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Abstract

We prove a new invariant torus theorem, for a-Gevrey smooth Hamiltonian sys-
tems, under an arithmetic assumption which we call the a-Bruno-Riissmann condi-
tion, and which reduces to the classical Bruno-Riissmann condition in the analytic
category. Our proof is direct in the sense that, for analytic Hamiltonians, we avoid
the use of complex extensions and, for non-analytic Hamiltonians, we do not use
analytic approximation nor smoothing operators. Following Bessi, we also show that
if a slightly weaker arithmetic condition is not satisfied, the invariant torus may be
destroyed. Crucial to this work are new functional estimates in the Gevrey class.

1 Introduction

1.1 The general question

We consider small perturbations of an integrable Hamiltonian system, defined by

¢=V,H(q,p), p=-V4H(q,p)

where H is a Hamiltonian of the form

H(q,p) =h(p)+e€f(q,p), (¢,p) €eT"xR", 0<e<]1

where n > 2, T" = R"/Z", wy = Vh(0) € R", and V?h(0) € M,(R) is non-degenerate.
When € = 0, the torus 7 of equation p = 0 is invariant and quasi-periodic of frequency
wp. The general question we are interested in is the persistence of this torus for € # 0
sufficiently small : does there exist a torus 7. which is invariant and quasi-periodic of
frequency wy and which converges (in a suitable sense) to Ty as € goes to zero?

This question was answered positively by Kolmogorov in his foundational paper [Kol54]
under the assumption that H is real-analytic and wy is a 7-Diophantine vector (7 > n—1):
there exists v > 0 such that for all & € Z™ \ {0}, |k - wo| > ~y|k|”". As a conclusion, the
perturbed torus is real-analytic. It became clear that a regularity assumption on H and an



arithmetic condition on wy were necessary, and then further works investigate the interplay
between the analysis and the arithmetic.

It was certainly a remarkable contribution of Moser (see [Mos62]) to realize that the
question can also be answered for Hamiltonians which are only finitely differentiable. More
precisely (see [Sal04]), if wy is 7-Diophantine and if H is of class C", with r > 2(7 + 1),
then the torus persists and it is of class C"'+7*! for any 7' < r —2(7 +1). If H is smooth,
that is €, there is no restriction on 7 and the perturbed torus is smooth. It follows from
a recent result of Cheng-Wang [CW13| (which uses an idea of Bessi [Bes00]) that the result
is false if H is of class C", with r < 2(7 + 1). Thus in the finitely differentiable or smooth
case, one may consider this Diophantine condition as essentially optimal.

In the real-analytic setting, the Diophantine condition is not necessary. Indeed, it
is sufficient to assume that wy satisfies the weaker Bruno-Riissmann condition (see §2.2]
for a definition), as was first proved by Riissmann in [RiisO1]; an equivalent condition
was actually introduced earlier by Bruno [Bru7i], [Bru72] in a different but related small
divisors problem, the Siegel linearization problem. The necessity of this condition turns
out to be a more subtle problem. In the Siegel problem, it is optimal in dimension one (this
is a celebrated result of Yoccoz [Yoc88], [Yoc95]) but in higher dimension it is unknown.
In the Hamiltonian problem we are considering here, the only general result we are aware
of is due to Bessi [Bes00] (extending an earlier result of Forni [For94] for twist maps of the
annulus) in which a torus with a frequency not satisfying a slightly weaker condition can
be destroyed by an arbitrary small analytic perturbation. This leaves open the possibility
of slightly improving the Bruno-Riissmann condition.

1.2 Main results of the paper

Real-analytic functions are characterized by a growth of their derivatives of order s~ */k!
for some analyticity width s > 0; in the periodic case, this is equivalent to a decay of
Fourier coefficients of order e*¥l. Given a real parameter o > 1, allowing a growth of
the derivatives of order s~*Ik1* or, equivalently, a decay of Fourier coefficients of order
e_o‘sw“‘l/a, one is lead to consider a-Gevrey functions, which thus corresponds to real-
analytic functions when o = 1. Since the introduction by Gevrey of the class of functions
now baring his name ([Gev18]), there has been a huge amount of works on Gevrey functions,
mainly for PDEs, but also more recently in other fields, including dynamical systems (see
gI.3] for some related works in dynamical systems dealing with Gevrey regularity).

In this paper, we study the persistence when € is small of the torus 7y, as a Gevrey
quasiperiodic invariant torus 7, under the assumptions that H itself has Gevrey regularity.
The only general result so far is due to Popov [Pop04] who proved that the latter holds
true if w satisfies a Diophantine condition. This result, the proof of which uses analytic
approximation, extends the result of Kolmogorov when o = 1 but not the one of Riissmann:
clearly one would expect an arithmetic condition which does depend on o and that reduces
to the Bruno-Riissmann condition when o = 1.

The main result of the paper is to solve this persistency problem, assuming that the
frequency wy satisfies some arithmetic condition which we call the a-Bruno-Riissmann



condition, which is weaker than the Diophantine condition and agrees with the Bruno-
Riissmann condition when o = 1. This is the content of Theorem [Al Theorem [Bl and
Theorem [C] deal respectively with the iso-energetic and time-periodic versions. We will also
state and prove a Gevrey analogue of Arnold’s normal form theorem for vector fields on the
torus (Theorem [El). Theorem [Hlis a more precise, quantitative statement, with parameters,
which does not require non-degeneracy, and from which Theorem [Al and Theorem [E] follow.
We also notice that Bessi’s ideas [BesO0] may be adapted to the Gevrey setting, to provide
a necessary arithmetic condition for the invariant torus to persist (Theorem [D). The so-
obtained condition fails to agree with the sufficient condition of Theorem [Al and, as in the
analytic case, it remains open to determine the optimal condition. Finally, we will also
give discrete versions of Theorem [Al and Theorem [E] which are, respectively, Theorem [E]
and Theorem

When a Hamiltonian is not real analytic, it is often the case that there is still some con-
trol on its derivatives and that it has Gevrey regularity. This may happen for example for
the restriction of an analytic Hamiltonian restricted to a Gevrey, symplectic, central mani-
fold. Technically, Gevrey regularity luckily extends the well-behaved analytic regularity in
KAM theory: the effect of small denominators in Fourier series reduces to decreasing the
“Gevrey width” s, the analogue of the analyticity width. This makes it possible to adapt
Kolmogorov’s proof of his invariant torus theorem without using analytic approximations
or smoothing operators as in the smooth setting. Yet there are two issues one needs to
solve.

The first and main issue is that the estimates needed in the general problem of per-
turbation theory were missing. This is why we provide an appendix with an adequate
choice of norms and spaces, together with the estimates needed in our proof. In particular,
Proposition 20 provides a “geometric” estimate of the composition of two Gevrey func-
tions, in which the loss of Gevrey width is arbitrarily small when composing a function
to the right by a diffeomorphism close to the identity, in continuity with the real-analytic
setting. Starting with the work of Gevrey itself [GevISg], there have been many results
concerning the composition of Gevrey functions (see, for instance, Yamanaka [Yam8&9],
Marco-Sauzin [MS02], Cadeddu-Gramchev [CGO03], Popov [Pop04]) but none of them al-
lowed an arbitrarily small loss of width except in some particular cases (the one-dimensional
case and the analytic case). To our knowledge, our composition result is new and may be
of independent interest.

The second and minor issue is that to reach a weak arithmetic condition, it is usually
better not to solve exactly the cohomological equation but an approximate version of it,
and hence one cannot proceed as in Kolmogorov’s proof. The strategy of Riissmann, that
we could have tried to pursue here, consists in solving this equation not for the original
perturbation but for a polynomial approximation of it. We will rather adopt the strategy
of [BF13], [BE14] in which periodic approximations of the frequency are used and only
cohomological equations associated to periodic vectors need to be solved: estimates on the
solution are straightforward in this case, unlike the cohomological equation associated to
a non-resonant vector.

As a further remark concerning the proof, in invariant tori problems derivatives in the



angle and action directions do not play the same role: in the analytic case it is customary
to introduce anisotropic norms. However, as Theorem [H and its proof show, we can still get
good estimates if we keep track separately of the sizes of various terms in the expansion of
the Hamiltonian with respect to the actions: this turns out simpler than using anisotropic
Gevrey norms. Such a feature is not present in dealing with linearization problem such as
in Theorem [E} a direct proof of the latter result would have been much simpler.

1.3 Related results

Apart from the work of Popov that we have already mentioned, there have been several
works dealing with Gevrey regularity in a related context.

The first setting is the so-called Siegel-Sternberg linearization problem. Under a non-
resonance condition, a formal solution to the conjugacy problem always exists and Stern-
berg proved that the solution is in fact smooth. In the analytic case, under the Bruno-
Riissmann condition the conjugacy is analytic; this arithmetic condition is thus sufficient
but also necessary in (complex) dimension one (a result of Yoccoz we already mentioned).
In the Gevrey setting, still under the Bruno-Riissmann condition, Carletti-Marmi [CMO00]
and Carletti [Car03] have shown that the formal solution still has Gevrey growth (with
the same Gevrey exponent); an interesting feature of their result is that allowing a worse
Gevrey exponent for the formal solution, one can relax accordingly the arithmetic condi-
tion. All these results are actually valid for a class of ultra-differentiable functions that
includes analytic and Gevrey functions. It was then proved by Stolovitch [Stol3] that
this formal Gevrey solution actually give rise to a Gevrey smooth solution, and recently,
Poschel [Pos17] gave a very general version of the Siegel-Sternberg theorem for ultra-
differentiable functions that contains all the previous results (the smooth, analytic, Gevrey
and ultra-differentiable cases). Let us mention that all these results do use stability by
composition, but a precise composition result is not needed as they do not require to keep
track of the width.

In the analytic setting, the Siegel problem and the problem of the linearization of circle
diffeomorphisms are solved under the same arithmetic condition [PM97]. But this may well
be incidental, and, to our knowledge, it may well not be true in the Gevrey setting. The
only result concerning Gevrey circle diffeomorphism we are aware of is due to Gramchev-
Yoshino [GY99]: they proved the linearization theorem under a condition which is weaker
than the Diophantine condition but stronger than the a-Bruno-Riissmann condition (they
actually introduce a condition equivalent to our a-Bruno-Riissmann condition and conjec-
ture that the result should hold under this condition). To prove such a result, they use a
composition result but in one dimension only; in this special case, as we already pointed
out above, good composition estimates are known (see, for instance, [MS02]). As a matter
of fact, Theorem [Gl (the discrete version of Theorem [El) gives linearization of Gevrey torus
diffeomorphism close to a translation under the a-Bruno-Riissmann condition, extending
the result in [GY99] (and giving a positive answer to their conjecture).



1.4 Further results

Let us describe some further results that could be achieved using the techniques of this
paper. The literature on KAM theory is enormous and so there are many potential appli-
cations; we will only describe here some of those that may have some interest.

First, and more importantly, the technical estimates we derive in Appendix[Blfor Gevrey
functions actually hold true for a larger class of ultra-differentiable functions that includes
Gevrey (and thus analytic) functions as a particular case. This not only leads to a further
extension of the KAM theorems we state and prove here, but also allows us to generalize
other perturbative results such as the Nekhoroshev theorem (extending the result of [MS02]
in the convex case and [Boull] in the steep case). To keep this paper to a reasonable length,
all these results will be derived in a subsequent article [BF17).

Then, our main result Theorem [A] deals with the persistence of Lagrangian tori; KAM
theory also deals with lower-dimensional tori (see, for instance, [Riis01] for a comprehensive
treatment in the analytic case), and one may expect that our result extend to such a setting.

Finally, one may consider the problem of reducibility of quasi-periodic cocycles close to
constant. In the analytic case, the Bruno-Riissmann condition is sufficient, as was shown
in [CM12]; in the a-Gevrey case, the a-Bruno-Riissmann condition is sufficient. In fact,
this setting is simpler from a technical point of view and our Gevrey estimates are not
necessary to obtain such a result; one simply needs to go through the proof of [CM12].
A possible explanation for this is that for quasi-periodic cocycles, composition occur in
a linear Lie group, thus only estimates for linear composition (product of matrices) are
necessary and so everything boils down to good estimates for the product of two functions.

1.5 Plan of the paper

The plan of the paper is as follows.

In Section 2, we describe precisely the setting, namely we properly define the Gevrey
norms we will use and the a-Bruno-Riissmann condition. In Section Bl we state our main
results:

e Theorem [Al about the persistence of a torus in a non-degenerate Hamiltonian system
under the a-Bruno-Riissmann condition;

e Theorem [B] the iso-energetic version of Theorem [Al
e Theorem [C] the non-autonomous time-periodic version;

e Theorem [Dl about the destruction of a torus in the same context not assuming a
condition weaker that the a-Bruno-Riissmann condition;

e Theorem [El about linearization of vector fields on the torus close to constant (we will
also discuss necessary arithmetic conditions here, albeit in a restricted context);

e Theorem [[] the discrete version of Theorem [Al, about the persistence of a torus in a
non-degenerate exact-symplectic map;



e Theorem [Gl, the discrete version of Theorem [El, about the linearization of diffeomor-
phisms of the torus close to a translation.

In Section @] we state Theorem [H], the main technical result of this paper, which is a KAM
theorem which do not require non-degeneracy but depends on parameters. In Section [B]
we give the proof of Theorems [Aland [E] assuming Theorem [Hl Section [6 contains the proof
of Theorem [HL Section [7] contains the proof of Theorem [D] a straightforward extension of
the work of Bessi [Bes00)].

Finally, two appendices contain technical results. Appendix [Al provides various charac-
terizations of the a-Bruno-Riissmann condition. Appendix [Bl which is absolutely crucial
in this work, provides estimates on Gevrey functions (and in particular our composition
result Proposition 20)) which are use throughout the paper.

2 Setting

2.1 Gevrey Hamiltonians

Recall that n > 1 is an integer, T" = R"/Z" and let B C R™ be a bounded open domain

containing the origin. For a small parameter ¢ > 0, we consider a Hamiltonian function

H :T" x B — R of the form

H(q,p) = h(p) +€f(q,p), ()
Vh(0) :==wy € R™.

The Hamiltonian h is non-degenerate at the origin if the matrix V2h(0) itself is non-
degenerate. We shall assume that the Hamiltonian H is a-Gevrey on T" x B, with a > 1
and where B denotes the closure of B in R": H is smooth on a open neighborhood of
T" x B in T" x R" and there exists so > 0 such that, using multi-indices notation (see

Appendix [B)),

|H|as :=¢ sup
(0,1)ET"x B

sup

( (|k| + 1)%s0** 0% H (0, 1))
keN2n ‘k“a

) <oo, c:=47%/3. (1)

This definition can be extended to vector-valued function X : T* x B — RP by setting

1) 2s.el% (9% X (0. T
X|as =c  sup (Sup (1] + 1)2s0° 0¥ X (8, )|1) .

(6,I)eT"xB \keN2n |k|!a

(2)

where |.|; is the [;-norm of vectors in RP, or the sum of the absolute values of the com-
ponents. As a rule, we will use the [;-norm for vectors, so for simplicity we shall write
|.]1 = |.]. To emphasize the role of the “Gevrey width” s, we shall also say that H
is («, sg)-Gevrey if ([II) holds. Observe that a function is 1-Gevrey if and only it is real-
analytic, in which case the parameter sq > 0 is the width of analyticity.

Properties of these Gevrey norms are described in Appendix [B} in particular we explain
there the (inessential) role of the factor (|k|+1)? and the normalizing constant ¢ > 0 in ().
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2.2 The a-Bruno-Riussmann condition

Given wy € R", define the function
Wy, : [1,400) = [Wy, (1), +00], @ +— max{|k-wo|™'|k€Z" 0<|kl<Q}) (3)

This function ¥, measures the size of the so-called small denominators which will come
into play in our computations. Call BR the set of vectors wy satisfying the so-called
Bruno-Rissmann condition,

T In(W,, (Q
1
and, given > 1, call BR,, the set of vectors wy satisfying the a-Bruno-Rissmann condi-
tion, which we define as
0 In (W
(¥an(@)) 4y o (BR,)
1 Qifa

These conditions prevent V¥, from growing too fast at infinity. If wy € BR = BRy, in
particular ¥, (@) is finite for all @, i.e. wy is non-resonant. Besides, the set BR,, decreases
with respect to .. For example, if ¥, (Q) = exp(Q®) then wy € BR,, if and only if 8 < 1/«
(we let the reader check, using continued fractions if n = 2, that the set of vectors wy having
such function W, is not empty).

Let D, be the set of 7-Diophantine vectors (7 > n — 1), i.e. for which there exists
v > 0 such that ¥(Q) < Q7 /v for all Q > 1. D, is non-empty and has full measure if
7 > n — 1 [Ris7h]. As definitions show, for all & > 1, we have D, C BR,. Thus, as
Example [I0] shows,

Na>1BRa \ Ursn-1D;

has zero-measure but is non-empty.

Now assume that wy is non-resonant. The function W, is non-decreasing, piecewise
constant, and has a countable number of discontinuities. In the sequel, it will be more
convenient to work with a continuous version of W, : it is not hard to prove (see, for
instance, Appendix A of [BF13]) that one can find a continuous non-decreasing function
U :[1,00) = [¥(1), +00) such that ¥(1) = ¥, (1) and

Vi (Q) S V(@) SV (@ +1), Q=1 (4)
For all k € Z" \ {0}, we still have
|- wol = 1/W([K])

and in the condition (BR,]) (which defines wy € BR,,), one may use W instead of ¥, .
Let us now define the function

A [l,+00) = [U(1),+00), Q— QU(Q).
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It is continuous and increasing, and thus is a homeomorphism, whose functional inverse is
ATV [B(1),400) = [1,+00), AloA=AoAl=Id

In Appendix[Alwe show that the set BR,, agrees with the set A, defined by the condition

+oo dx
¥ o~ A,
/Am d(A @) (Ae)

3 Main results

3.1 KAM theorem for non-degenerate integrable Hamiltonians

The image of the map ©¢ : T" — T" x B, ¢ +— (q,0), is an embedded torus invariant by
the flow of h carrying a quasi-periodic flow with frequency wy. We shall prove that this
quasi-periodic invariant Gevrey-smooth embedded torus is preserved by an arbitrary small
perturbation, provided h is non-degenerate, H is a-Gevrey and wy satisfies the a-Bruno-
Riissmann condition.

Theorem A. Let H be as in (@), where H is (a, s9)-Gevrey, wy € BR, and h is non-
degenerate. Then there exists 0 < s < s such that for € small enough, there exists an
(e, s)-Gevrey torus embedding ©,,, : T" — T" x B such that ©,,,(T") is invariant by the
Hamiltonian flow of H and quasi-periodic with frequency wy. Moreover, O, is close to ©
in the sense that

|@wo - @0|a,s6 < C\/E

for some constant ¢ > 0 independent of e.

Theorem [Al will be deduced from a KAM theorem for a Hamiltonian with parameters,
for which a quantitative statement is given in §4l Let us also state the corresponding
iso-energetic and non-autonomous time-periodic versions.

We say that the integrable Hamiltonian h is iso-energetically non-degenerate at 0 if the
so-called bordered Hessian of h,

(Wi ")

has a non-zero determinant. Under this assumption, the unperturbed torus p = 0, with
energy h(0), can be continued to a torus with the same energy but with a frequency of the
form Awg for A close to one.

Theorem B. Let H be as in (&), where H is (a, so)-Gevrey, wy € BR, and h is iso-
energetically non-degenerate. Then there exists 0 < s < s¢ such that for € small enough,
there exist A € R* and an («, s;)-Gevrey torus embedding O, : T* — T™ x B such that



O.,(T™) is invariant by the Hamiltonian flow of H, contained in H~'(h(0)) and quasi-
periodic with frequency Awy. Moreover, A is close to one and O, is close to Oy in the
sense that

|)‘ o 1‘ < C\/E, ‘@wo - @O|a,s6 < C\/E

for some constant ¢ > 0 independent of e.

We can also look at the non-autonomous time-periodic version; we consider a slightly
different setting by looking at a Hamiltonian function H : T" x B x T — R of the form
H(q,p) = h(p) + e/ (a:p, 1), )

Vh(O) =wp € R™.

It is better to consider the unperturbed torus p = 0 as an invariant torus for the integrable
Hamiltonian » : B x R defined by B(p, e) := h(p) + e: it is then quasi-periodic with
frequency @y := (wp, 1), has dimension n + 1 and is the image of the trivial embedding
Qo T"x T —T"x B xT.

Theorem C. Let H be as in (&), where H is («, so)-Gevrey, wy € BR, and h is non-
degenerate. Then there exists 0 < s; < so such that for e small enough, there exists an
(av, s)-Gevrey torus embedding O, : T" x T — T" x B x T such that ©,,(T" x T) is
invariant by the Hamiltonian flow of H and quasi-periodic with frequency @,. Moreover,
(:)wo is close to (:)0 in the sense that

|@wo - @0|a,56 S C\/g
for some constant ¢ > 0 independent of e.

Theorem [B] and Theorem [C] are essentially equivalent statements and can be easily
deduced from Theorem [Al in the analytic case details are given in [TZ10], Chapter 2, but
it is plain to observe that the arguments still work in the Gevrey case.

3.2 Destruction of invariant tori

According to Theorem [Al the a-Bruno-Riissmann condition is sufficient for the preserva-
tion of an invariant torus under an a-Gevrey perturbation. A natural question is: is it
necessary? To this question, here we only bring a partial answer, which circumscribes the
optimal arithmetic condition, if any. Following Bessi [Bes00], one can show that if w = wy
satisfies a condition (the condition (B,]) defined below), the torus can be destroyed. In
particular, this shows that the exponent 1+ 1/« in (BR,]) cannot be replaced by a strictly
larger exponent. As a matter of fact, the example of Bessi already shows this in the ana-
lytic case o = 1; our observation here is that Bessi’s example gives a similar result for any
a>1.



Theorem D. Given a > 1, assume that the vector w € R" satisfies the following condition:

limsupw > 0. (Ba)

Q—+o0 Q @

Then an invariant torus with frequency w can be destroyed by an arbitrarily small a-Gevrey
perturbation.

Thus the condition that wy does not satisfy (B,)), namely

lim In(¥,(Q))

Q=to0 QYo =0, (Ra)

is a necessary condition for the conclusion of Theorem [A] to hold true. For o = 1, this
condition (Ry)) is actually a sufficient (and most probably necessary) condition to solve the
cohomological equation associated to w (see [Riis75]); in the general case o > 1 this should
also be true but we couldn’t find a reference. Let us also note that (Rg) is implied by (but
clearly not equivalent to) the condition that w € BR,, see Remark [[l in Appendix [Al

For a more precise statement and how this follows from [Bes00], we refer to Theorem [7]
in Section [7 It is likely that one could improve this result for o > 1 by using perturbations
with compact support as in [CW13].

Observe that for any a > 1 and any 0 < § < «, vectors w € R" for which

V,(Q) ~ e

satisfies (Bg)) but also the S-Bruno-Riissmann condition. (That such vectors do exist is a
classical matter in number theory.) The following corollary is then obvious.

Corollary 1. For any o > 1 and any 0 < 5 < «, there exist invariant tori with frequency
vectors w € BRg which can be destroyed by an arbitrary small o-Gevrey perturbation. In
particular, there exist invariant tori with frequency vectors w € BR which can be destroyed
by an arbitrary small Gevrey non-analytic perturbation.

3.3 KAM theorem for constant vector fields on the torus

Now we state a Gevrey version of Arnold’s normal form theorem for vector fields on the
torus.

Theorem E. Let wy € BR, and X € G, (T", R") a vector field on T" of the form
X:w0+B7 ‘B|a,s§,u-

Then, for p sufficiently small, there exist a vector wj € R™ and an («, s/2)-Gevrey diffeo-
morphism = : T" — T" such that X 4 wj — wy is conjugate to wy via =:

=YX + wj — wo) = wp.
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Moreover, we have the estimate
wo — wol < cp, |2 = 1d[asp2 < cp
for some constant ¢ > 1 independent of .

Observe that because of the shift of frequency wj — wp, in general this result does not
give any information on the vector field X. Under some further assumption (for instance,
if wy belongs to the rotation set of X, see [Karl6]), then this shift vanishes and Theorem [E]
implies that X is conjugated to wy.

An even more restricted setting is when X is proportional to wy (so that the flow of
X is a re-parametrization of the linear flow of frequency wy and thus wy is the unique
rotation vector of X); Theorem [El applies in this case to give a conjugacy to wp, assuming
that wy € BR,, but the proof is actually much simpler in this case (it boils down to solve
only once the cohomological equation) and should require the weaker condition that wy
satisfies (Rg)), as it is stated in the case a = 1 in [Fay02]. Still in [Fay02], it is proved that
for « = 1 (there are also versions in the C” case), if wy satisfies (Bg]), then there is a dense
set of reparametrized linear flow which are weak-mixing (and so cannot be conjugated
to the linear flow); thus a necessary condition for Theorem [E] to hold true is that wy
satisfies (Ry) (and this is also a sufficient condition if we impose that X is proportional to
wo). Clearly, this should extend to the general case o > 1 and thus the condition that wy
does not satisfy (Bg)) is a necessary condition for Theorem [El to hold true, as in Theorem [Al

3.4 KAM theorem for maps

In this section, we give the statement of discrete versions of Theorem [Al and Theorem [E]
Let us start with the discrete analogue of Theorem [Al Given a function h: B — R, we
define the exact-symplectic map

F:T"x B—=T"x B, (q,p)~ (¢+ Vh(p),p).
As before, let us fix a > 1 and so > 0.

Theorem F. Let F : T" x B — T" x B be an (q, 59)-Gevrey exact symplectic map with
|F - Fh|a,so <e

Assume that wy = Vh(0) € BR,, and that h is non-degenerate. Then there exists 0 <
sy < so such that for e small enough, there exists an (a, sj)-Gevrey torus embedding
Oy, @ T" — T" x B such that ©,,(T") is invariant by F' and ©,, gives a conjugacy
between the translation of vector wy on T™ and the restriction of F' to ©,,(T"). Moreover,
0., is close to © in the sense that

|@wo - @0|a,36 S C\/g

for some constant ¢ > 0 independent of e.

"'We would like to thank B. Fayad for a discussion on this topic.
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Theorem [E] follows at once from Theorem [Bl (or Theorem [C]) provided one has a suitable
quantitative “suspension” result; in the analytic case a = 1 this was proved in [KP94] and
in the Gevrey non-analytic case o > 1 this is contained in [LMS16].

In the same way, we have the following discrete analogue of Theorem [El Given wy € R”,
let 7,,, be the translation of T" of vector wy:

Too : T" = T", 0 +— 60+ wp.
Let « > 1 and s > 0.
Theorem G. Let wy € BR,, and T € G, 4(T", T") a diffeomorphism of T" of the form
T=T,+B, |Blas<p.

Then, for p sufficiently small, there exist a vector wi € R™ and an («, s/2)-Gevrey diffeo-
morphism = : T" — T" such that T'+ wj — wy is conjugate to T;,, via =:

E o (THwi —wy) o2 =T,,.
Moreover, we have the estimate

wg —wo| <, |E = 1d|as2 < cp

for some constant ¢ > 1 independent of p.

4 Statement of the KAM theorem with parameters

Let us now consider the following setting. Fix wy € R"\ {0}. Re-ordering the components
of wy and re-scaling the Hamiltonian allow us to assume without loss of generality that

wo = (1,@0) €R"™, @y € [-1,1]"1.
Given real numbers 7 > 0 and h > 0, we let
D, :={IeR"||I|<r}, Dp:={welR"||w—wo| <h}, D,.p:=D,x Dy.
Our Hamiltonians will be defined on T" x D, ;, a neighborhood of T" x {0} x {wp} in
T" x R® x R".

Let « > 1, s> 0,n >0 a fixed parameter, € > 0 and p > 0 two small parameters. We
consider a function H € G, s(T™ x D, ;) of the form

HO,[,w)=c(w)+w-IT+A0,w)+BO,w) - I+M0,I,w)-I?

J/

N(Iw) P(O.1w) R(0.1 ) (s5)
|A|a,s S £, |B|a,s S H, |V%R|o¢,s S n

12



where the notation M (0, I,w)-I? stands for the vector I given twice as an argument to the
symmetric bilinear form M (0, I,w). Observe that A: T" x D, - R, B: T" x D;, - R"
whereas M : T" x D, — M,(R) with M, (R) the ring of real square matrices of size n.
Observe that we do not assume ¢ = 1 because these two small parameters play different
roles in applications (in Theorem [Al we will have y = /¢ while in Theorem [E] £ = 0 and
p will be the only small parameter).

The function H in (E&H) should be considered as a Gevrey Hamiltonian on T" x D,.,
depending on a parameter w € Dy; for a fixed parameter w € Dy, when convenient, we
will write

H(I.0) = H(I,0,00), N.(I)=N(I,w), P,(I,0)=P(,0,w), R.(I0)=R(,0,w).

The image of the map &y : T* — T" x D,, 0 — (0,0) is a smooth embedded torus in
T" x D, invariant by the Hamiltonian flow of N, + R,, and quasi-periodic with frequency
wo. The next theorem asserts that this quasi-periodic torus will persist, being only slightly
deformed, as an invariant torus not for the Hamiltonian flow of H,,, but for the Hamiltonian
flow of Hy, where wj is a parameter close to wy, provided € and p are sufficiently small
and wy satisfies the a-Bruno-Riissmann condition. Here is the precise statement.

Theorem H. Let H be as in (&), with wy € BR,. Then there exist positive constants
c1 <1, ¢ <1and c3 > 1 depending only on n and « such that if

Ve<u<h/2, Ve<r, h<e(Qo¥(Qo)™! (5)

where Qo > n + 2 is sufficiently large so that

7% -1 e dx -1/«
@+t [ S <l ©)

there exist a vector w§ € R™ and an (a, s/2)-Gevrey embedding
o, T" x Dyjg — T" x D,

of the form

QL (0,1)=(0+E0),I+F0)-1I+G*(0))

with the estimates

lwg —wol < esp, [E o < sV (Qo)i,  [F a2 < esA(Qo)p, |G laysye < e3sA(Qo)e
(7)
and such that
Heso®% (0,1) =€ +wo-1+R(0,1), R(0,I)=M0,1)-I7
with the estimates

lef — €z < cze,  |VIR® — ViRuy: a2 < canA(Qo)p

13



Theorem [Al follows quite directly from Theorem [H| introducing the frequencies w =
Vh(p) as independent parameters, taking u = /¢, and tuning the shift of frequency w§ —
wp using the non-degeneracy assumption on the unperturbed Hamiltonian. Theorems [El
follows also from Theorem [Hl by realizing X as the restriction of a Hamiltonian vector field
on an invariant torus, setting ¢ = n = 0 and letting p be the only small parameter. These
arguments are made precise in Section

5 Proofs of Theorems [A]l and [E, assuming Theorem [H]

5.1 Proof of Theorem [Al

In this section, we assume Theorem [H| and we show how it implies Theorem [Al follow-
ing [Pés01] (in the analytic case) and [Pop04] (in the Gevrey case).

Proof of Theorem[4l. As noticed at the beginning of Section M, we may assume that wy is
of the form
Wo = (1,@0) S an Wy € [—1, 1]”71.

For py € B, we expand h in a small neighborhood of py: writing p = py + I for I close to
zero, we get

bp) = o) + Vi) T+ [ (1= Ot 20 1.

Similarly, we expand ef with respect to p, in a small neighborhood of py:

ef(q,p) =6f(q,po)+6fo(q,po)~I+e/0 (L—=t)V2f(q,po+tl)-I* dt.

Since V,h : B — Q is a diffeomorphism, instead of py we can use w = V,h(py) as a new
variable, and letting Vg := (Vh)™!, we write

hp) = e(w) +w - T+ Ru(1,w)
with 1
() = h(Vog(@)), Fall,w) = [ (1= OVEH(Tog) +40)- 1 d
and also, letting 6 = ¢, :
ef(0,p) = €A(0,w) + eB(0,w) - I + eRg(6, I, w)

with

A(0,w) == f(0,Vug(w)), B(,w):=V,f(0, Vug(w))
and

Rp(0,1,) ::e/ (1~ )V2F(8, Vg(w) + 1) - I dt.
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Finally, we can set
A:=€eA, B:=¢B, R:=R,+eR;=M®01Iw) I?
so that h + €f can be written as
HO,I,w)=¢e(w)+w- I+ A0,w)+ BO,w) - I+ R(O,1,w),
and we have
VIR(0,1,w) = Vih(Vug(w) + 1)+ eVif(0,V,g(w) + I).

By assumption, h and f are (a, so)-Gevrey on T" x B, and since the space of Gevrey
functions is closed under taking derivatives, products, composition and inversion (up to
restricting the parameter sg, see Appendix [Bl for the relevant estimates), we claim that
we can find s > 0, r > 0, h > 0 and ¢ > 0 which are independent of € such that H is
(o, 5)-Gevrey on the domain T" x D, ;, with the estimates

|Alas <€ |Blas < é6  |ViR|as <é.
We may set
ci=2¢C¢ pi=+le, ni=2¢
and assuming e small enough, we have ¢e < u = /e. Thus we have
|A|a,s S g, |B|a,s S H, |V§R|o¢,s S n.

Having fixed s > 0 and r > 0, we may choose Q) sufficiently large so that (@) holds true,
and then by further restricting first s, and then ¢, we may assume that the condition ()
is satisfied. Theorem [H applies: there exist an («, s/2)-Gevrey embedding Y, : T" —
T™ x D,, defined by
Yoo (0) := P, (0,0) = (0 4+ E*(0),G*(0))

where @, is given by Theorem [Hl and a vector w§ € R™ such that T, (T") is invariant by
the Hamiltonian flow of H,; and quasi-periodic with frequency wy. Moreover, wy and T,
satisfy the estimates

lwo —wol < epy, |Eas2 < c¥(Qop, |G lasz < QoY (Qo)e

for some large constant ¢ > 1. Since h is non-degenerate, there exists p§ such that Vh(pg) =
wg and, up to taking ¢ > 1 larger and recalling that y = /¢, the above estimates imply

Pyl < eve, |EMase <V (Qo)Ve, |G asz < cQo¥(Qo)e. (8)
Now observe that an orbit (6(t),1(t)) for the Hamiltonian H,; corresponds to an orbit
(q(t),p(t)) = (6(t), I(t)+pg) for our original Hamiltonian. Hence, if we define 7" : T" xR™ —
T x R™ by T(0,1) = (0,1 + p§) and
Ouy =T oYy :T" = T"xR", O,,(0)=(0+E*0),G"(0)+ pg)

then O,, is an («, s/2)-Gevrey torus embedding such that ©,,(T") is invariant by the
Hamiltonian flow of H and quasi-periodic with frequency wy. The estimates on the distance
between O, and the trivial embedding ©, follows directly from (§), which finishes the
proof. O
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5.2 Proof of Theorem [E

Now we show how Theorem [E follows from Theorem [Hl

Proof of Theorem[4l. Consider the vector field X = wy + B € G, (T",R") as in the
statement. It can be trivially included into a parameter-depending vector field: given
h>0,let X € G,s(T" x Dp,R") be such that

~

X(0,w) =X, (0) =w+B(0), weD, X,=X
Now given any r > 0, consider the Hamiltonian A defined on T" x D, by
HO,I,w)=H,0,I):=w-1+ B(0)-1I. 9)

Clearly, for any parameter w, the torus T" x {0} is invariant by the Hamiltonian vector
field Xy, and, upon identifying T" x {0} with T, the restriction of Xy, to this torus
coincides with Xw.

Now the Hamiltonian H defined in (@) is of the form (&H) with ¢ = n =0 (and e = 0)
and therefore for p sufficiently small, Theorem [H applies: there exist a vector w§ € R"™ and
an (o, s/2)-Gevrey embedding

O, T" x Dyjg — T" x D,
here of the form
<I>’:)0(9,I) =0+ FE*(0),I+F*0)-1)

with the estimates

|w8 - WO‘ < C3lt, ‘E*|a,s/2 < CB\P(QO)M7 ‘F*‘a,s/Q < CBA(QO)M

and such that

H,: 0 ®% (0,1) = wy - 1. (10)

0
The embedding ®;, clearly leaves invariant the torus T" x {0} and induces a diffeomorphism
of this torus that can be identified to = := Id + E*. Writing the equality (I0) in terms
of Hamiltonian vector fields, we have, upon restriction to the invariant torus and recalling
that the restriction of Xy coincides with Xw,

=" (Xwg) = Wp-
But )A(wg = Xwo +wi —wo = X + wi — wp and therefore

EY(X +wi —woy) =wp

which, together with the estimates on wj and = — Id = E*, was the statement we wanted
to prove. 0
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6 Proof of Theorem H

This section is devoted to the proof of Theorem Hl in which we will construct, by an
iterative procedure, a vector wy close to wy and a Gevrey-smooth torus embedding @7
whose image is invariant by the Hamiltonian flow of H,;. We start, in §6.11 by recalling
the Diophantine result of [BF13] which will be used in our approach. Then, in §6.2, we
describe an elementary step of our iterative procedure, and finally, in §6.31 we will show
that infinitely many steps may be carried out, to converge towards a solution.

In this paper, we do not pay attention to how constants depend on the dimension n or
the Gevrey-exponent «, both being fixed. Hence in this section, we shall write

u<wv (respectively u-<v)

if, for some constant C' > 1 depending only on n and «, we have u < Cv (respectively
Cu < ). In particular, u -<wv is stronger than u < v.

6.1 Approximation by rational vectors

Recall that we have written wy = (1,@p) € R" with @y € [—1,1]""!. For a given Q > 1, it is
always possible to find a rational vector v = (1, p/q) € Q", with p € Z"~! and ¢ € N, which
is a Q-approximation in the sense that |qwy — qv| < @', and for which the denominator
q satisfies the upper bound ¢ < Q™ !: this is essentially the content of Dirichlet’s theorem
on simultaneous rational approximations, and it holds true without any assumption on wy.
In our situation, since we have assumed that wy is non-resonant, there exist not only one,
but n linearly independent rational vectors in Q™ which are Q)-approximations. Moreover,

one can obtain not only linearly independent vectors, but rational vectors vy,...,v, of
denominators ¢y, ..., q, such that the associated integer vectors qvy,...,q,v, form a Z-
basis of Z". However, the upper bound on the corresponding denominators ¢, ..., q, is

necessarily larger than Q" !, and is given by a function of () that we can call here U, (see
[BE13] for more precise and general information, but note that in this reference, ¥/, was
denoted by W, and ¥, which we defined in (3]), was denoted by ¥/, ). A consequence
of the main Diophantine result of [BE13| is that this function W, is in fact essentially
equivalent to the function ¥,,,.

Proposition 2. Let wy = (1,00) € R™ be a non-resonant vector, with &y € [—1,1]"1. For
any QQ > n + 2, there exist n rational vectors vy, ...,v,, of denominators qi,...,q,, such
that qvy, ..., quo, form a Z-basis of Z" and for j € {1,...,n},

wo — vl < (@), 1< ¢;<T(Q).

For a proof of the above proposition with ¥, instead of ¥, we refer to [BF13], Theorem
2.1 and Proposition 2.3; now by (), ¥,, < ¥ and so one may replace ¥, by ¥.

Now given a g-rational vector v and a smooth function H defined on T" x D, ;, we
define

[H],(0,I,w) = /01 H(0+tqu,I,w)dt. (11)

17



Given n rational vectors vy, ..., v,, we let [H],, =[-+-[H]y - ]u, Finally we define

[H|(I,w) = H(0,1,w)db. (12)
’]TTL
The following proposition is a consequence of the fact that the vectors ¢ vy, ..., ¢,v, form
a Z-basis of Z™.
Proposition 3 ([Boul3, Corollary 6]). Let vy, ..., v, be rational vectors, of denominators

Qi - -5 Qn, such that quy,...,quu, form a Z-basis of Z", and H a function defined on
T" x D,p. Then

-----

6.2 KAM step

Now we describe an elementary step of our iterative procedure. Such a step consists in
pulling back the Hamiltonian H by a transformation of the form

F=(Q,9): (0, I,w) — (20, I,w),p(w));

® is a parameter-depending change of coordinates and ¢ a change of parameters. Moreover,
our change of coordinates will be of the form

OO, I,w)=3,0,I) =0+ EO,w), [+ FO,w) - I+GO,w))

with
E:T"xD,—R" F:T"xD,— M,R), G:T"x D, —R"

and for each fixed parameter w, o, will be symplectic. For simplicity, we shall write
¢ = (FE,F,G); the composition of such transformations F = (®,¢) = (E,F,G, ) is
again a transformation of the same form, and we shall denote by G the groupoid of such
transformations.

Proposition 4. Let H be as in &), with wy = (1,w0) € R™ non-resonant, consider
0<o<s,0<d<r,Q>n+2, and assume that

VESuEh/2, VESr h<(QUQ)7, rue<d@QUQ)  (14n)-<Qo°. (13)
Then there ezists an («, s — 0)-Gevrey symplectic transformation
F=(®,0)=(E,F,G¢):T"xX D542 = T" x D, €,
with the estimates

‘E‘a,sfa < \I’(Q),u, ‘VE|a,sfo < U_O‘\I/(Q),u,
‘F|a,sfo < U_a\II<Q):u7 ‘VF‘CV,S*U < 0-_20“;[]<Q):u7
|Glays—o <07 W (Q)e, |VGlas—o <o **U(Q)e,
|90 - Id|a,s—0 < u, |VS0 - Id|a,s—a <o

18



such that

HoF0,I,w)=e"(w)+w-IT+ATO)+BT0)- I+M"0,I,w)-I?

J

N+(Iw) P+(0,1,w) R+(0,1,w)

with the estimates

{|A+|a,s_a < /16, |B*|aso < /4,

15
|6Jr — €0 §0|a,s—a S |A|oz,57 |V%R+ - V%R © f|o¢,s—a < n|F|a,s—a- ( )

Proof. We divide the proof of the KAM step into five small steps. Except for the last one,
the parameter w € D), will be fixed, so for simplicity, in the first four steps we will drop
the dependence on the parameter w € Dj,. Let us first notice that (I3]) clearly implies the
following seven inequalities:

h-<(QU(Q))™
V(Q)p-< o
e<ru
ruo”U(Q) <o

16)
17)
18)
19)

~J

A~~~ A~ A/~~~
(0.¢]

p<(QU(Q))™ 20)
(1+17)-<Qo® 21)
1< h/2. (22)

It is also important to notice that the implicit constant appearing in (21]) is independent
of the other implicit constants; we may choose it as large as we want without affecting the
other implicit constants. In the first three steps, the term R which contains terms of order
at least 2 in [ will be ignored, that is we will only consider H=H-R=N+P.

1. Rational approrimations of wy and w € Dy,

Since wy is non-resonant, given ) > n + 2, we can apply Proposition 2 there exist

n rational vectors vy,...,v,, of denominators qi,...,q,, such that q.vy,...,q,v, form a
Z-basis of Z" and for j € {1,...,n},

wo — v;] < (@), 1< g5 <W(Q).
For any w € D, using (I6) and ¢; < ¥(Q), we have
w = vj| < Jw = wol + fwo — vl <h + (@) < (QU(Q)) " + (@) < (@) (23)

2. Successive rational averagings

Let us set Ay := A, By := B so that Py(0,1) := Ay(0) + B1(0) - I satisfies P, = P.
Recalling that [.], denotes the averaging along the periodic flow associated to a periodic
vector v € R™ (see (), we define inductively, for 1 < j <n,

Ajpr = [Ajly;,  Bjr1:=[Bjlv;, Pjy1:=[Pjly,
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so in particular Pj(0,1) = A;(0) + B;j(#) - I for 1 < j < n. Let us also define X;, for
1<j<n,by
X;(0,1):=C;(0)+D;0) -1

where
1 1
C;(0) = qj/ (Aj — Aj1)(0 + tgju))tdt, D;(0) = ‘Jj/ (Bj — Bj11)(0 + tqjv;)tdt.
0 0

If we further define N; by N;(I/) = e(w) 4+ v; - I, it is then easy to check, by a simple
integration by parts, that the equations

(G5 Niy = A = Ajas Dy, N} = By = By, 1<j<m, (24)
and then

are satisfied, where {., .} denotes the usual Poisson bracket. Moreover, we have the
estimates

|Aj|a,s S |A|a,s S g, |Bj|oz,s S |B|a,s S H, (26)
and then

|Cj|oz,s S Qj|Aj|a,s S q;€ < \II(Q)€7 |Dj|oz,s S Qj|Bj|oz,s S q],u< \P(Q)M (27)
Next, for any 0 < j < n, define r; = r —n7'j0 and s; = s — (2n)"'jo. We have
rp,=1r—0<r; <ryg=rwhiles, =s—0/2 <s; <5y =5 Let X; be the time-t
map of the Hamiltonian flow of X;. Using (27), together with inequalities (I7), (I8) and
(I9), the condition (80) and (82]) of Proposition 22 Appendix Bl are satisfied, so the latter
proposition can be applied: for 1 < j < n, X; maps T" x B, into T" x B,,_, for all
t €10,1] and it is of the form

XH0,1) = (0 + EL(8), I + F1(0) - T + G4(0))

with
|E§"a,sj' < |Dj‘a,sj71 < \I]<Q>/~L
|F_’jt|0475j < U_a|Dj|a,sj-_1 <o U(Q)p (28)
|G§|a,5j <0 ¥ Cjlas;, <o U(Q)e.

Now we define ®° := Id to be the identity and inductively ® := &' o X for 1 < j <
n. Then ® maps T" x B,; into T" x B, and one easily checks, by induction using the
estimates (28)), that @7 is still of the form

®(0,1)= (0 + E(0), I+ F(0) -1+ G'(9))
with the estimates, for j =1, ..., n,

|Ej|a73j < ¥ (Q)u, |Fj|oz,8j <o W (Q)u, |Gj|a,sj- <o U(Q)e. (29)
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3. New Hamiltonian

Let us come back to the Hamiltonian H = H — R= N+ P = N + P;. We claim that
for all 0 < 7 < n, we have

f{ © (I)j =N+ Pj+1 + Pj—’:H’ P]—[_H(eal) = A;’—Jrl(e) + BJ++1(0) -
with the estimates

|A;—+1|0475j < (an)_lga |B_;—+1|0473j < (Qaa)_lﬂ- (30)

Let us prove the claim by induction on 0 < j < n. For j = 0, we may set P;” := 0 and
there is nothing to prove. So let us assume that the claim is true for some 7 — 1 > 0, and
we need to show it is still true for 7 > 1. By this inductive assumption, we have

HoCI)j:Hoq)jfloX}:(N—l—Pj—l—PfL)oX}

with
|A;L|a78j—1 < (Qaa)ilea |B;‘r|oz,8j_1 < (an)ilﬂ' (31)
Let S; =w-I—wv;-1 sothat N = N; +.5; and thus

f]o‘bj:(Nj+5j+Pj+P]+)OXj1:(Nj+Sj+Pj)OX;+P]+OX;'

Let us consider the first summand of the last sum. Using the equality (27]), a standard
computation based on Taylor’s formula with integral remainder gives

(Nj +S;+ Pj) o X} = N+ [P}y, + Pjy1 = N+ Pipu + Py
with .
Pt = /0 Uliyo Xldt, Ulsy o= {(1— )Py + P, + 5, X, ).
Clearly, U}, is still of the form

Ut

L (0,T) = UL, (6,0) + VUL, (6,0) - T

as this is true for P;, S;, X; and that this form is preserved under Poisson bracket. Using
the estimates for P;(6,0), V;P;(6,0), X;(0,0), V;X;(0,0) (given respectively in (26]) and
in (27)), the fact that

SJ<¢9,O) :0, VIS]<¢9,0) =W —Y;

with the inequality (23]), and the estimates for the derivatives and the product of Gevrey
functions (given respectively in Proposition [I4], Corollary [[5] and Proposition [I6, Corol-
lary [I8, Appendix [Bl), one finds, for all ¢ € [0, 1]

UL 1(0,0)]as, < (07 %qep + 0 “qrep + 0 %qie(q;Q) ") <o “qiep+ (Qo*) e,
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Since ¢; < ¥(Q), using (20)) the latter estimate reduces to
|U]t'+1(0a O)|0475j < (Qaa)_le'
Similarly, one obtains
‘VIU;—H(ev 0)‘0781 < (Qaa)_llu'

Then, using the expression of X; and the associated estimates (28]), a direct computation,

still using (20), gives 3
|Pj+1(9a O)|O¢,Sj < (Qaa)_le

and

[V 1P511(8,0) s, < (Q0) s

Using again the estimates of X} given by (28), and the inductive assumption (3II), we also
find
[P} 0 X[ (0,0)]a,s, < (Qo*) e

and
V(P 0 X})(0,0)]a,s, < (Qo®) ' p.

Eventually, we may define .
P]»J;I = P]+1—|—PJ+OX]1

so that

Ho® =N+ P, +Pf,, P

]+1(0> I) = A;:_l(@) + B]—'F-H(@) 1

and these last estimates imply that
[Afilas, < Qo) e, B e, < (Q0%) i
The claim is proved. So we may set
¢ :=9" (E,F,G):=(E", F",G"),
with, as (29) tells us with j =n and s, = s — /2,
|Elas—o2 < V(@  [Flaserz <o " W(Q)p,  [Glas—op <o “U(Q)e. (32)

Observe that P,y1 = [+ [Ply, - ]o, = [Ply
[P], and as a consequence

wns and thus by Proposition 3 P, =

-----

Hod(0,1)=e+w-T+[Al+[B]- I+ AL (0)+ BL,(0)-1
with the estimates
[Aniilas—o2 < (Qo%) e, |Biiilas—o < Qo) p. (33)
4. FEstimate of the remainder
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Now we take into account the remainder term R that we previously ignored: we have
H = H + R, and therefore

Ho®(0,I)=e4w-I1+[Al+[B]- I+ A} ,(0)+ B, ,(0)-I+Ro®(6,1I).
Let us decompose

Ro®(0,1) = Ro®(0,0)+ V(R o®)(0,0)-I + R(0,1)

Ro(0) R1(0)

and let us define ) )

We have R(0,1) = M(0,I) - I* and as H and R differ only by terms of order at most one
in I, V2H = V3R so

M(B,[):/1(1—t)Vf,H(H,tI)dt:/1(1—t)V§R(«9,tI)dt

and therefore | M|, s < 7. Then, as ®(0,0) = (0 + E(#), G(#)), we have the expression
Ro(0) = R(®(0,0)) = M(0 + E(0), G(9)) - G(0)*

and so using the above estimate on M, together with the estimates on E, G and the esti-
mates for the product and compostion of Gevrey functions (given respectively in Proposi-
tion I8 and Proposition 20, Appendix [B]), we find

| Rola,s—o/2 < |Gl s—opp < (0™ W(Q)p)e < n(Qo) % <n(Qo®) e,
Then, we have V;R(0,1) = M(0,1) - I? with

~

1 1
M9, 1) = /O V2H(0,t1)dt = /O V2R(0,tI)dt

and hence | M|, . < 7. Since
Vi@ —1d|as—0 = |Flas—o <o U (Q)u-<1 (34)
we obtain, using the fact that ¢ < u? and proceeding as before,
|Rilas—o/2 <1|Glas—op<no W (Q)e <o W (Q)p)p < n(Qo®) ™ pu.
These last estimates on Ry and Ry, together with (33), imply
Alus o < (L4 Q0™) e, [Blasapp < (14 1)(Q0) .
We can finally now use (2I]) to ensure that

|A|a,s—a/2 S 5/167 |B|a,s—a/2 S ,u/4 (35)
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It is important to recall here that we may choose the implicit constant in (21]) as large as
we want (in order to achieve (B3])) without affecting any of the other implicit constants.
Then observe also that H o ® and R differ only by terms of order at most one in I, so

Vi(H o ®) =V2R, V2H=V3R

and therefore using the formula for the Hessian of a composition, ([B4]) and the fact that
V2 is identically zero, one finds

V2R — V2R 0 @0y o/2 < 1| Flao- (36)
We also set € := e + [A] and observe that
€ = €las—ar2 < |[Alas < [Alays- (37)
5. Change of frequencies and final estimates
Let us now write explicitly the dependence on the parameter w € Dj,: we have
Ho®(0,I,w)=é(w)+ (w+ [Blw))- I+ A6,w)+ B(O,w) -1+ R(O,1,w).
Consider the map ¢(w) := w + [B(w)], it satisfies
¢ = Id|a,s < [[Blla,s < [Blas < p

and therefore the conditions (83]) of Proposition 23] are satisfied: the first condition of (83))
follows, from instance, from condition (I7) and the fact that U(Q) > @ > 1, whereas the
second condition of (83]) is implied by condition (22). Hence Proposition 23 applies and
one finds a unique ¢ € Gq s—o/2(Dp/2, Dy) such that ¢ o p = Id and

o~ Tdanojo < |6 — Idlas < 1. (33)
We do have p(w) + [B(p(w))] = w and thus, setting F := (®, ), this implies that
HoF(0,1,w) = Ho(6, I, p(w)) = (p(w))+eo- I+ A(0, () + B0, (w))-1+R(0, I, o(w))
and at the end we set
et :=¢oyp, AT:=Aoyp, BYt:=Boyp, R':=Roe.
Using once again Proposition 20, the inequalities ([B5), (B8) and (37) imply

‘A+|a,sfo = ‘A o (p‘a,sfa < ‘A|a,sfo/2 < 5/167
‘B+|a,sfo == ‘B < 90|a,sfo S ‘B|oz,s—a/2 S ,u/47
|6Jr — €0 §0|a,s—a = |(é - 6) 0 90|a,s—0 < |é - e|a,s—a/2 < |A|oz,57

IV2R* — ViR o F| = (VR — V2R 0 ®) 0 plasy < |VIR — VIR0 Q| o2 < 1| Flas—o,
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which were the estimates (I3 we needed to prove. The transformation F = (®,p) =
(E,F,G,¢) € Gmaps T" x D,_55/, into T" x D,;, and it follows from (32) and (38) that

|Elas—o <¥(Q)pt, |VEl|as—0 <o “W(Q)n,
Flas—0 <0 U(Q)pty  [VFlas-0 <o 2W(Q)p,
Glas—0o <0 U(Q)e, [VGlas0o<o U(Q)e,
lo —Id|as—0o <, |[Vo—Id|as—0o<o

which were the wanted estimates (I4]). This concludes the proof. O

6.3 Iterations and convergence

We now define, for ¢ € N, the following decreasing geometric sequences:
g =16, i =4""u, 6:=2""2r h;=2""h. (39)
Next, for a constant Qg > n + 2 to be chosen below, we define A; and @Q;, 1 € N, by
A =2'A(Qo), Qi=AT1(A) =ATH2'A(Q)), (40)
and then we define o;, 1 € N, by 1
0;=CQ; * (41)

where C' > 1 is a sufficiently large constant so that the last condition of (I3)) is satisfied
for 0 = 09 and Q = @ (and thus for ¢ = 0, and Q = @, for any i € N); clearly, this
constant is of the form C' =- (14 7). Finally, we define s; and r;, i € N, by

Sop = S, Si41 = 8; — 03, To =T, Tix1 =T7; — 52 (42)

Obviously, we have
li =1 — 0 =1r/2.
i ri=r =3 8=/
(]
We claim that, assuming A~! satisfies (Ag]), which is equivalent to wy € BR,, we can
choose @)y sufficiently large so that

iLigrnoosi > 5/2 = %01- <s/2.
(2

Indeed, since @Q; = A™'(A;) = A1 (2'A(Qy)), we have

1 1 too dy +t (In2)~dz
g < _ 50
;QZ ; (A1 (2IA(Qo) /0 (A~ (2vA(Qo))) /A(Qo> HAt @)t "

Q I~
Q=
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where we made a change of variables z := 2YA(Q)y), and the last integral converges since
1

A~ satisfies (A,). Now as o; = CQ; *, we have
1 1 1 1 oo (In2)1d
So=0Y Q" =00, +CY Q" <CQy° +0/ M < s5/2
ieN i>0 i>1 AQo) T(A™(z))=

provided we choose @)y sufficiently large in order to have

1 T (In2)"dx =5
< +/A<QO> A P )

Applying inductively Proposition ] we will easily obtain the following proposition.

Proposition 5. Let H be as in (&=H), with wy € BR,, and fix Qo > n + 2 sufficiently large
so that ([@3) is satisfied. Assume that

Ve<u<h/2, e<r, h-<AQo) (44)
Then, for each i € N, there ezists an («, s;)-Gevrey smooth transformation
Fi= (0, ¢") = (B F',G'¢"): T" x Dy, p, = T" x D, ), € G,
such that Fit! = Fio Fii1, with
Fir1 = (Piv1, 0ir1) = (Bip1, Fig1, Gig1, i) : T" X Dy iy = T X Dy € G,

satisfying the following estimates

|Ei+1|a’73i+1 < \I/(Qi):uia |VEi+1|a73i+1 < Ui_a\I/(Qi)Nia

| Fittlasi, <07 “U(Qi) i, |VFitilas, < o7 W (Qy) i
‘Gi+1|a,si+1 <oy “W(Qy)es, \VGz‘H‘a,sm < U;2a\I]<Qi)5i7
“Pzﬁrl - Id|a,sz~+1 < H, |V90i+1 - Id|a,sz~+1 < U;aﬂi

(45)

and such that

HoF0,I,w)=¢e(w)+w-I+A0)+ B O)-I+M(0,1,w)-I*

Ni(I,w) Pi(0,I,w) Ri(60,I,w)

with the estimates

|Ai|a’73i+1 S €i7 |Bi|a’,8i+1 S Mia
|€Z+1 - el © (pl'+1‘0l,si+1 S |AZ‘O{,S¢7 (46)
|V%RZ+1 — V%RZ @) Z'+1|0£,Si+1 < n‘FZ'+1|O£,Si+1'

Let us emphasize that the implicit constants in the above proposition depend only on
n and « and are thus independent of 7 € N.
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Proof. For i =0, we let F° be the identity, e :=e, A" := A, B := B, R® .= R, M := M
and there is nothing to prove. The general case follows by an easy induction. Indeed,
assume that the statement holds true for some i € N so that H o F* is («, s;)-Gevrey on
the domain T" x D,, ,,. We want to apply Proposition M to this Hamiltonian, with € = ¢;,
W=, r=r,s=Ss;,h="h; =0 and Q = @,;. First, by our choice of ()y and 9, it
is clear that 0 < 0; < s;, 0 < §; < 13, and @); > n + 2. Then we need to check that the
conditions

VE S <hi/2, & <y hi <AQ)7Y, mip<&GAQ)T, 1< Qiof

are satisfied. Since

it is sufficient to check the conditions

The last condition of (47 is satisfied, for all i € N, simply by the choice of the constant
C' in the definition of o;. As for the other four conditions of (AT), using the fact that the
sequences €;, i, hi, A;' and §; decrease at a geometric rate with respective ratio 1/16,
1/4,1/2, 1/2 and 1/2, it is clear that they are satisfied for any ¢ € N if and only if they
are satisfied for ¢ = 0. The first three conditions of (47) for ¢ = 0 are nothing but (44]).
Moreover, using our choice of &, = /4, the fourth condition of (&7 for i = 0 reads p-< Ay*
and this also follows from ([44]).

Hence Proposition 4 can be applied, and all the conclusions of the statement follow at
once from the conclusions of Proposition [l O

We can finally conclude the proof of Theorem [H], by showing that one can pass to the
limit ¢ — 400 in Proposition [5l

Proof of Theorem[H. Recall that we are given € > 0, 4 > 0, r > 0, s > 0, h > 0 and that
we define the sequences €;, 13, 0;, h; in (89), and then we chose Qy > n + 2 satisfying (43])
to define the sequences A;, @Q; in ({@0) and o; in ([@Il) and finally, s; and r; were defined
in (42). Moreover, we have

{hmi—)—i-oo g = im0 gt = limy o0 by = 0, (48)

I, s yoori =7 =200 =1/2, lim;, s =5— 00 > 5/2

1=

and for later use, let us observe that the following series are convergent and can be made
as small as one wishes thanks to condition (Bl of Theorem [HE

+

+o00 +00 o
Do <Y Qi = (U(Q1) T Aui < 2((Qo)) T Agpr = 2Qop (49)
i=0 i=0 i=0
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—+oco
> i < 2u (50)
1=0

+o0 +oo
Z o, “W(Qi)pi < Z Aipi <2800 = 2Q0 ¥ (Qo) 1 (51)
=0 =0
+oo +o0o
S W(@Qim <Y Qi A < 2Q5 Ao = 2W(Qo)pt (52)
=0 =0
+oo +oo
D o W(Qi)e <Y Ay < 2008 = 2Q0T(Qo)e. (53)
=0 =0

Now the condition (B]) of Theorem [H] implies that the condition (@) of Proposition [ is
satisfied; what we need to prove is that the sequences given by this Proposition Bl do conver-
gence in the Banach space of («, s/2)-Gevrey functions. Recall that F° = (E°, F° G °)
is the identity, while for ¢ > 0,

(EH—l) Fi+17 GH—l) SOH—l) = FH_l = fz O JSi41 = (Ela Fi) Gia QOZ) o (Ei—f—la E-f—la Gi-‘rla Spi-i-l)
from which one easily obtains the following inductive expressions:
B0, w) = B (0,w) + B'(0 + B (0, w), pisa (w))
FH0,w) = Fipa(0,w) + F (0 + Ei1 (0, w), 9ip1(w)) - (Id + Fiy1 (0, w))
GO, w) = (F(0 + B (0, w), pir1(w)) +1d) - Giaa (0, w) + G0 + By (0, w), i1 (w))
Pt = @' o i
(54)

Let us first prove that the sequence ¢ converges. We claim that for all i € N, we have

V@'l < [[(1+ 07 m) <1
=0

where the fact that the last product is bounded uniformly in i € N follows from (49). For
i =0, ©° = Id and there is nothing to prove; for i € N since "1 = ©° + ¢;,; we have

Vit = (V<Pi o S0i+1) Vi

so that using the estimate for ¢; 1 and V¢, 1 given in ({@H]), Proposition[H the claim follows
by induction. Using this claim, and writing

1
P - =popi—¢ = (/ V' o (tpiv1 + (1 — t)Id)dt) *(pir1 —1d)
0

one finds
it+1

|S0 - Soi|04,8i+1 < |S0i+1 - Id|0678i+17
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and therefore
- .
|(PZ+ _ (Pl|a,si+1 < i

Using the convergence of ([@8)) and (50), one finds that the sequence ¢* converges to a trivial
map

¢" {wo} = Dp, 9" (wo) = wy
such that

*

|wg — wol < p.
Now let us define
Vir(0,w) = (0 + Ei1(0,w), piv1(w)), Vi = (Id + Eij1, @ig1)

and observe that since U((Q);) > 1, then the estimates for F;i 1, VEi i1, ¢;r1 and Vi
given in Proposition Bl implies that

Vier = Wdlasipy < W(Qi)pi,  |VVigr — o, <o “U(Q0) -
Using these estimates, and the fact that E'™! can be written as
Ef'=FE 1+ E'oVig

we can proceed as before, using the convergence of (BIl) to show first that

VE o, < > 07 “U(Q)p < 1
1=0
and then ‘ ‘
‘EZJFI - EZ“L&,’«H < |Ei+1|a,3i+1 < \I’(QZ>MZ
Using the convergence of ([@R) and (52), this shows that E? converges to a map
E*:T" x {wp} = T" x Dy,

such that
|E*|a,8/2 < \II(QO)W

For the F*, we do have the expression
F*Y = Fiy + (F' o Vig) - (Id+ Fiyy)

or alternatively ' A A
FHl'=(Id+ F'oViy) Fy+FloViy

and thus ' ‘ ‘ ‘ ‘
FHl— F'=(Id+ F'oViyy) - Fi + FloVi, — F.
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As before, using the estimates on F;,; and VF; ; given in Proposition [5, one shows that
i
IV F s < D0y 2 W(Q0)u
1=0

but however, here, the sum above is not convergent. Yet we do have

T |V g, < U?Z“l_m\l/(@l)ﬂl < Zal_a\II(Ql)Nl <1
=0 =0

from (52)) and using the fact that the estimate for V;,; can be written as
|‘/i+1 - Id|0€73i+1 < O-?Ui_a\lj(@i)ui

one obtains
‘FZ o V;Jrl - Fz‘a,slurl < J;aq]<Ql)MZ

By induction, one shows that

|Fi‘a,sz' < Zafa\l]<Ql)ﬂl <1
=0

from which one obtains '
IId 4+ F* o Vitilas <1

and as a consequence,
|FZ+1 - Fz|a,8i+1 < O-i_a\I’(Qi):ui'

Using the convergence of ([@R) and (51I), this shows that F converges to a map
F*:T" x {wo} = T" x Dy,

such that
‘F*\a,sp < Qo¥(Qo)p-

For G, we have the expression

and thus ' A A ' A
G — G = (F' oV +1d) - Gipy + G o Vi — G

Proceeding exactly as we did for E* and F*, using the convergence of 8], (5I) and (53)),
one finds that G converges to a map

G :T" x {wp} = T" x Dy,
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such that
|G*|a,s/2 < QO\P(QO)E~

In summary, the map F* converges to a map
F* i T" x Dyjg x {wo} = T" x Dy,
which belongs to G, of the form
{f*<e,f,wO> = (®2,(6.1). ),
QL (0,1) = (0+E%(0), 1+ F*(0) -1+ G*(0))

with the estimates

|E*‘a,s/2 < U(Qo) ‘F*‘a,sﬂ < Qo (Qo)p, ‘G*|o¢,s/2 < QoY (Qo)e,  |wg—wo| < p. (55)

Then from the estimates
‘Al|0¢,8i S €i, |Bz‘a,si S His

given in (46]), Proposition B and the convergence ([ES), it follows that both A’ and B’
convergence to zero. Next from the estimates

|€i+1 —éo 90i+1‘a,s¢+1 < |Ai‘a,sw
|V%RZ+1 - V%RZ o E+1|O¢,Si+1 < 77|F’i+1|a73i+1

still given in (46), Proposition [5, one can prove in the same way as we did before, that ¢
converges to a trivial map

e’ :{wo} = Dp, € (wo) :=¢;

such that
lep — ews| <€ (56)

whereas M* converges to a map

M*:T" x Dyjg x {wo} = T" x Dy,
such that, setting R*(0,1) = M*(0,1)I - I,

IVIR" — ViRu |a,s2 <1Qo¥ (Qo)p. (57)
Therefore we have

Ho F (0, 1,wy) = Hy: 0 ®% (6, 1) = e+ wo - [ + R*(6, 1),

*
0

which, together with the previous estimates (53), (B6) and (57), is what we wanted to
prove. 0
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7 Proof of Theorem D), following Bessi

The goal of this short section is to show how Theorem [Dl follows directly from the work of
Bessi in [Bes00).

In Bessi, one starts with a non-resonant vector w € R™ which is assumed to be “expo-
nentially Liouville” in the following sense: there exists so > 0 and a sequence k; € Z" with
|k;| = 400 as j — +oo for which

0 < [kj - w| < ek, (Chs)

Given this sequence of k; € Z", one can find another sequence /%j € Z" such that for all
jeN, |k;| < |kjl, k; - kj = 0 and |k; - w| > ¢|k;| for some constant ¢ > 0 independent of j.

Then one defines the following sequence of Hamiltonians on R™/(27Z") x R™ (which
are similar to the Hamiltonian considered by Arnold in [Arn64]):

HY0,1) = 31 T+ FX(0), (6,1) € R*/(2n27) x R"
F2(0) = evnjs(1 — cos(k; - 0))(1 + pinjs cos(k; - 0)) (Hijs)
O<e S 1, 0< 12 S 1, Vl,j,s = €_S‘kj|, i)l,j,s = e_""kﬂ".

Observe that the only role of the sequences v, ; and 7y ;5 is to ensure that the sequence
of perturbations F/ satisfy, for all j € N and all 0 < pu < 1:

FMl= s FN@O) <4
0eCn/(2nZ™), |Im(6)<s|

In [Bes00], Bessi proved the following theorem.

Theorem 6 (Bessi). Assume that w € R" satisfy (Cis)). Then, if so > s, for any
0 <e <1, there exists pu. > 0 and j. € N such that for any 0 < p < p. and any j > je,
the Hamiltonian system defined in does not have any invariant torus T satisfying

(i) T projects diffeomorphically to T";

(i) There is a C* diffeomorphism between T™ and T which conjugates the flow on T to
the linear flow on T™ of frequency w.

It is clear that it is the regularity of the perturbation, here the analyticity which causes
the exponential decay of the Fourier coefficients, that forces the condition (Ci)). If the
perturbation is assumed to be only of class C" for some r € N, then can be weakened
to cover frequencies w which are Diophantine with an exponent 7 which is related to r (this
can be obtained from Bessi’s work; one can find a better quantitative result in [CW13],
which also uses ideas of [Bes00)]).

Here we would like to consider the case where the perturbation is a-Gevrey; we will
consider a slight modification of the family of Hamiltonians to a family of Hamilto-
nians depending on o > 1, which are still analytic but for which the perturbation
are bounded and small only in a a-Gevrey norm.
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First we need to compute the Gevrey of the function Py (6) := cos(k - 6) for an arbitrary
k € Z"™. Using the fact that (I +1)2 < 4! for any | € N we have

1+ 1)2s| k| 4|k s 4|k 1/a N\ &
|Pk:‘a,s — Csup M S Csup M S Is (Sup M) S Ce (4“’3”
leN [ len U1 leN [!

Q\»—‘

Now, given a > 1, we introduce the following condition on the non-resonant vector w € R™:
there exists sp > 0 and a sequence k; € Z™ with |k;| — +00 as j — 400 for which

1
o

0<|kj -w| < e soo(4lk;1) (Caso)

For a = 1, this condition reduces to (C\s). Then we consider the following modified
sequence of Hamiltonians, which once again corresponds exactly to for a = 1:

HEJ(0,1) == 11 - 1+ F(6), (0,1) € R"/(20Z") x R”
F23(0) = evajo(1 — cos(k; - 0))(1 + pia j s cos(k; - 0)) (Hajs)
0<e<1,0<p<], vayy = e *e@hla 5 . — esalkhe

With these choices of v, ;s and 7, ; s we have that, for all j € N and all 0 <y < 1:
\Fg’j\w < Ce

for some constant C' > 1 independent of € and p. The argument of Bessi goes exactly the
same of way for this family of Hamiltonians under the condition (Ca.s,)), and thus

we have the following statement.

Theorem 7. Assume that w € R™ satisfy (Cas)). Then, if so > s, for any 0 < e < 1, there
exists e > 0 and j. € N such that for any 0 < p < p. and any j > j., the Hamiltonian
system defined in does not have any invariant torus T satisfying

(i) T progects diffeomorphically to T™;

(i) There is a C* diffeomorphism between T™ and T which conjugates the flow on T to
the linear flow on T™ of frequency w.

Now Theorem [7 implies Theorem [D] as if w satisfies (Bg]), then it satisfies for
some so > 0 and it is sufficient to consider a Hamiltonian system as in with s < sp.

A  On the a-Bruno-Russmann condition

Recall from Section that the arithmetic function on [1,+00) associated with a vector
w € R™ is given by

V,(Q) = max {|k-w|™, k€ Z" 0 <[k < Q}
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and that we have introduced a continuous version ¥ which satisfies (). We have further
defined A by A(Q) = Q¥(Q) and its functional inverse A~
Also recall that, by definition, if o > 1, A, consists of those vectors w for which

+oo d
[ ., »
A (A7 (x))=

whereas BR,, consists of vectors w satisfying the a-Bruno-Riissmann condition:

0 In(W 0 In(

/ m(0(Q) 0 - / n( Q)) m(¥(Q) 1y _ bR,

1 Q1+
In the proof of Theorem [H], we use the following fact.
Proposition 8. For any a > 1, A, = BR,.
Proof. We aim at showing that the two integrals

too d oo In(W
/ B — and / 711( <?)) dQ
(A1 () Qi

converge or diverge simultaneously. Equivalently, choosing for example ¢t = A~!(1) and, in
the first integral, making the change of variable = A(Q), we may compare the following

two quantities:
< dA “InA
o :/ AAQ) g, = / nA@) 0
t QaAQ) ¢ Qe
A (Riemann-Stieltjes) integration by part shows that, if 7' > 1,

/T dA(Q)  InA(T) L1 /T In A(Q)
¢ QEAQ)  Te ali Qe
On the one hand, the two integrals in this equality have a (possibly infinite) limit as T
tends to +o00, and lnﬁ# > 0, thus (58)) yields, as T tends to infinity,

dQ. (58)

On the other hand, since A is increasing,

InA(T)  InA(T) /Jroo dQ < l/JrOO In A(Q) 40
Té N [0 T Q1+é e’ T Q1+é
so, letting T" tend to +oo, (G8) entails
ba
Ay < —.
a
So, a, = %‘*, whence the conclusion. O
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Remark 1. From the proof above, one easily see that if w € BR,, then

 In(A(Q))
MM o

But In(A(Q)) = In(Q¥(Q)) = InQ + In(V(Q)) and therefore

C In(¥(Q)
M o

=0.

=0

which means that w satisfies [Rg]

We refer to [BE13] Proposition 2.2] for related, more precise results. In the next lemma,
we give alternative characterizations of the a-BR condition, so as to facilitate comparisons
with other arithmetic conditions.

Lemma 9. Leta>1, =1+ é and w € R™ non-resonant. The following conditions are
equivalent to each other:

ln\I!w
2. ZQ>1 (Q) <0

ln\Ilw(Q
3. Zl>0 e < 00

4. ifn=2andw = (1,v), > 1o, ln‘f’j;l < 00, where the qi’s are the main denominators
>1 71
of the continued fraction of v.

In the case a = 1, the equivalence (1 < 2) is proved in [Riis01], whereas (2 < 3 < 4)
is proved in in [GMI0].

Proof. (1 < 2) As already noticed in Section 2.2, ¥, is constant on intervals of the form

[Q,Q+1), Q e N,. So,

[ e sz Q[ = a @ @ - @+ 1),

Q>1

Since the general term of this series is positive and Q=Y — (Q + 1)~/ ~Qtoo @77, the
first two conditions are equivalent to one another.

(2 ¢ 3) We want to show that fo = >, In %};(Q) and f3 =) In ;“jf are simulta-

neously finite or infinite. Since W, is non-decreasing,

22 Wmw,2) ) Qﬁ,

>0 2l<Q<2+1 1
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where

1 2" a0 Jal
> oz, oZzam
QISQS21+1 1

so that
fa> = fs.

Conversely, again using the fact that ¥, is non—decreasing,
I+1
ENTTLND o
1>0 21<Q<2H1—1

where

2l+1

-1 1/a
s Lol dQ _ 1 (1 N _l+a_ 2/(l+aq)
QF — 218 [y QPF — 2l \ 2 oL/ 2(+1)/a

21§Q§2l+1 1

so that
fo <21+ @) fa.

(2 & 4) Now assume n = 1 and w = (1,v), v € R. Let (px/qr) be the sequence of
convergents of v: one has then the following explicit expression

(@) = lgrv — el ™' @ < Q < g
as was proved in [BF13], Proposition 2.7. Hence,

In(W, 1 nalt g

Q>1 k>1 Q=qx
Bounding the first factor by
g1 < In gy — pi| ™ < In(2g141)

and the second one by

qr+1—1

1 + «

1/a 1/04 - Z Qﬁ - 1/a
4y, Qr+1 Q=aqr

(obtained by comparing the series with an integral) yields

mgeyr g In(2qx41) In2  In(grs1)
az< 1/a o 1/a §S§(1+a)z 1/a :(1+Q)Z 1/oz+ 1/a ’

E>1 4y, Qiv1 1 9k k>1 \ 9% 4y,

Since the sequence (gx)r>0 increases at least geometrically, namely g, > 2%/2 for any k > 0,

we have ! .
N qr+1
Z 1/ < 00, Z 1/« <
Qk+1 4y,
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and therefore

In
S<ooe Y. (ff;1<oo.
'

O

Example 10. Let v = > . 107, Recall from [Khi63, Theorem 30] that if p/q € Q
satisfies -

| |<1
— I/ _
p-avl< g

then p/q is a best approximation of v. So, we see that ZlSnSQ 10~™ are best approxima-
tions, and thus ¢, = 2™. The 4th criterion of Lemma [ thus tells us that w = (1,v) € BR,
for all o > 1, while w is not Diophantine.

B Gevrey estimates

Let us start by recalling some notations and definitions. Given an integer m > 1 and

k= (ki,...,ky) € N™ we define

k| = zm:k kl = ﬁk'
=1 i=1

Given x € R™, we set

Let K be a compact set of the form
K =T™ x B™, m;+my=m,

where B™2 is the closure of an open subset B™2 of R™. Let f : K — R be a smooth
function, meaning that f extends smoothly to an open neighborhood of K. Such an
extension is by no means unique, but note that, by continuity, the partial derivatives of f
over K, at any order, do not depend on the extension. For a € K and £ € N™ we set

9" f(a) = 05; -+ Oy f(a). (59)
Given real numbers a > 1 and s > 0, the function f is said to be (o, s)-Gevrey if

( (1] +1)2s**]0" f (a)]

| fla.s == csup
aceK

sup

sup e ) <00, c:=47?/3. (60)

The space of such functions will be denoted by G, s(K), and equipped with the above
norm, it is a Banach space. Our definition of Gevrey norm is not quite standard, but up to
decreasing or increasing the parameter s, it is comparable to the Gevrey norms that have
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been used in Hamiltonian perturbation theory (as for instance in [MS02] or in [Pop04]).
On the one hand, the role of the factor (|k|+1)? is to simplify the estimates for the product
and composition of Gevrey functions (see respectively Lemmas [[7 and [[9). On the other
hand, the role of the normalizing constant ¢ > 0 in the definition is to ensure that G, s(K)
is a Banach algebra (see Lemma [I7)).

The above definition can be extended to vector-valued functions f = (fi)1<i<p : K — RP
for p > 1 by setting

0 f(a)] == > 10"fila)], a€K

1<i<p
in (60). The space of such vector-valued functions is still a Banach space with the above
norm, and it will be denoted by G, s(K, R?). The case of matrix-valued functions, say with

values in the space M, ,(R) of matrix with m rows and p columns, is reduced to the case
of vector-valued functions by simply identifying M,, ,(R) to R™>.

B.1 Majorant series and Gevrey functions

The definition of Gevrey functions can be conveniently reformulated in terms of majorant
series with one variable (see [Kom79|, [Kom80] and also [SCKO03]).

But first let us consider a formal power series in m variables X = (X1,...,X,,) with
coefficients in a normed real vector space (F,|.|g), which is a formal sum of the form

A(X):ZAka7 A = Aky .k € E.

keN™

Such a formal series is said to be majorized by another formal power series with real
non-negative coefficients

B(X) = Z By X", By = DBy, k., <R,
keNm
and we write A < B, if

Next, following [SCKO03], we introduce a notion of a smooth function being majorized by
a formal power series in one variable. So let f : K — RP? be a smooth function, and F' be
a formal power series in one variable with non-negative coefficients, that we shall write as

+o0
F
F(X) = l—!le.

=0

We will say that f is majorized by F' on K, and we will write f <, F (or f(z) <x F(X)),
if for all a« € K and all £ € N™, we have

10 f(a)| < Fly. (62)
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To better understand this definition, recall that given f : K — RP and a € K, we can
define its formal Taylor series at a by

1) =y P

keN™

which is a formal power series in m variables that takes values in RP. To a formal series F’
in one variable, one can associate a formal series I’ in m variables simply by setting

A

F(X1, . X) = F(X1+ -+ X,).

If is then easy to check that f <k F, in the sense of (62)), if and only if for all a € K,
T.f < F, in the sense of (1) (with F = R? and |. | the norm given by the sum of the
absolute values of the components).

Now, given o > 1 and s > 0, let us define the following formal power series in one
variable

/e

+oo _ l +oo
-t /X =M )

My (X)=c1y) —— (= —Xxt M=
s(X)i=e §:a+1y 5 I :
1=0 1=0
(63)
The following characterization of Gevrey functions is evident from the definitions (60)

and (62).

Proposition 11. If f : K — R? is a smooth function,
|f‘075 = inf {C S [07 +OO] | f <K CMa,s} .

Henceforth o« > 1 will be fixed, so in the sequel we will simply write M, s = Mj.

B.2 Properties of majorant series

We collect here some properties of majorant series that will be used later on. It is clear
how to define the derivatives of a formal power series in one variable, and also a linear
combination and the product of two such formal power series. We then have the following
lemma.

Lemma 12. Let f,g : K — RP be smooth functions, F,G be two formal power series in
one variable, and assume that
f <LK F, g <Lk G.

Then
Of <k d*F  keN (64)
M+ pg <k [MF+|p|G, AeR, peR. (65)

39



Moreover, if we define f-g: K — R by

f'g:Zfigia

then

For a proof, we refer to [SCKO03], Lemma 2.2, in which the case p = 1 is considered;
but the general case p > 1 is entirely similar.

Given two formal power series in one variable F' and GG, we define the composition
F G of Fand G by

+oo
F
FOGX)=>_ o (G(X) - G(0))".

1=0
Lemma 13. Let f : K — RP be a smooth function, g : L — T™ x R™2 another smooth
function such that g(L) C K, and assume that
Then

fog<k FOG.

Once again, for a proof we refer to [SCK03], Lemma 2.3.

B.3 Derivatives

In this section, we will show that the derivatives of a Gevrey function are still Gevrey, at
the expense of reducing the parameter s > 0; these are analogues of Cauchy estimates for
analytic functions.

Proposition 14. Let f € G (K,R?), and 0 < o < s. Then for any k € N™, 9*f €

Go,s—o(K,R?) and we have
L
0 floss = (5) e

Proof. 1t is enough to prove the case |k| = 1, as the general case follows by an easy
induction. From Proposition [l and (64) of Lemma [I2] to prove the case |k| = 1 it is
sufficient to prove that

MM, < o M, _, (67)

where Mj is the formal power series defined in (63]). We have

+o0 a o0 a
alM (X) _ C—l Z l' Xl—l — C—l Z (l + 1)' Xl
. 2 (5 1)2s (0 — 1)1 2 (15 225 el]
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and hence (67) is true if, for all [ € N,
(os™)* (1—as ) (1 +1)* < 1. (68)
Since 0 < 057! < 1, we have In(1 — os7!) < —os~! and thus
(1- as_l)la ((+1)*= elaln(l_(’sfl)(l +1)* < e_lo“’sfl(l + 1)~

Let A = 057!, and consider the function u(x) = (x + 1)%~*** for x > 0. This function
reaches its maximum at z = A7'(1 — ), the value of which is

u (AL = A)) = A et <\
Therefore, for all [ € N, we have
(1- as’l)la (+D)* <A *=(os") "
which is exactly the inequality (G8) we wanted to prove. O

For f: K - R, let Vf: K — R™ be the vector-valued function formed by the partial
derivatives of f of order one, and more generally, for f : K — RP, we let Vf : K —
M, p(R) >~ R™ be the matrix-valued function whose columns are given by Vf; where
f = (fi)1<i<p- Then we have the following obvious corollary of Proposition [I4l

Corollary 15. Let 0 <o <s. If f € Go (K, R), then Vf € G s—o(K,R™) and
|Vf|oz,s—a S mo-_a|f|a,s
and if f € Gos(K,RP), then Vf € Gy s—o(K,R™) and

|Vf|oz,s—a < mpg_a|f|oz,s-

B.4 Products

In this section, we shall prove that the product of Gevrey functions is still a Gevrey
function.

Proposition 16. Let f,g € G4 (K, RP). Then f-g € G, (K,R) and we have

|f : g|a,s S |f|a,s|g|a,s-

Once again, in view of Proposition [[1] and (66]) of Proposition [[2, Proposition [If] is a
direct consequence of the following lemma.

Lemma 17. We have
M? < M,.
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The proof given below follows [Lax53]. It is this lemma that motivates the introduction
of the normalizing constant in M, (and thus in the Gevrey norm); without this constant
one would have M? < ¢*M,. Let us point out that the proof given below is elementary
thanks to the factor (|k| + 1)? in the definition of M; without this factor, the statement
is true (with a different normalizing constant) but the proof is more involved (see Lemma
2.7 of [SCKO03]).

Proof. Recall that
1 = Ml

Al
=0

e

M(X)=c U1

—X' M=
and so the assertion of the lemma amounts to prove that for all [ € N,

a 1 | a—1 Na—1 2
g+1 z-j+1)2 (1 +1) 3

QMN

Observe that the sum in the left-hand side of (69) is symmetric with respect to j — [ — j,
and that since « — 1 >0, (1)*1((I — ))* ! < (1)*! for all [ € N. Hence,

1/2 1/2

l (U (GH (L = ) 1
jzyﬂ Z—j+1>2§2;<j+1>2<Z—j+1>2§2(l!) 2 GT T

Then for any 0 < j <1/2, (I—j+1)> > (1/2+1)? > (I + 1)?/4, and therefore

(= ))et 81T G 1 BN EX 1 4p? (e
< Z( < Z(

g+1 z-j+1)2—(z+1) A2 T (12 & (+1)2 3 (I+1)

QMN

which is the inequality we wanted to prove. O

Proposition [16] can be extended to matrix-valued functions. More precisely, given f :
K = Mpnp(R)and g : K — M, o(R) where f = (fij)1<i<m, 1<j<p and g = (gj,k)1<j<m, 1<k<ps
we define f-g: K — My, ,(R) by f-g:=((f"9)ir)i<i<m, 1<k<q Where

(f-9ix:= Z i.9j k-
j=1

Then the following statement is an obvious corollary of Proposition [16l

Corollary 18. Let f € G s(K, My, p(R)), g € Gos(K, M, ,(R)). Then f-g € Go (K, M, ,(R))
and we have

|f : g|a,s S |f|a,s|g|a,s-
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B.5 Compositions

Our goal here is to prove that the composition of Gevrey functions are still Gevrey. But
first we need to define two additional formal power series associated to Mj, the latter being

defined in (63)). So we define M by

Y R et !
M (X) = My(X) = Mo(0) =) (ESE <—a) (70)
1
and M by
+00 l
I+t /X
~1
— ] . 1
; (14 2)? (sa> (71)
It is clear that )
sTOXM(X) = M(X). (72)

Lemma 19. We have 3 ) o B
M? < M,, MM, < M,.
As for Lemma [I7] the factor (|k| + 1)? in the definition of M, makes the proof simple,
but the statement is still true with this factor (see Lemma 2.4 of [SCKO03]).

Proof. It is enough to prove the first part of the statement, as the second part of the
statement follows from it; indeed, if M? < My, then using (72) we have

M (X)M,(X) = s X M (X)M,(X) < s *XM,(X) = M,(X).
As in Lemma [I7] to prove that M, 2k M, one needs to show

(G DY =G D) () 42
Z Grori—j+22 = av2r 0 ‘T3 (73)

The sum in the left-hand side of (73] is still symmetric with respect to j — [ — j, and
therefore

y+1 a1<<l—y+1>> (G4 DY (1 —j + D
2 <2y Grori—jr2?

Then, for any [ € N and any 0 < j <[/2, since a — 1 > 0 we have

(G+D)* (= + 1) < (@ + 1y

as one may easily check. Then, as in Lemma [IT7, for any 0 < j < /2, (I — j + 2)?
(1/2+2)? > (I +2)?/4, and therefore

1 . _ . _ _1 12
(G+ DN (1= + )Nt (14 1))t 1 42 (14 1)
; Grofi—jr2e = (+1p z%(jm)?g? (i +2)

and this concludes the proof. O
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Proposition 20. Let f € G, s(K,RP), 0 < 0 < s, and g € Gos_o(L, T™ x R™) such
that g(L) C K. Assume that g = 1d + u with

[t]g,s—0 < 0°. (74)
Then fog e Gys—o(L,RP) and

|f Og|a,s—0 < |f|a7s- (75)

When f et g are analytic, the analogue of estimate ([75) with the supremum norm
is obvious, for the obvious reason that the supremum of a function is a non-increasing
function of the domain.

As it will be clear in the proof, the conclusions of Proposition 20 holds true under the
slightly weaker assumption that

|tla,s—0 — sup [u(a)| < s* — (s —0)"
aceK

but this will not be needed.

Proof. Let
a = |f|a,87 b:= |u|a,s—0

so that, from Proposition [T1],
f(z) <k aMy(X), wu(x) <y bMy o(X)

and consequently
fz) <k aMy(X), g(x) <, X +bM,_,(X).
We now apply Lemma I3 and, recalling the definition of M, and M, given respectively
in ([70) and (7)), we obtain
flg(x)) < aM; (X + sz,U(X))
= aMy(0) 4+ aM; (X + bM,_,(X))

= aMy(0) + M, (X + b(s — 0) "X M, ,(X))

X el X 4 b(s— o) XM, (X :
_ aMS(O)+aZ(l+1)2< (s —0) ())

=1

+_°° % (z)l <1 +b(s — a)O‘MM(X))l . (76)

Sa

SOC
= aM0)+a

From the first part of Lemma [I9, for any j € N, we have

M!_, < M,
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and therefore

<1 + b(s — a)_a]\;fs_(,(X))l = i (l.)bj(s - U)_jaMs—a(X)j

Now, from (74]) we get
b= |tuas—o <0 <s5*—(s—0)

and thus
I1+b(s—0)“<s%(s—o0)™™

This gives
~ l ~
(1 +b(s — a)_O‘MS_U(X)> < My o (X)(s%(s — o))
which, together with (76)), yields

flg(z)) <1 aMs(O)—l—aZ\;[s,a(X)Z (ll!—i_l)z < X )a) = aM(0)+aM,_o(X)M,_,(X).

Using the second part of Lemma [T9] this gives
flg(@)) <z aM(0) + aM,—(X)
and since M;(0) = M;_,(0), we arrive at
flg(2)) <1 a(My—o(0) + My—(X)) = aM,_o(X).
Using Proposition [[1], we eventually obtain

|f Og|a,s—a <a= |f|a,s

and this concludes the proof. O

B.6 Flows

In this section and the next one, we shall state and prove some estimates adapted to the
situation considered in §6} that is we consider functions H = H(#, I,w) which are defined
and Gevrey smooth on a domain of the form

T" x D, =T" x D, x D, CT" x R" x R"
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where D, is the ball of radius » > 0 centered at the origin and D), is an arbitrary ball of
radius h > 0. In the lemma and proposition below, the variables w € D), play the role of a
fixed parameter, hence to simplify the notations we will explicitly suppress the dependence
onw € Dy,

Moreover, throughout this section and the next one, for simplicity we shall write u < v
(respectively u -< v), if, for some constant C' > 1 which depends only on n and « and could
be made explicit, we have u < Cv (respectively Cu < v).

Let us first start with a vector-valued function D : T® — R™ which depends only on
0 € T", and that we shall considered as a vector field on T".

Lemma 21. Given D € G, 4(T",R"), let 0 < 0 < s and assume that
| Dla,s <0 (77)

Then for any t € [0,1], the time-t map D' of the flow of D belongs to Gy s—o (T, T™) and
we have the estimate
|ID" — 1d|as—6 < |Dlas- (78)

The proof of the above lemma is a variant of the proof of Lemma B.3 in [LMS16].

Proof. The fact that D' is smooth and defined for all ¢ € [0,1] (in fact, for all ¢ € R)
follows from the compactness of T™ and the classical result on the existence and uniqueness
of solutions of differential equations (even though this will essentially be re-proved below);
the only thing we need to prove is the estimate (78]). So let us consider the space V :=
C([0,1], Gas—o(T™, T™)) of continuous map from [0, 1] to Gy s—o(T™, T™): given an element
® € V and t € [0,1], we shall write ® := ®(t) and consequently ® = (®"),cj0,1). We equip
V' with the following norm:

[|9f] == max |®]s,s—o
t€[0,1]
which makes it a Banach space, and if we set p := |D|,, we define

BV = {0 eV |[|o-1d|| < p}.
We can eventually define a Picard operator P associated to D by
P:B,V — B,V, &— P(®)

where P(®) = (P(®)")e[0,1] is defined by
¢
P(®) :=1d +/ D o ®7dr.
0

To prove the lemma, it is sufficient to prove that P has a unique fixed point ®, € B,V
as necessarily (®%)icj0,1] = (D")iepo,1)- Therefore it is sufficient to prove that P induces a
well-defined contraction on B,V as the latter is a complete subset of the Banach space V.
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First we need to show that P maps B,V into itself. So assume ® € B,V using ({17)
this implies that for all ¢ € [0, 1],

|(I)t - Id|a,s—a S P S o

so that (74) of Proposition 20l is satisfied (with f = D and g = ® for any ¢ € [0, 1]) and
the latter proposition applies: this gives

|IDo®0s o <|Dl|as=p, te]0,1]

t
/ Do ®"dr
0

IP(®) - 1d]] < p.

hence

|P(®) —1d| = <tp<p, tel0,1]

a,5—0

and therefore

This proves that P maps B,V into itself.
It remains to show that P is a contraction. So let &1, ®, € B,V then for any ¢ € [0, 1],

t
P(®)! — P(®,)" = / (Do®] — Dod®l)dr
0

t 1
= / (/ VDo (s®] + (1 — 3)@5)d$) (O] — D7 )dr.
o \Jo
Using Proposition 20, Corollary [[5 and Corollary [I8, we obtain, for any ¢ € [0, 1],
|P(®1)" — P((I)2)t|a,s—a <0 ¥ Dla,s Juax |®T — DFfa,5-0 <0 Dlas||P1 — Do
and hence
[1P(®1) = P(®2)]] <07 Dlas| |1 — Po|.
Using (77)), we can then insure that P is a contradiction, which concludes the proof. O
Now let us consider a Hamiltonian function X on T™ x D, of the form
X0,1):=C@O)+D@®O)-1I, C:T"—=R, D:T"—R" (79)
The Hamiltonian equations associated to X are given by:

0(t) = VX (0(t), 1(t)) = D(O(t)),
i(t) = —VoX(0(t), I(t)) = —VC(0(t)) — VD(O(t)) - 1.

The equations for 6 are uncoupled from the equations of I (and hence can be integrated
independently), while the equations for I are affine in [; it is well-known that these facts
lead to a simple form of the Hamiltonian flow associated to X (see, for instance, [Vil0§]).
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Proposition 22. Let X be as in ([[9) with C € G, s(T", R) and D € G, 4(T",R™). Let
0 < o < s and assume that

[Dla,s <0 (80)
Then for any t € [0,1], the time-t map X' of the Hamiltonian flow of X is of the form
XU0, 1) = (0+ EY0), I+ F'(0) -1+ G"H))

where E* € Gy s—o(T",R"), F' € Gms_(,(']T",R"Q) and G' € Gy s—o(T",R"™) with the esti-
mates
|E'ass—0 < |Dlasss  [F'lajs—0 <0 Dlasss |G lajs—o <0 Clas (81)

As a consequence, given 0 < § <, if we further assume that
ro" | Dlas + 0 ¥ Clas <0 (82)
then X' maps T" x D,_s into T" x D,.

Proof. The second part of the statement clearly follows from the first part, so let us prove
the latter. From the specific form of the Hamiltonian equations associated to X, one has,
for any t € [0, 1],
XU0, 1) = (0+ E"0), I+ F'(0)-1+G"H))

with

EY0) = [, D(0 + E7(0))dr,

F'(0) = — [ VD0 + E"(0))dr — [, VD(0 + E7(0)) - F7(0)dr

GY(0) = — [ VC(O+ E™(0))dr — [, VD(0 + ET()) - G™(0)dr.

Because of (80), Lemma 2T] applies and the flow D*(8) = 6 + E*(0) satisfies (78), and
therefore
IEtIa,s—J - IDt - Idla,s—a S IDIa,s

which gives the first estimate of (22)). Using this estimate and (80), we can apply Propo-
sition 20 and Corollary [[H (both with /2 instead of &) to obtain, for any 0 <7 <t <1,

VD o D|qs-6 < |VDl|as—o/2 <0 Dl

Looking at the expression of F', this gives

¢
|Ft|a,s,o <0 Y Dlas <1 +/ |FT|a7sgd7')
0

which, by Gronwall’s inequality and (80), implies that for all ¢ € [0, 1],
|F'|as—0 <0 %Dl

which is the second estimate of (22)). For the third estimate of (22]), observe that the same
argument yields

t
(s < 0|Clas + 0 Dls / (G s_odlr
0

48



and again, by Gronwall’s inequality and (80), for all ¢ € [0, 1] we have
1Gos—0 <0 Y Cas-

This concludes the proof. O

B.7 Inverse functions

In this last section, we shall prove that if a Gevrey map is sufficiently close to the identity,
then its local inverse is still Gevrey. To prove this in a setting adapted to §6l let us consider
a map ¢ which depends only on w € Dy, that is ¢ : D, — R™.

Proposition 23. Given ¢ € G, (D, R"), let 0 < 0 < s and assume that
| —Id|as-<0®, | —1d|as < h/2 (83)
Then there exists a unique ¢ € G s—o(Dpj2, Dy) such that ¢ o ¢ =1d and
[ — Idas—0 < |¢ — Id]q,s. (84)
Proof. Let us define V' := G4 s—o(Dp/2, R"), which is a Banach space with the norm || . || =
|- la,s—o» and for p:=|¢ —Id|q,s, we set
BV = {veV||lv—1d] < p}.
Let us define the following Picard operator P associated to ¢:
P:BV — BV, ¥ P)=1d— (¢ —Id) o).

It is clear that ¢op = Id if and only if ¢ is a fixed point of P, and therefore the proposition
will be proved once we have shown that P has a unique fixed point in B,V', and to do this
it is enough to prove that P is a well-defined contraction of B,V

First let us prove that P maps B,V into itself. So let ¢ € B,V and using the second
part of (83)), observe that since

sup |(w) —w| < |[¢ = Id|| < p < h/2

W€Dy /o

then ¢ maps Dy into Dy. This, together with the first part of (83)) allows us to apply
Proposition 20 to get

(¢ —1d) o | = [(¢ —Id) 0 Ylas—o < |§ = Id|as = p
and thus
1P(¢) = 1d[[ = [|(¢ — 1d) 0 ¥[| < p,
that is, P maps B,V into itself. To show that P is a contraction, using Corollary [I3]
Corollary [I8 and Proposition 20l one gets, for any 11,1, € B,V

(¢ —1d) 0 ¢y — (¢ — Id) 0 || < 0™%|¢ — Id]a,s|[th1 — o]

and from the first part of (83)), one can make sure that P is a contraction. This ends the
proof. O
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Comment. After this work was made public on Arxiv, an independent and interesting
proof of a special case of Theorem [E] appeared in the preprint [LDP17].
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