (3.63) and (3.57) allows to obtain the non-resonance estimate
7

r r (2 — Cr) r r r— r—
fw+ - QO @) 2 =L~ sup e [0 @) - 2V V)
(rK) weW'r ™
> (2 - Cr)’}’ _ /Jr—lhr—l l + Jr—l (365)
(rK)* 2
> (2 - Cr+1)7 ,
(rK)”

where we used this same inequality at the previous inductive step, i.e.,

. LoDy, (r=1) (2—0,))/
k-w+t-Q" V(g (“’))|2—((r—1)1<)r'
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Moreover, using the inequalities for the transverse frequencies at step r — 1, (3.63) and the estimate for
h._; in (3.64), one can easily obtain the lower bound

|6 Q7 (" (@)| = 2= )y, (3.66)

uniformly with respect to w € W (hr 11) , when 0 < |f| < 2. Now, we have to remove from the domain

W=D the subset of resonant reglons 7%5:,[, as they are defined in (3.34) for rK < |k| < (r+ 1)K, €] < 2.
Then, if we require that

. hr—l 1 Y
< .
hr < mm{ 4 max (DK Iy 2+ 1)K)T} ’ Gon

forrK < |k| < (r + DK, |£] <2 and w € W, |@| < h,, we have

k- (w+ @)+ - Q" (w+@)|> k- w+ Q" (W)
2 =)y (3.68)

- (7'+ I)Khr —-2J.h, > m .

Therefore, for r > 1, it is convenient to resume all the conditions in the following way:

dyo(eA) l 0
Mr-1 = hr 1 2
_ 16
I = Ha+mo+ml<wt4<<ﬂ% 7y fﬂ 108 i
ho B
N o\ - 1
J = (J,_1 LK 1)(1 + ) < (JO + “—O)eﬂo < e(JO + —) , (iii)
200 200 o
_ 1 0%
h, <min{——1, , iv
{ 4 max {8 Ly g 202((r + l)K)T} @)

where fi, = X, u, and B is defined in (3.43). The inequalities in (ii) and (iii) follow from (i)
and (3.38), by estimating fiy as follows:

[oe]

fo=Y = 3 ATV +ﬂ2%mmhw

s=0 s=0 hs s=1 -1

4
<ﬂ0+sﬂzf+222 (sﬂ)( Ty 2”2)5 S%ﬂ <1.
0

The sequence {A,},-0 in (3.38) has been chosen so as to satisfy all the smallness conditions (3.44)
and (iv), which are required along this proof. The smallness conditions (3.47) and (i) on ¢ are satisfied
since € < &, . Let us see it in details.
For r = 1 condition (i) is verified. At step r the condition is verified if
. hy 1 1 ho .

e < = —2,

- (2T+2)r—1 40"}/(2ﬂ)r (2T+3ﬂ)r oy
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that is satisfied when ¢ < Eges which is defined in (3.40).

We have to prove now that /i and #,, as defined in proposition 3.11, satisfy condition (iv). Let

us start with /. By definition Ay < m, then the inequality with the second term in (3.44) is

satisfied. Using that max{%, 1} < max{K, 1} = }], we obtain the following estimate

1 y> 1 y> 1 y:ho.
K
2

max({>, }+J04KT_%+6(JO+}T)4KT max{, e (J0+ )}SKT

1
o

By definition A, = 2,+2, therefore the inequality with the first term in (iv) is satisfied. Therefore, we
only need to show the second inequality. We need a lower bound for the following term:

1 vy 1 Y
>
max{% , (Lr} + . 2742((r + 1)K) (r+1)1 " e(Jo (lr) 2r+2((r + 1)K)r

Y

1
> .
(r+ Dmax{L, e(Jy + 1)} 27((r+ DK’

Since h, = (2T+2)r and (r + 1)7™1271 < (277127 = (27*?), the inequality is satisfied. This concludes the
proof. O

3.3.1. Explicit estimates for the volume of the resonant strips

In order to prove theorem 1.1, we need to focus on a set of tori with “Diophantine” frequencies as
defined in definition 3.3. First, let us denote by K ;’) the closed convex hull of the gradient set

U = {0l QO (" (W)] : we WD} (3.69)

We emphasize that the previous definition is analogous to that of Q;O) given in the context of
hypothesis (b’) in lemma 3.1. That assumption ensures that the Euclidean distance from the initial set
of frequencies is such that dist(k, 7(;0)) > 20, for k € Z" \ {0} . For & small enough, the closed convex
hull XK, ;’) that includes g;” is just a little bigger than the original one, so that also at the r-th step it is
safely away from the integer vectors, i.e., dist(k, 7(;’)) >0V keZ"\{0}. In order to prove that, the
following further smallness condition is needed:

0, by 1 008
s 260A (2 +J)mm{<77’2f} 26A(L+ 1) G710

Let us see it in details. In order to control the growth of % (r), it suffices to show that the following
estimate holds true

'aw [[ .0 (Sp(r) (w)) - r- Q(r—l) ( (r-1) (0)))” C;):) Vr>1, (3.71)

with w € W, Since W c WD c W (h:l), using the inequality in (3.61), that has been verified in
-
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the proof of proposition 3.11, we can bound the function as follows:

'aa) [f .0 ((p(r) (w)) —r. Q=D (‘p(r—l) (w))]' <2 [Jr—lﬂr—l " /'lzr;-l (1+ ,Ur—l)]
<20, [e (Jo + &) + é (3.72)

1
< 8/lr—1 (J() + —)
o

where J,_;, that is the Lipschitz constant about the Jacobian of Q" (w®), has been estimated as
in (iii) at the end of the proof of proposition 3.11. Then, if € satisfies the condition in (3.70), by using
also the definition and the estimate of u,_; in (i) at the end of the proof of proposition 3.11 and the
definition of A,_; in (3.38), for r > 2 we have

4 r—1 27+2 1
O'y(a?{;l 2(&?[) (_ N Jo)

1
81,1 (— + Jo) <38
o o
(eA)272 ( 1 )

<8 — + J
- 2r-1 o 0

T+6
S—(Sﬂ)z l+J() S%,
2" o 2"
where the condition (3.70) is used in the last inequality. For r = 1, the r.h.s. in the estimate (3.72) can
be reformulated as

o

—+J()
(o2

1 4 1 1 ®
81to (— + Jo) <8 O'ygﬂ( ) <2 TyeA ( + Jo) <
g 0 0

where we used again the estimate (i) at the end of the proposition 3.11 and the condition (3.70). This
ends the justification of (3.71).
Therefore, we obtain the following lower bound:

r—1
dist(k, ;") > dist(hk, K;”) = " max |9, [£- Q0 (¢ (@) - £ Q7 (¢ (@)
i=0

= 0
0> 0,.

>20) - Y - >
i:02+

The estimate of the volume of resonant zones that are removed at each step is based on lemma 8.1 of
Poschel paper [40], that we report here (the Lebesgue measure is denoted by m(-)).

Lemma 3.12. [f dist(k, K\”) = © > 0 then

4y D
GNP Y
MR < Gr DR @

where D is the diameter of W with respect to the sup-norm.
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The volume of the resonant regions must be compared with respect to the initial set W@, To
this end, we estimate the measure of t,o(’)(R;:’ )f) in the original coordinates w?, recalling that ¢ is
the inverse function of W™ (w®). Using lemma 3.12 and assumption (3.70), for k € Z™ \ {0} with
rK < |k| < (r + 1)K and |f] < 2 we have

4yDm-1
ORI < —— det
m(QD ( ke ) ~ Oy((r+ HK)T wil(g/)(’) )

50 (3.73)

(’)(p(r))
Starting from the first inequality in (3.42) and using the well known Gershgorin circle theorem, we
control the actual expansion of the resonant zones due to the stretching of the frequencies, by verifying
that

Blog?2

16An2

a(p(r)
w

) <2 when &< (3.74)

sup det(
weW®
Using the inequalities (3.73)—(3.74), we easily get a final estimate of the total volume of the resonant
regions included in W©:

oo . oo 8»)/Dnl_l
m(go(’)(Rgc)t, ) < cp, T

r=1 rK<lkl<(+DK ’ ; rK<|I;(r+1)K Oy ((r+ HK)

- (3.75)

2m+3¢, Dl i 1

K7 promtl
®O r=2

=Y

where ¢,, = (n, + 1)(2ny + 1) is the maximum number of polynomial terms having degree < 2 in the
transverse variables (z,iZ) and the maximum number of k such that rK < |k| < (r + 1)K is estimated
with K - 2" ((r + 1)K)"~!. The last series is convergent if 7 > n; and the sum is of order O(y).

3.4. Proof

The proof is a straightforward combination of lemma 3.8 and propositions 3.9 and 3.11, which
summarize the analytic study of the convergence of our algorithm and the geometric part, respectively.
We sketch the argument.

According to lemma 3.1 the family of Hamiltonians H?, parametrized by the frequency vectors
»© and defined on a real domain, can be extended to a complex domain D, ,x X ‘W), with suitable
parameters; moreover, their expansions can be written as H” in (2.2). Possibly modifying the values
of parameters y and 7, we can choose y and T > n; such that the property (a’) of lemma 3.1 is still
satisfied and the estimate of the resonant volume in the last row of (3.75) is smaller than m(‘W,,), i.e.,
we impose that

2520 +3m+ DD S ]

T—Nn| T-ni+1
@()K ) r

y <m(W?). (3.76)

Let us consider values of the small parameter € such that € < *, with

&* = minle* 2] B log2

.\ : : 3.77)
g zéﬂ(l +Jo) 16An3

o
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where s is defined in (3.40). Let us remark that if £ < Ege then the parameter £ is also smaller
enough to deal with the analytic part of the proof, i.e., & < & th1s can be easily verified by comparing
definitions (3.26) and (3.40).

Recall that the r-th normalization step of the formal algorithm described in section 2 can be
performed if the non-resonance conditions (2.4) and (2.5) are satisfied up to order r. Assuming the
threshold value &* as in (3.77), lemma 3.1 and proposition 3.11 ensure that the first step can be
performed for every frequency vector w® € (W;?)) .

We now proceed by induction. Let us suppose that r — 1 steps have been performed and
proposition 3.11 applies. In view of the non-resonance condition (3.41) the r-th normalization step
can be performed. We now check that proposition 3.11 applies again. By construction, both @ (w®)
and Q" (w®) are analytic functions on go("l)(W,(;l)). Moreover, lemma 3.8 applies and the
estimates (3.24) of the shift of the frequencies holds true. Thus, proposition 3.11 can be applied at the
r-th step which completes the induction.

We conclude that the non-resonance conditions (3.41) hold true for » > 0 and that the sequence of
frequency vectors {(0”(?), QW) is Diophantine for

[ee)

w® e lim_og?(W) = NZ¢"(W), where we used the inclusion relation

an?

) (" (r=1) (=D : . e . .
® (Wh) c " (W P ) between open sets. Finally, also hypothesis (f*) of proposition 3.9 is
satisfied because £ < &* < &, and so, for ®® € N2, 90(’)(‘WZ)), there exists an analytic canonical
transformation @' (0))
Mo go(’)(W;;)) is a countable intersection of open sets, it is measurable and

(ﬂ‘pm((wm)) > m(W©) — Z 3 m(g(®E)) > 0,

r=1 rK<lkl<(r+1)K
1012

which gives the initial Hamiltonian H® the normal form (3.27). Since

where we have taken into account the fact that the complex extension radius 4, — 0O for r — oo, the
estimate (3.75) and the initial choice of the parameters y and 7 at the beginning of the present section,
in such a way that inequality (3.76) is satisfied. This concludes the argument proving theorem 1.1.

4. Conclusions

We have discussed the convergence of an algorithm for proving the existence of lower dimensional
elliptic tori for a family of Hamiltonians parametrized by the frequency vector w of the motion on the
torus. Let us comment a little bit more the result.

From a practical point of view, the small change of the frequencies is a weakness of our method,
because in an explicit construction one is forced to check at every step that the wanted non-resonance
conditions are satisfied. This cannot be avoided, because the change of the frequencies is an effect of
the perturbation that is not known at the beginning of the procedure. By suitably controlling the small
corrections on the frequencies introduced by the algorithm, we can prove the existence of tori for a set
U™ of positive measure of initial frequencies, but at the same time we cannot obtain the same result
for one specific torus or, equivalently, for a specific Diophantine frequency vector w. Indeed, if on one
hand we could add at every step a translation of the actions of the torus in order to fix the frequency
vector, as suggested by Kolmogorov in the case of full dimensional tori, at the same time we cannot fix
the transverse frequencies ;, that depend generically on w. However, the geometric construction
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above shows that with high probability the method will work fine at every order; in particular, it
is even less probable to encounter a resonance in the explicit calculations, because the algorithm is
iterated up to a finite order. In [42], in the case of the classic Kolmogorov algorithm for constructing
full dimensional tori (but without the translations to fix the frequency vector), the authors present an
approach to determine a posteriori the initial frequencies in order to converge to a picked value of w.
With some additional work, we believe that the same approach could be extended to the case of lower
dimensional elliptic tori.

Let us now comment the threshold value £* on the small parameter &, that is explicitly defined
in (3.77). Although the definition involves many parameters, we might produce an asymptotic estimate
of the volume of the resonant regions for ¢ — 0. In view of inequality (3.75), it is O(y). Moreover,
one can easily show that £* is O(y?), since every element in (3.77) is O(1/A) and A ~ 1/y>. Thus the
complement of the set of the invariant elliptic tori, i.e., W®\ N2 " ((W,(qr)) , has a measure estimated
by O(&'/3) . This law is strictly related to the fact that each normalization step requires the solution of
three homological equations and this is related with the occurrence of the factor 3 in the accumulation
rules of the small divisors that are stated in lemma 3.6. However, an estimate such that the measure
of the complementary set of the invariant tori should be O(s” 3) is not optimal. For instance, this
same quantity has been proved to be smaller than a bound O(&"'), with b, < 1/2, in [4] and [5],
where the existence of elliptic tori in a couple of planetary problems is investigated. Let us emphasize
that considering a planetary problem (as in [25]) makes much easier the control of the transversal
frequencies because they are O(g). Here, careful additional estimates have been introduced, e.g., in
subsection 3.3.1, in order to deal with this difficulty. On the other hand, it is well known that purely
analytic estimates are usually unrealistically small. For this reason we did not pay attention to produce
optimal estimates.

The interest of such an algorithm is indeed related to the fact that, being fully constructive, it can
be used to obtain semi-analytical results in realistic problems, by explicitly performing a number of
perturbation steps (e.g., with the help of an algebraic manipulator especially designed for these kind of
computations, see [29]) and significantly improving both the applicability threshold and the estimate
of the measure. Furthermore, by implementing a suitable scheme of computer-assisted estimates,
the semi-analytical results could be made also fully rigorous (see, e.g., [10] and [32] in the case of
full dimensional tori). Computer-assisted proofs of existence of elliptic lower dimensional tori have
been given e.g., in [34], where the authors described a constructive algorithm without the request of
using action-angle canonical coordinates nor the quasi-integrability of the systems. Also the Poincaré-
Lindstedt method can be used for computing an approximation of the periodic or quasi-periodic orbits
(see, e.g., [12, 14,16, 18]). Still, these methods can be used to construct a particular solution of the
Hamilton equations, but further work is necessary in order to study the dynamics in its neighborhood.
On the contrary, the fact that the method is based on a construction of a suitable normal form, i.e.,
we produce not just a specific solution but also a local holomorphic Hamiltonian, makes it an optimal
starting point for studying the dynamics in the neighborhood of the tori.

From a theoretical point of view, a description of the approach to follow in order to investigate
the stability in the neighborhood of invariant tori can be found in [36]. In that article, in the case
of full dimensional tori, Morbidelli and Giorgilli showed that, if p is the distance with respect to the
torus, therefore the upper bound on the diffusion rate is superexponentially small, as it roughly goes
as exp(exp(—1/p)). This phenomenon is strictly related to the fact that the more an invariant solution
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is robust (with respect to the perturbation) the more its neighborhood is filled by other invariant tori.
This realizes a sort of freezing of the diffusion that is made extremely slow (see [28]). A similar
phenomenon happens in the case of lower dimensional elliptic tori, which are surrounded by a stable
zone filled by tori of maximal dimension. The slow diffusion from invariant tori is particularly useful in
those physical problems for which an eventual proof of stability for perpetual times is much more than
necessary, while it is more appropriate to refer to the effective stability. This concept is easy to define
in the case, e.g., of a planetary system: the typical lifetime of a star, despite very long, is obviously
finite; therefore, in this case, it would be enough to show that the motion is forced to be confined in
a small subset of the phase space for a time that exceeds the expected lifetime of the star. To this
purpose, a simple tool for providing a lower bound for the time needed to diffuse from small region in
the neighborhood of a lower dimensional or full dimensional invariant torus is given by the Birkhoff
normal form. Suitable estimates of the remainder of Birkhoff normal form, can be used in order to
investigate the stability in Nekhoroshev sense (see, e.g., [24, 36, 44]), thus for times exponentially
long with respect to the perturbation. In [7], Birkhoff normal form is used in this way in order to
explain the stability numerically observed in the FPUT model, that is a chain of particle interacting
with anharmonic potentials. Moreover, also in this case, the computation of the stability time can be
made rigorous with a computer-assisted scheme of estimates (for an introduction, see [6], where it is
considered the simpler case of Birkhoff normal forms in the neighborhood of an elliptic equilibrium
point). Finally, the convenience of combining different normal forms and of doing expansions nearby
elliptic tori is emphasized in [8], where an eflicient construction of a one-dimensional elliptic torus
turns out to be an advantageous intermediate step before the construction of a full dimensional KAM
tori in its neighborhood.
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Appendix
A. Proof of lemma 3.5

Let us first check the estimates for the generating function )(8). Using the inequalities in (3.15), we
come to the following estimate:

2e & , 2¢ A\ 1 1,
(/; ) Il d,_l_(l;+ﬁ)%nfg ",

2 2 4 4 4+TKT
<(Z S Emr Il 2 (?{é’_l’r)) Vol -
po R y ’

By definition of the evaluation operator, V({r}) = **7; then, using the property for the product, V({r})-
vV (7{(()’_1”)) =V (gg”). Moreover, constants can be limited by M, so the first inequality in (3.16) holds
true. The other estimates that appear in formula (3.16) and concern with the generating functions )(Y
and )((Zr can be verified in the same way.

In order to prove the other estimates, it will be useful to preliminarily give an estimate for the
intermediate functions that compose the Hamiltonian in the different steps of the algorithm, i.e., we
want to prove that the following inequalities hold true:

*1, EMSS ‘e *; 1,8
U Mmae ) S=—— V(HE) v (A1)

forO0<¢<2, s>ror{>3, s >0, where the generic symbol ‘+’ on the top of f; can be replaced by
I or II, while in the lower index ‘#’ can assume the values 1 or 2 for the corresponding terms.
By definition (2.11) of f(I it is easy to check that for r < s < 2r,

Lrs = — —1,s
15 M1, -6, < EMPSV(HE) vy 0
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Then, using the equation H " = H"* and the inequality v,_;, < v}, the estimate in (A.1) is

proved for what concerns the case with r < s < 2r.
For{=0,s>2ror¢{=1,2,s>ror{>3,s >0, we have that

Ls/r]

I; 1, )
s, <) LT [
Jj= O

L/ 3(s-jr)~¢
MP=n=dea;
(3r=2)j (r) (r—1,s—jr) )
<§ M (v(g ) E—2€+2j (ﬂmj )v,_l,s_,,.

j=0

The estimate in (A.1) follows from the definition of H, (19 i the statement, that of va) in (3.14) and in

view of the elementary inequality {74o; +2j > ¢ ¥ j > 0, so that M>$~2/¢m2i < M35~ Zz_
Since )((lr) satisfies the inequality:

2e € ; 2e € Lrr
T

l_dr—l =0y

A5 4+T T
<M¥2 2e ® . 4m"ErTTK (V(q_((l;m) »D
pO' R2 ,y 1 rr?

we can carry out the justifications of the inequalities involving )((lr) in a similar way to the method used
for X(r).

For showing the inequalities satisfied by f(H”), we have to distinguish between different cases.
Since f{*™ = ™ for ¢ = 0,1 and 0 < m < r, we can use the formula already proved for
what concerns the term of index I. Observing that in this case H, (Arram) — &+ and using a simple
consequence of the second definition in (3.14), i.e., v??m = 512 om T+ v93 VEI,),, > vgﬂ +m> formula (A.1) is
proved, for what concerns the cases with £ = 0,1 and s = r + m, where 0 <m < r.

For¢ =0and s >3rorf=1and s >2ror¢>2and s > 0,

LS/rJ
1I; (I
a2, _Z —||1:f(,>f[ il S

LS/rJ ; 3(s=jr)=e+;
3r-1)j (r) oY - M ) Lrs=jnY | D
<> MEVIY(G ) (V%) E——r— V(HE WD
j=0

then, observing that 1/2/ < 1, M/*+ > M¥% and using the fourth definition of the list of indices
in (3.18) and that for v(H) in (3.14), the inequality (A.1) follows, in the considered cases.
For 2r < s < 3r,

1L;r, Ir, I;r,s—
o Mh=des-2, <N Mhmds2s, + L0 A7 - 125,

Gro1) O\ i MO Trs—jnY D
, .
<ZM 1V (67) VE V(H )

j
Jj=0 2

again, using VEI? > vﬁlz + vﬁlz 92_, and the fourth definition of the lists of indices in (3.18), the

inequality (A.1) is fully justified for what concerns the upper index II.
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The upper bound for X(’) follows as for the other generating functions, using these last formulz.
We have now to discuss the different cases for f, ),
For £ >3 and s > 0,

Lv/rJ
s (II; )
1 Mg, 135, _Z —||1:f(,)f€ Mg,

LY/rJ 3(s=jn~Le
i=M e
<§ :M3rJ(V g(r)) ( (II)) E (v(q‘{l(ll,ns jr)) yD

2[ r,s—jr’

then the inequality (3.17) follows in view of the same arguments we previously used. For £ = 0, 1
and s > r, the formula is the same of the previous case, with the only difference that the sum is up to
|s/r] — 1 and this is considered in the definition of 7‘(?"‘”’"), which appears in formula (3.18). We can

estimate £, for s > r with ZW -1 11:’ o Z(H;”_m and complete the proof of inequality (3.17) in a

way that is similar to what has been done before.

Finally, we have to show the inequalities in (3.19). They can be proved recalling the change of
frequencies described in (2.22) and (2.23) and using the inequalities already proved for f(H”)
(observing that ||Z”]] < | fz(H ") jointly with Cauchy estimates. Using the inequalities 6, < 1, + =<1

and % < ¥M (see definitions (3.12) and (3.13)), the following estimates hold true

1 1 1I;
" -0 < A, s,

& 100h" ””»,‘ _&

;le dp; |7 o6,p
< g EM?r I(V(q,((H rr)) (II) < E5 47T TM3r—1(V(7_(§H;VJ))VrJ
ogo,p 4 op

<2 B6,Ur WM VG, < 78 MTVIG W
op

where the last definitions in both (3.14) and (3.18) have been taken into account.
By proceeding in a similar way and using that 4” E < vyM, we can prove the other inequality making
part of formula (3.19):

AL 2 E
r— v 7_{(11 sr) (II)
52R2 4 ( .

(IL;r,
||f N 2s, S

|Q§I’) _ Qi”—l)l SSV

62R2

z,0i

& = 47[ r T g3r-1 (I r,r)
ﬁE( = ) M (V((}{z )V,»,r
<G EUr M VG, < ve MTVGY ),
This concludes the proof.
B. Proof of lemma 3.6

The proof proceeds by induction on r. For r = 0, H, ©9 = @, thus (3.20) are obviously satisfied.
Let us suppose that (3.20) are true for r — 1 and prove they are still valid for r.
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We start showing the inequalities in (3.21) for j = 0. By the definition of g(o”,
NUGY) = Ni(H ™) + Nl

Therefore, we have to distinguish between different cases:
(1) if £ < |log, r], the second addend is null and we can use the inductive hypotesis to conclude that
Ni(Hy ™) <3 %]
(ii) if k = [log, r], only the second term gives a contribution and, then, Nk(gg)) =1;
(ii1) the case with k > |log, r] is trivial (thereafter it will be omitted).

In order to prove (3.20), it is useful to show that the same inequalities are satisfied by the
intermediate list of indices defined in (3.18), i.e.,

3 5| for k < |log, r],
s
N (HE9), N (H9) < 3 [e] 73 06 Tores 3 k= ogard B.1)
s
3_?_ for ¢ > 3, k = [log, r],
0 for k > |log, ] .

Therefore, we start to prove the estimate for 7{?; ), showing that every argument of the operator MAX
cannot exceed such an upper bound. For £ = 0, s > 2rand [ > 1, s > 0, by the definition of 'H{SI”’S)
in (3.18), we need an estimate for

N (7“{21; r’s)) < ]Nk( g)) + Ny (W(r_l’s_jr)) .

+2j

Therefore,
(i) if k < [log, ], ¥ 0 < j < | 2], the estimate in (B.1) is satisfied since ij( f)”) + N (ﬁ;:;;’s_jr)) <
3j [z—rkJ +3 [%J —{r2j <3 [Z—YkJ =2 <3 [2_YI<J ;
(i) if r = 2*, the second terms is null; then, the estimate is proved, provided that j < 3 [fJ - {,i.e.,
2 [fJ > {, that holds true for £ > 1, s > rorfor £ =0, s > 2r;
(iii) if k = [log, r] and 2% < r, we need an estimate similar to that in the case (i) above; ¥V 0 < j < | s/r],
we have Nic(G1) + Ne (H{ ") < j+ 31550 = Givaj = L) + 355 ] = Gy < 3L5e) = 25 = Loy <
35l = &

For r < s < 2r, 7{81;”) = ?{é’_l’s). Since [ %] = I, using the inductive hypothesis the inequality is
satisfied and the estimate for N (7—( ;I; ”)) is proved.

Let us prove now the inequality for Nk(g({)). By definition,

NU(G) = Nu(HE") + N}

therefore, using the inequalities proved for Ni(H(""”), the estimate for N;(G\") is valid. In fact,
(1) if k < [log, r], the estimate is an immediate consequence of (B.1);
(i) if k = [log, r], M(GV) =3L%k]-2+1=2.

We procede similarly for the other cases.
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For{=0,s>3ror{=1,s>2rorl>2,s>randV0<j<[i], WLEH;”S) satisfies the following

equality:
Ne (HE) = jNe (@) + Nic(HE )

As a consequence,
() if & < Llog, 7}, N(H(™™) < 3j[ 5] +3| 5] < 3] 5]
(i) if & = [log, 7l Ne(HM™) < 24 3|5 | = oy = 3|2 | = = Coy < 3] 2] - ¢
For{=0,r <s<3rorf=1,r<s <2r, the only difference is due to the fact that j < | ] — 1, but the
proof is the same as in the previous case.

The list of indices of the generating function )((Zr) satisfies the following equality:

N (G) = Nic(HS™™) + Nitr))

Then,
(1) if k < [log, r], the estimate is an immediate consequence of (B.1);
(ii) if k = [log, 7], Ni(GY) = 3| & | -1+ 1=3.
We come to prove the formula in (3.20).
For£>3,s>0and j<|2], H." satisfies the following equality:

Ne(HE) = jNe(GY)) + Ne (HE77)

Then,
(i) if k < |log, r], Nk(ﬂ(”))<3][ J+3[ J 33[2—”;
(ii) if k = [log, r], Ne(H™) < 3j+3| £ =3]2].

For(=0,1,2,s>1,0<m<rand j<s-1
Nk (q_lér,swm)) — ]Nk (g(zr)) + Nk (ﬂéll;r,(S—j)Hm)) .

The two cases are
(i) if k < [log, ], Ne(H™™) < 3j | 4|+ 3| S0 | < 3| i |;

(i) if k = [log, 7|, Ne(H>™*™) < 3j+3 | =2 | fyp = 3 || g,
For{=0,1,s>2and j<s-2,H é”") satisfies the following equality:

Nk (?{ér,sr)) — ]Nk (g(zr)) + Nk (ﬂéll;r,(s—j)r)) ’

and, repeating the previous computations, the inequality follows. Moreover, the estimate for .
follows from analogous computations.
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