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GENERIC NEKHOROSHEV THEORY WITHOUT
SMALL DIVISORS

by Abed BOUNEMOURA & Laurent NIEDERMAN

Dedicated to the memory of N.N. Nekhoroshev (1946-2008)

ABSTRACT. — In this article, we present a new approach of Nekhoroshev’s the-
ory for a generic unperturbed Hamiltonian which completely avoids small divisors
problems. The proof is an extension of a method introduced by P. Lochak, it
combines averaging along periodic orbits with simultaneous Diophantine approx-
imation and uses geometric arguments designed by the second author to handle
generic integrable Hamiltonians. This method allows to deal with generic non-
analytic Hamiltonians and to obtain new results of generic stability around linearly
stable tori.

RESUME. — Dans cet article, nous présentons une nouvelle approche de la théo-
rie de Nekhoroshev pour un hamiltonien intégrable générique, qui évite compléte-
ment le probleme des petits diviseurs. La preuve est une extension d’une méthode
introduite par Lochak, elle n’utilise que des moyennisations périodiques et de ’ap-
proximation diophantienne simultanée, ainsi que des arguments géométriques intro-
duit par le second auteur. Notre méthode permet également d’obtenir des résultats
de stabilité pour des hamiltoniens génériques non-analytiques, ainsi que de nou-
veaux résultats de stabilité au voisinage des tores invariants linéairement stables.

1. Introduction

In this article, we are concerned with the stability properties of near-
integrable analytic Hamiltonian systems. According to a classical theorem
of Liouville-Arnold (see [2]), such systems are locally governed by a Hamil-
tonian of the form

HO,I)=h(I)+ f(0,1)

Ifl<e<x1
where (6,1) € T™ x R™ are action-angle coordinates for h and f is a small
perturbation in some suitable topology. For the integrable system, that is
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when f = 0, the action variables of solutions are trivially constant for all
times, but when f # 0 they are no longer constant of motions and we are
interested in studying their evolution for long intervals of time.

But first it is important to understand the integrable case. When H = h
depends only on the action variables, as the latter are constant for all times,
the phase space is trivially foliated into invariant tori 7;, = T™ x {Iy}, for
Iy € R™, and on each torus 7j, the flow is quasi-periodic with frequency
vector wg = Vh(ly) € R™. The dynamics of such a flow is completely
understood and depends on the frequency vector wg, more precisely on its
resonant module

M(WO) = {k € " | k.wo = 0},

where the dot denotes the Euclidean scalar product. If M(wp) is trivial,
then the dynamics is minimal and uniquely ergodic. Otherwise, we have a
relation of the form k.wg = 0 for some k € Z™ \ {0}, which is usually called
a resonance, and denoting by m the rank of M (wy), the torus 7 splits into
a continuous m-parameter family of invariant sub-tori of dimension n —m,
on which the dynamics is minimal and uniquely ergodic. These are called
resonant tori, and in case of maximal resonances (i.e. m =n — 1 if h does
not have critical points), the tori are foliated into periodic orbits. Under
some non-degeneracy assumption on h, both resonant and non-resonant
tori form a dense subset of the phase space.

Returning to the perturbed system, since Poincaré we know that resonant
tori do not survive (actually he proved that for a periodic tori, generically
only a finite number of periodic orbits persist). But it was a remarkable
idea of Kolmogorov ([19]) to focus on non-resonant tori to prove that a
set of large measure of invariant tori survives under some regularity and
non-degeneracy assumptions. This has now become a rich and vast subject
called KAM theory (see [39], [20] or [6] for some nice introductions on this
theory). Such tori persist in a y/z-neighbourhood of the unperturbed ones
and therefore for a set of large measure of initial conditions, the variation
of the actions is of order /¢ for all time. But on the other hand, this set
of KAM tori is typically a Cantor family (hence with no interior) and the
theory gives no information on the complement, except when n = 2 where
these two-dimensio nal invariant tori disconnect the three-dimensional en-
ergy level leaving all solutions stable for all time. However for n > 3, it is
still possible to find solutions for which the variation of the action compo-
nents is of order one. A proof of this fact was outlined by Arnold in his
famous paper ([1]) where he proposed a mechanism to produce examples of
near-integrable Hamiltonian systems where such a drift occurs no matter
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GENERIC NEKHOROSHEV THEORY WITHOUT SMALL DIVISORS 279

how small the perturbation is. This phenomenon is usually called Arnold
diffusion.

Hence for n > 3, results of stability for near-integrable Hamiltonian sys-
tems which are valid for an open set of initial conditions can only be proved
over finite times. This picture was completed by Nekhoroshev in the seven-
ties (see [29],[30] and [35] for a recent overview of the theory) who proved
the following: if the system is analytic and the unperturbed Hamiltonian A
satisfies some quantitative transversality condition called steepness, then
there exist positive constants a, b, g, c¢1, c2 and c3 depending only on h,
such that every solution (0(t),I(t)) of the perturbed system starting at
time t = 0 satisfies

(1.1) [I(t) — 1(0)| < c1€b,  |t| < egexp (cse7?),

provided that the size of the perturbation ¢ is smaller than the threshold gg.
The constants a and b are called the stability exponents. If property (1.1)
is satisfied, we shall say that the integrable Hamiltonian h is exponentially
stable. Hence, KAM and Nekhoroshev’s theory yield different type of sta-
bility results, but they both ultimately rely on the same tool which is the
construction of normal forms, and we shall described it below.

The basic idea is to look at a “more integrable” Hamiltonian which yields
a good approximation of the perturbed system. By the averaging principle
(see [2]), this simpler Hamiltonian is given by the time average of the system
along the unperturbed flow, that is

[H] = h+[f],

1=t (5 [ 1ot

and ®" is the Hamiltonian flow of the integrable part h. Actually, this
average depends on the dynamics of the unperturbed Hamiltonian and
hence on resonant modules associated to frequencies. So given a sub-module
M C Z™, we define its resonant manifold by

Sa={I €R" | k.Vh(I) =0 for k € M}.

where

Due to the ergodic properties of the linear flow with vector VA(I) over the
torus T™, the time average over Sy equals the space average along a torus
of dimension n — m if m is the multiplicity of the resonance (i.e. the rank
of M), hence n—m angles have been removed in this case. From a physical
point of view, the guiding principle is that rapidly oscillating terms dis-
carded in averaging cause only small oscillations which are superimposed
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280 Abed BOUNEMOURA & Laurent NIEDERMAN

to the solutions of the averaged system. In order to prove this claim, one
should check that any solution of the perturbed system remains close to
the solution of the averaged system with the same initial condition. Espe-
cially, this will be the case if one finds a canonical transformation e-close to
identity which conjugates the perturbed Hamiltonian to its average. Hence
we are reduced to a problem of normal form where one tries to conjugate
the system to a simpler one, that is we look for a convenient system of
coordinates.

However, constructing such a good system of coordinates is not an easy
task. The linearised equation of conjugation reads

{Xah}:f_[f]a

if x is the function generating the conjugation. This is usually called a
homological equation and to solve it we need to invert the linear operator
Ly = {.,h} acting on a suitable space of functions. Here our operator is
invertible, but its inverse is generally unbounded: this is the small divisors
phenomenon. To see this, just note that once an action I € Sy is fixed
(and hence a frequency w = Vh(I) satisfying k.w # 0 for k ¢ M), the
homological equation is a just a first-order, linear with constant coefficients
partial differential equation on T, namely

wVx=f-If]

Such equations are known to be well-suited for Fourier analysis, in our case
the operator Ly, is easily diagonalized in a Fourier basis and we find that
the eigenvalues are proportional to the scalar products k.w, for k € Z™.
More precisely, expanding x and f as

X(0)= D e fO) =Y fue™

kezm kezn
then
()= fre®™,
kemM
and so formally
orkw) ! fi, k& M,
o) (L A
0, ke M.

The scalar products k.w appearing in the denominators of (1.2) are not
zero by assumption, but they can be arbitrarily small and this is inevitable
for large integers k (see the estimate (1.3) below). This can cause the di-
vergence of the Fourier series of x and hence the unboundedness of the
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inverse of Lj. Classical small divisors techniques are concerned with ob-
taining lower bounds for these scalar products to ensure the convergence of
the series and this leads necessarily to complicated estimates. Furthermore,
to obtain a result applying to all solutions, a partition of the phase space
into resonant manifolds associated to different modules, usually called the
geometry of resonances, has to be achieved and this is a delicate task. All
these techniques are very important, in particular to study Arnold diffusion
and related problems, however we will show that they are not necessary to
prove Nekhoroshev’s estimates.

Indeed, all these problems are completely bypassed if we only average
along periodic orbits of the unperturbed flow. We first recall the following
definition.

DEFINITION 1.1. — A vector w € R" is said to be periodic if there exists
a real number t > 0 such that tw € Z". In this case, the number

T=inf{t>0|tweZ"}
is called the period of w.

A basic example is given by a vector with rational components, the pe-
riod of which is just the least common multiple of the denominators of its
components. Geometrically, if w is T-periodic, an invariant torus with a
linear flow with vector w is filled with T-periodic orbits. In this case, the
average along such a periodic solution is given by

1 /T
l — l
[f] tli>rn( /f @ds)—T/o [ o®ids,

where [ denotes the linear Hamiltonian with frequency w, that is [(I) = w.1.
Then the homological equation {x, I} = f—[f] is easily solved without using
Fourier expansions and is given by an explicit integral formula

R N SN
x= g [ U-1mesius

So in this case, there is no small divisors. To understand more concretely
the previous sentence, consider a vector w € R” and multi-integers k that
do not resonate with w (that is & ¢ Z™ Nw'). Then in general we don’t
have a lower bound on the divisors k.w that appears in (1.2), and by a
theorem of Dirichlet one has the upper bound

3 | |
1.3 min |k.w| < .
(1.3) 0<|k1|§K| | Kn—1

In that context, small divisors techniques use Diophantine vectors for which
|k.w| = ~y]k|{ 7, withy > 0, 7 > n—1 and where | . |; stands for the ¢!-norm,
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but nevertheless the lower bound deteriorates as |k|; increases, causing
extra difficulties (which are usually handled by the so-called ultra-violet
cut-off). However if the vector w is T-periodic, one simply has |k.w| > T—!
and the lower bound is uniform in |k|;.

Lochak ([21], see also [23] and [24] for refinements) has shown that aver-
aging along the periodic orbits of the integrable Hamiltonian is enough to
obtain Nekhoroshev’s estimates of stability when the unperturbed Hamil-
tonian is strictly convez (or strictly quasi-convex, that is the Hamilton-
ian is strictly convex when restricted to its energy sub-levels). Indeed, us-
ing convexity, Lochak obtains open sets around periodic orbits over which
exponential stability holds. Then, Dirichlet’s theorem about simultaneous
Diophantine approzimation ensures easily that these open sets recover the
whole action space and yields the global result, avoiding the difficult ge-
ometry of resonances. Put it differently, in the convex case one only needs
dynamical informations near resonances of maximal multiplicities, which
are completely characterized by periodic orbits.

The goal of this paper is to extend Lochak’s approach for a generic set of
integrable Hamiltonians. To do so, we will have to analyze the dynamics in
a neighbourhood of suitable resonances of any multiplicities by using only
successive averagings along periodic orbits together with Dirichlet’s theo-
rem, and this will lead to exponential estimates of stability for perturbation
of a generic integrable Hamiltonian, as stated below.

THEOREM 1.2. — Consider an arbitrary real analytic integrable Hamil-
tonian h defined on a neighbourhood of a closed ball in R™. Then for almost
any £ € R™, the integrable Hamiltonian he(x) = h(I) — .1 is exponentially
stable with the exponents a = b = 371(2n)=3".

This will be a direct consequence of Theorems 2.2 and 2.4, see below
in section 2.1. This result is not new, see [34], but the novelty here is our
method of proof, which avoids completely the fundamental problem of small
divisors and hence all the associated technicalities (non-resonant domains,
Fourier series, Fourier norm, ultra-violet cut-off and so on). The analytic
part of our proof of Nekhoroshev’s estimates is therefore reduced to its
bare minimum, it is nothing but a classical one-phase averaging, while our
geometric part is based on a clever use of Dirichlet’s theorem along each
solution. Applications of our method to other problems will be discussed
below, in section 2.2.

To conclude this introduction, we point out that the method of averaging
along periodic orbits has also been used successfully to re-prove recently
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some KAM theorems without small divisors (see [17] and [18]), even though
their techniques are much more complicated.

2. Statement of results
2.1. Set-up and results

Let B = Bpg be the open ball centered at the origin of R™ of radius R
with respect to the supremum norm, the domain D = T™ x B will be our
phase space. To avoid trivial situations, we assume n > 2. Our Hamiltonian
function H is real-analytic and bounded on D and it admits a holomorphic
extension to some complex neighbourhood of D of the form

D, ={(0,1) € (C"/2") x C" | |Z(0)| < s, d(I,B) < r},

with two fixed numbers » > 0, s > 0, and where Z(#) is the imaginary
part of 0, |.| the supremum norm on C™ and d the associated distance
on C”. Equivalently, one can start with a Hamiltonian H, defined and
holomorphic on D, , and which preserves reality, that is H is real-valued
for real arguments. Without loss of generality, we may assume that r < 1
and s < 1. The space of such analytic functions on D, ,, equipped with the
supremum norm |. |, s, is obviously a Banach algebra with respect to the
multiplication of functions, and we shall denote it by A, .

Our Hamiltonian H € A, ; is assumed to be close to integrable, that is
of the form

) {H(o, I) =h(I)+ f(6,1)

Iflrs <e <1,

where h is the integrable part and f a small perturbation. Moreover, the
derivatives up to order 3 of h are assumed to be bounded by some constant
M > 1, that is

|0"h(I)| < M, 1<kl1<3, I€B,

where |k|; = |k1| + - + |kn]-

In order to obtain results of exponential stability, we do need to im-
pose some non-degeneracy condition on the unperturbed Hamiltonian. Let
G(n, k) be the set of all vector subspaces of R™ of dimension k. We equip
R™ with the Euclidean scalar product, || .|| stands for the Euclidean norm,
and given an integer L € N*, we define GL(n, k) as the subset of G(n, k)
consisting of those subspaces whose orthogonal complement can be spanned
by vectors k € Z™ with |k|; < L.

TOME 62 (2012), FASCICULE 1
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DEFINITION 2.1. — A function h € C?(B) is said to be SDM if there
exist v > 0 and 7 > 0 such that for any L € N* any k € {1,...,n}
and any A € G¥(n, k), there exists (e1,...,ex) (resp. (fi,..., fax)), an
orthonormal basis of A (resp. of A*), such that the function h, defined on
B by

ha(e, B) = h(arer + -+ agex + Brfir + -+ Bukfok),
satisfies the following: for any («, 3) € B,

10ahin(e, B)| < YL™T == [[Oaahale, )l > v L~ [|n]|
for any n € R™ \ {0}.

In other words, for any («,3) € B, we have the following alternative:
either ||0nha(c, B)|| > YL~ or ||Oaaha(c, B)m|| > vL~7|n| for any n €
R™\ {0}. This technical definition, which is a slight variation of a notion
introduced in [34], is basically a quantitative transversality condition which
is stated in adapted coordinates. It is inspired on the one hand by the
steepness condition introduced by Nekhoroshev ([29]) where one has to look
at the projection of the gradient map Vh onto affine subspaces, and on the
other hand by the quantitative Morse-Sard theory of Yomdin ([41], [42])
where critical or “nearly-critical” points of h have to be quantitatively non
degenerate. The abbreviation SDM stands for “Simultaneous Diophantine
Morse” functions, and we refer to Appendix B for more explanations on
this condition and some justifications on the latter terminology.

The set of SDM functions on B with respect to v > 0 and 7 > 0 will be
denoted by SDM7(B), and we will also use the notations

SDM™(B) = | J SDMJ(B), SDM(B)= | J SDM"(B).
v>0 720
The following result states that SDM functions are generic among suffi-
ciently smooth functions.

THEOREM 2.2. — Let 7 > 2(n? + 1) and h € C?*"*2(B). Then for
Lebesgue almost all £ € R™, the function he(I) = h(I) — €. belongs to
SDM™(B).

More precisely, there is a good notion of “full measure” in an infinite
dimensional vector space, which is called prevalence (see [36] and [14] for
nice surveys), and the previous theorem immediately gives the following
result.

COROLLARY 2.3. — For 7 > 2(n%? 4+ 1),SDM7(B) is prevalent in
C*+2(B).
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Now we can state the main result of the paper.

THEOREM 2.4. — Let H as in (x) and assume that the integrable part h
belongs to SDM;(B) with 7 > 2 and v < 1. Then there exist positive
constants a and b depending only on n and 7, and €9 depending only on h,
such that if ¢ < eo, for every initial action 1(0) € Bp/, the following
estimates

[I(t) —I(0)| < (n+1)%b, |t| < exp(e™?),
hold true.

More precisely, we can choose the exponents
a=b=3"12(n+1)7)™",

and ¢¢ depending on the whole set of parameters n, R, 7, s, M,~ and 7, but
no efforts was made to improved the stability exponents since the optimality
of the constants involved is not our goal. Actually, this optimality is not
relevant for generic integrable Hamiltonians.

Let us add that the only property used on the integrable part h to derive
these estimates is a specific steepness property, therefore the proof is also
valid, and in fact simpler, assuming the original steepness condition of
Nekhoroshev (see Appendix B). However, note that this is precisely this
“weaker” genericity assumption that allows new results of stability near
linearly stable invariant tori (see [7]).

We emphasized again that this is not the result itself, but the method of
proof which is new and leads to many improvements as we explain below.

2.2. Comments and prospects

To conclude this section we mention other problems for which our method
should apply, mainly the study of elliptic fixed points, Nekhoroshev’s esti-
mates in lower regularity and finally estimates in large or infinite dimen-
sional Hamiltonian systems. In all these topics, the method of periodic
averagings have already proved to be very useful.

First our analytic arguments are very intrinsic and this is important in
the study of the stability of elliptic fixed points in Hamiltonian systems.
Actually, in this case the transformation in action-angle variables (via the
symplectic polar coordinates) admits singularities which do not allow to
derive directly stability results from Nekhoroshev’s theory. In the convex
case, this problem has been overcomed independently by Fasso, Guzzo and
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Benettin([13]) and by Niederman ([31]). Both study use Cartesian coordi-
nates, the first one uses the classical approach and adapted Fourier expan-
sions while the second one relies on periodic averagings and simultaneous
Diophantine approximation. The latter proof was clarified by Poschel ([38]).
With our approach, we can remove the convexity hypothesis to have expo-
nential stability around an elliptic fixed point under a generic assumption
on the non-linear part. Furthermore, assuming a Diophantine condition
on the normal frequency it is well-known since Morbidelli and Giorgilli
([26]) that one can even obtain super-exponential stability by combining
a sufficiently large number of Birkhoff normalizations with Nekhoroshev’s
estimates. Here, with our method generic results of super-exponential sta-
bility around elliptic fixed points are also available, and similarly around
invariant Diophantine Lagrangian tori and even isotropic reducible linearly
stable tori. All this results are contained in [7].

Furthermore, one should mention that periodic averagings are well-suited
for non-analytic Hamiltonians and our formalism should also carry on in
this context. The advantage of periodic averagings is clear already at the
linear level when solving the homological equation: if the system is of fi-
nite differentiability, then for a Diophantine frequency vector the solution
of the homological equation is subjected to a disastrous loss of derivatives
(larger than the number of degrees of freedom) and one has to use rather
cumbersome Fourier expansions, while for a periodic frequency vector, this
loss of derivatives is minimal and one can use a more elegant integral for-
mula. Hence in finite differentiability, for a convex or generic unperturbed
Hamiltonian system, we can expect a proof of stability estimates (with of
course a polynomial bound on the time of stability) which is both simple
(no small divisors) and direct (no need to use the result in the analytic case
and smoothing techniques, which is the usual approach in KAM theory in
finite differentiability). Note that the analyticity of the studied system is
only needed for the construction of normal forms up to an exponentially
small remainder, but our steepness condition is generic for Hamiltonians of
finite but sufficiently high regularity. Concerning Gevrey regularity, Marco
and Sauzin ([25]) have already proved exponential estimates of stability in
the convex case and for the C* regularity, polynomial estimates of stability
are indeed available (see [8]). Both results use only periodic averagings, so
with our method they should also hold for a generic integrable Hamilton-
ian. It can also be noticed that the analytical properties of the expansions
arising in periodic averagings are accurately known ([28],[40]).
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Finally, results of stability for large Hamiltonian systems as a model for
statistical mechanics have been obtained by Bambusi and Giorgilli ([4]) and
Bourgain ([9]), and for non-linear evolution PDE seen as an infinite dimen-
sional Hamiltonian system mostly by Bambusi ([3], [5]) and then clarified
by Poschel ([37]). All these works use Lochak’s approach in the convex
case. We believe that our method should allow to remove the convexity
assumption in those results to obtain more general statements.

The paper is organized as follows. In the next section, we state our normal
form and explain the main ideas, and then we give the proof of Theorem 2.4.
The complete proof of the normal form is deferred to Appendix A, and in
Appendix B we collect the basic properties of SDM functions that we shall
need and we prove Theorem 2.2 and Corollary 2.3.

In the text, we shall adopt the following notation taken from [38]: we
will write u < v if there exists a constant C' > 1 such that u < Cv, where C'
depends only on n, R,r,s, M, but not on 7 and on the small parameters &
and . Similarly, we will use the notations u-<v, u=-v and u-=wv.

We shall use the following norms for vectors v € R™ or v € C": |.|
will be the supremum norm, |.|; the ¢*-norm and ||.|| the Euclidean (or
Hermitian) norm.

3. Proof of Theorem 2.4

In this section, we consider the Hamiltonian (x), that is

{H(e,z) = h(I) + f(6,1)
‘f|r,s <e€

with H € A, 5. As usual, the proof of exponential stability estimates splits
into an analytic part and a geometric part.

The analytic part is contained in section 3.1. It consists in the construc-
tion of normal forms on a neighbourhood of specific resonances, that is
suitable coordinates which display the relevant part of the perturbation on
such a neighbourhood. Basically, we will reduce the perturbation to a so-
called resonant term which is dynamically significant, and a general term
which will only cause exponentially small deviations.

The geometric part is expanded in section 3.2, and it is mainly based
on the properties of the underlying integrable system. The strategy will
be first to define a class of solutions, which we call restrained, and for
which it is obvious from our normal forms that they are stable for an
exponentially long time. Using this intermediate result, we will then show

TOME 62 (2012), FASCICULE 1
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that all solutions are in fact exponentially stable, and our main tools to
do this will be an adapted steepness property satisfied by our integrable
system, as well as a basic theorem of Dirichlet on simultaneous Diophantine
approximation.

3.1. Analytical part

Let us begin by describing the neighbourhoods of resonances we will con-
sider. Given a sequence of linearly independent periodic vectors (w1, . . . ,wy),
with periods (71,...,T,), we define in the complex phase space, for j €
{1,...,n}, the domains

DTij(wj) = {(671) € DT]‘,S]‘ | |Vh(‘[) _wj| <'Tj}a
with two sequences (71,...,7) and (81,...,Sn).

Remark 3.1. — Tt is important to note that there is an implicit constant
in the previous definition represented by the dot, and we will not make it
explicit in order to avoid cumbersome and meaningless expressions. We
just mention that it depends only on n, M and j € {1,...,n} and for
subsequent arguments it has to be chosen sufficiently large.

Informally, one has to view the domain D, ; (w;) as a neighbourhood,
in frequency space, of a periodic torus with a linear flow of frequency w;.
Such domains will therefore be called nearly-periodic tori. We will also use
the real part of those domains, which are T" x B, (w;) where

By, (w;) ={I € By, | [VA(I) — wj| <7;},
with B, = {I € R" | d(I,B) < r;}.
Given an analytic function f defined on D, . (w;), we simply denote its
supremum norm by
‘f|7'j,5j = |f|Dr],sj (wj)-
For vector-valued functions, this definition is extended component-wise,
that is

|89f|7”j75j = 11%1?5{” |69if|7‘j78j5 |8If|7‘j78j = lréllagxn |8Iif|’l‘j,sj"

We will write [; for the linear integrable Hamiltonian with frequency wj,
that is I;(J) = w;.1 for j € {1,...,n}. For any function f, we will denote
[f]; its average along the periodic flow generated by [;, that is

T;
[f]j:%/o fodlids.
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Our interest here is to obtain normal forms on nearly-periodic tori up to
an exponentially small remainder with respect to some parameter m € N,
that we will choose later of order e~! (during the proof of Theorem 2.4).
To this end, we will need the following conditions (4,), for j € {1,...,n},
where (4;) is

(A1) {mT15~< r%, milir; -<sp, 0 <ry<siy,
1

By (w1) #0, r-<r, s1-<s,
and for j € {2,...,n}, (4;) is

(A)) {mTj5~<r1rj, mIyr;-<s; 0<r1;<sy,

! BT]‘ (OJ]‘) 7é @7 DTj,Sj (wj) - DQTj_1/3,23_7_1/3(wj*1)'
Let us explain briefly our assumptions.

First, the condition on the inclusion of nearly-periodic tori is really
crucial. Indeed, since w; is periodic, the nearly-periodic torus D, s, (w1)
describes a neighbourhood of a resonance of multiplicity n — 1. Now for
j€{2,...,n}, since (wi1,...,w;) are periodic and independent, the inclu-
sion assumption, together with the non triviality assumption, imply that
the nearly-periodic torus D, s, (w;) also describes a neighbourhood of a
resonance, but of multiplicity n — j. Note that such a condition will put
an important restriction on our choice of the sequence (w1, ...,wy) as they
will have to be sufficiently close to each other to ensure these inclusions.

Then, the condition on our parameter m € N,

mTjr;-<s;, je{l,...,n},

is also important as it will later determine m in terms of € and hence the
precise size of the exponentially small term.

Finally, the other conditions are only technical (and will be easily ar-
ranged in the sequel), as they only give smallness conditions on e.

Our normal form is described in the next proposition.

PROPOSITION 3.2. — Consider H = h+f asin (x) andlet j €{1,...,n}.
If (A;) is satisfied for any i € {1,...,j}, then there exists an analytic
symplectic transformation

v, Dzrj/3,2sj/3(wj) — Dy, s, (w1)
such that
HoW, =h+g;+ f;,
with {g;,1;} =0 fori € {1,...,j} and the estimates

m

1009jl2r, /3.26;,3 <€ |00 filar, j3,26;/3 <€ e
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Moreover, we have W; = ®; 0---0®; with
;i : Dy, 3,25, /3(wWi) = Dry s, (Wi)
such that |(I)z — Id|2ri/3,2si/3 -<r;, fori € {17 . ,]}

The proof of Proposition 3.2 goes by induction, it is not difficult but quite
long, and so it is deferred to Appendix A. Here we will try to give a sketch
in the case j = 2, explaining the main ideas without any technicalities.

The first step is to prove the case j = 1, that is to find a transforma-
tion ¥y such that HoWy = h+g1+ f1 with {g1,l1} = 0 and f; exponentially
small with m. This is very classical. First observe that we can write our
original Hamiltonian as H = h + ¢° 4+ f°, where ¢ = 0 trivially satisfies
{¢°, 11} =0 and f° = f is order . Now it is easy to produce a transforma-
tion ¢ such that H o ¢® = h + g* + f!, with {g',l;} = 0, but thanks to
our assumption (A;) the remainder f! can be made smaller, of order e~ te:
this is an averaging process, g1 = [f°]; and the remainder is estimated by
Cauchy inequality. Now we only have to iterate this process m times, and
writing ¥ = ®; = @Y o... ™7l g, = ¢g™ and f; = f™, we end up with
HoW, =h+ g1 + f1 with the required properties.

For the second step, we use the first one and consider HoW; = h+g1+ f1
which, by our assumption on the inclusion of domains (this is part of (Az)),
is also defined on D,, s, (w2). We can forget for a moment about f; which
is already exponentially small and consider g; as the new perturbation.
Now as in the first step, we can construct a transformation ®o such that
(h4g1) 0@y = h+ go + f? with {g2,l2} = 0 and f? is exponentially small:
we start with b+ g1 = h + ¢{ + f{, where ¢0 = 0, f) = g1 and we find !
such that (h+ g1) o ! = h+ gi + fI where g = [f?]2. After m iterations
we finally have go = ¢/ and f? = fI". Assuming we still have {go,11} = 0,
the conclusion follows: let Wy = Wy 0 &y = &1 0 By and fo = f2 + f1 0 $s,
then H o W5 = h + go + f> has the desired properties.

So it remains to explain why {g2,l1} = 0. The key observation is the
following: if g1 satisfies {g1,11} = 0, then

1

T
91]2 = ?2/0 g10 (I’lszds

and

I !
= [ (o= lanl) o @lisds
2 .Jo

also satisfy {[g1]2,11} = 0 and {x, 1} = 0. In Appendix A, this will be done
by direct computations, but this is in fact a more general phenomenon in
normal form theory and it is not restricted to the situation we consider here.
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Indeed, since {l1,l2} = 0, the linear operators L;, = {.,l1} and L;, = {.,l2}
commute, so that the kernel of L;, is invariant by L;,, and as L;, is semi-
simple, it is also invariant under the projection onto the kernel of L;, which
is given by the map [.]2. This explains why {[g1]2,{1} = 0. Now g1 — [g1]2
is in the kernel of L;,, and its unique pre-image by L;, is given by x, hence
{x,i} =0.

Remark 3.3. — Note that this property was actually used by Bambusi
([3], Lemma 8.4).

Let us now examine the dynamical consequences of our normal form. As
usual, it will be used to control the directions, if any, in which the action
variables in these new coordinates can actually drift, and we shall come
back to our original coordinates at the beginning of section 3.2.

Under the assumptions of Proposition 3.2, consider the Hamiltonian

szHo\Ifj:h+gj+fj
on the domain Dy, /3 25, /3(w;). Let M be the Z-module
M;={keZ" | kw, =0,i€{l,...,5}}

whose rank is n — j, and A; = M; ® R the vector space spanned by M.
The following lemma is completely obvious using the definition of the
Poisson bracket.

LEMMA 3.4. — The equality {g;,1;} =0, for alli € {1,...,j}, is equiv-
alent to Jgg; € A;.

Now consider a solution (67 (t), I7(t)) of H; with an initial action I7(;) €
By, j3(w;) for some t; € R, and define the time of escape of this solution
as the smallest time ¢; €]t;, 400 for which I7(f;) ¢ Bay,/3(w;). The only
information we shall use from our normal form is contained in the next
proposition.

PROPOSITION 3.5. — Let II; be the projection onto the linear sub-
space A;, then with the previous notations, we have
[F(t) = P(t;) = I (I (8) = ()| <&, t€[ty,e™ [Nt ]
In particular,
[I™(t) — I™(tn)| <&, t € [tn,e™[

Proof. — Let HjL be the projection onto the orthogonal complement
of Aj, so that II; + Hj- is the identity and therefore

|17 (8) = 17 (t;) = T (17 () = I (t;))] = L (27 () = I (t))]
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Now, as long as t < t;, the equations of motion for H; = h + g; + f; and
the mean value theorem give

[ (t) — I ()] < [t —t;1100(g5 + f)l2r, /3,25, /3

But {g;,l;} = 0 for i € {1,...,j}, so by Lemma 3.4 we have dpg; € A;,
hence if we first project the equations onto the orthogonal complement
of A; we have

L5 (27 (t) = I ()] < |t = t511a flor, /3,26, /3-

m m

Now since |t — ;] < e €, the previous estimate

gives

and [0p fil2r, /3,26;/3 <€~

T (17 () — I (t)))] <,
and therefore
(7 () = I () = T; (I (1) = I (t;))| <&

for t € [t;,e™[N[t;, 15[
Finally, note that II,, is identically zero, so that the mean value theorem
immediately gives £, > ™ and the estimate

[I"(t) = I"(tn)| <&, T € [tn,e™],

follows easily. This concludes the proof. O

The interpretation of the above proposition is the following: if A; is the
affine subspace passing through I7(¢;) with direction space A;, then as long
as I7(t) remains in the domain B, (w;), it is e-close to ; for an exponen-
tially long time with respect to m. This means that for that interval of
time, there is almost no variation of the action components in the direction
transversal to A;, so that any potential drift has to occur along that space.

3.2. Geometric part.

In this section we will give the proof of Theorem 2.4 using the method
introduced by Niederman in [32] and [34]. Without loss of generality, we
will consider only solutions (6(t), I(t)) starting at time ¢ty = 0 and evolving
in positive time ¢ > 0. We will first show that some specific solutions are
exponentially stable, but to define them we shall need some extra notations.

Consider a sequence of linearly independent periodic vectors (w1, ..., ws),
with periods (71,...,7},), and two decreasing sequences of real numbers
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(r1,...,m) and (s1,...,s,) satisfying conditions (A4;), for j € {1,...,n}.
Recall that from Proposition 3.2 we have a transformation
;i : Dy 3,26, /3(wW5) = Dry sy (w1), G E€{L,...,n},
such that ¥; = ®; 0---0®;, where
®; : Dy, 3,25, /3(Wi) = Dy, s, (wi), i€ {1,...,5},

satisfies the estimate [®; — Id|2;., /3,25, /3 <73
By construction, our transformations preserve reality so that

(I>7;ZTnXBgri/g(wi)—)TnXBri(wi), ie{l,...,j},

with [®; — Id|s,, /3 -<7;. In particular, arranging the implicit constant in
the previous estimate ensure that the image of By, /3(w;) under ®; contains
the smaller domain B,,/3(w;). From now on, we shall simply write

BizB”/g(wi), 1€ {1,...,n},
and for completeness By = B.
Given a solution (6(t), I(t)) € B starting at time to = 0, we can define
inductively the “averaged” solution (0%(t), I*(t)) for i € {1,...,n} by
@(0°(1), I'(1)) = (0"~ (1), ' (1))
as long as I'"1(t) € B;, with (0°(¢),1°(t)) = (0(t),1(t)). Moreover, using
our estimate on ®; we have

(3.1) |I'(t) — I (t)| <7y, d€{l,...,n},

during that time interval.
We can finally make our definition.

DEFINITION 3.6. — Given 79 > 0 and m € N, a solution (6(t), I(t)) of
the Hamiltonian (), starting at time to = 0, is said to be restrained (by o,
up to time e™) if we can find sequences of:

(1) radii (r1,...,15), with 0 < r, <--- <71 < 7To;

(2) widths (81,...,8pn), with 0 < 8, < -+ < 81;

(3) independent periodic vectors (w1, . . . ,wy,), with periods (Ty, ..., T,);
(4) times (t1,... 1), with 0 =tg <t1 < -+ < tp < tpi1 = €™,

satisfying, for j € {0,...,n — 1}, conditions (A;j+1) and the following con-
ditions (Bj;) defined by

{ﬁ(t) —D(t) <7y, tE [t

(Bj) ;
IVR(I (tj41)) — wjta] < 7jya-

TOME 62 (2012), FASCICULE 1



294 Abed BOUNEMOURA & Laurent NIEDERMAN

Before explaining this definition, we need to make several remarks. First,
for j € {0,...,n — 2} we will see that the first condition of (Bj41) is well
defined by the second condition of (B;). Furthermore, for j € {0,...,n—1}
the last condition in (B;) implies in particular that the set Bji1(wjt1) is
non-empty so we may remove this assumption from (A;1). Finally, we can
choose the same sequence of widths (s1,...,s,) for all solutions, therefore
we may already fix s; -= s with a suitable constant and this simplifies some
conditions (for instance, the condition mTjr; -<s; appearing in (A4;) will
be replaced by mT;r; -<1).

We have chosen the word “restrained” because for such a solution the
actions I(t) (or some properly normalized actions I7(t)) are forced to pass
close to a resonance at the time ¢ = ¢;, the multiplicity of which decreases
as j increases, and moreover the variation of these (normalized) actions
is controlled on each time interval [t;,t;41]. Hence after the time ¢,, the
actions are in a domain free of resonances and they are easily confined in
view of the last part of Proposition 3.5. This is reminiscent of the original
mechanism of Nekhoroshev, but the fact that we consider each solution
individually will greatly simplify this geometric part.

Let us see how the actions of a restrained solution are easily confined for
an exponentially long time with respect to m. We shall write

pj=T1+ Ty,

for j € {1,...,n}.

PROPOSITION 3.7. — Consider a restrained solution (0(t), I(t)), with an
initial action 1(0) € Br/o. If
(i) e-<mrp;
(’LZ) ro < R,

then the estimates
|I(t) — I(0)] < (n41)%*rg, 0<t<e™,
hold true.

Proof. — First observe that for each j € {1,...,n— 1}, for t € [t;, ;1]
we have

[1(8) = I(t)| < [I(8) = T ()] + [T (t) = I (t;)] + | (¢5) = I(t5)],
so the first part of (B;) and (3.1) yields

(3.2) [1(t) = I(t;)] <2p; +1;
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while for t € [0,¢1], the first part of (Bp) reads
(3.3) |I(t) — I(0)] < ro.

Now let ¢ € [0,e™], then t € [t;,t;41] for some j € {0,...,n} (recall that
tn+1 = €™), and we will distinguish three cases.

First assume that ¢ € [0, 1], in this case the conclusion follows by (3.3)
since (n+1)? > 1. Now assume that ¢ € [t;,¢;11] for some j € {1,...,n—1},
then we can write

1(t) = T(0) < |1(t) = I(t;)[ + Y [ (tirr) — I(t:)],
i=0

and by (3.2) and (3.3)

I(t) = 1(0)] < > (2pi +73) + 70 < (n+1)*r,

i=1
since r; < rg for ¢ € {1,...,j}. Finally, assume that ¢ € [t,,, t,+1], then we
can apply the second inequality of Proposition 3.5 and (¢) to estimate

[T (t) — I™(tn)| <& < 1y,
and so

[1(t) — I(tn)| < 2pn +

which gives

[I(t) = I(0)] < > (2pi +15) + 710 < (n+1)%r.
i=1
To conclude, just note that 1(0) € Bg/, and (ii) ensure that I(t) remains
in B for t < e™. O

Restrained solutions are exponentially stable, and now we will show that
this is in fact true for all solutions. However, to use our steepness argu-
ments this will be done quite indirectly, and so it is useful to introduce the
following definition.

DEFINITION 3.8. — Given 79 > 0 and m € N, a solution (6(t), I(t)) of
the Hamiltonian (x), starting at time to = 0, is said to be drifting (to ro,
before time € ) if there exists a time t, satisfying

[I(t.) —I(0)| = (n+1)%*rg, 0<t, <e™.

Of course, this definition makes sense only if (n+1)?rg < R/2. In view of
Proposition 3.7, drifting solutions cannot be restrained. However, we will
prove below that if such a drifting solution exists, it has to be restrained
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under some assumptions on rg, m and e, which will eventually prove that
all solutions are in fact exponentially stable.

More precisely, assuming the existence of a drifting solution, we will
construct a sequence of radii (r1,...,r,), an increasing sequence of times
(t1,...,t,) and a sequence of linearly independent vectors (wq,...,wy),
with periods (T1,...,T),) satisfying, for 5 € {0,...,n — 1}, assumptions
(Aj41) and (Bj). All sequences will be built inductively, and we first de-
scribe the tools that we shall need.

For j € {1,...,n}, recall that A; is the vector space spanned by

M ={k€Z" | kw; =0,i€e{l,...,5}}

and that IL; (resp. Hj-) is the projection onto A; (resp. A;). Let us define
the integer
Li= sup {|Tiws|}eN", je{l,...,n}
i€{l,....5}

For completeness, we set Ag = R™, Ly = 1 and in this case Ilj is nothing
but the identity. To construct the sequence of times, we will rely on the
fact that our integrable part h belongs to SDMT(B), so that it satisfies
the following steepness property (see Appendix B).

LEMMA 3.9. — Forj € {0,...,n—1}, let A\; be any affine subspace with
direction Aj, and take r < 1. Then for any continuous curve I : [0,1] —
A; N B with length

IT(0) = T(1)] = r-<~L; ™,
there exists a time t, € [0,1] such that

{|F(t) —T(0)| <7, tel0t],
|IL; (VA(T(t2)))] > 72

Proof. — For any j € {1,...,n — 1}, the orthogonal complement of A;
is spanned by wi,...,w;, hence by the integer vectors Tiwy,...,Tjw;, so
that A; belongs to GLi(n,n — j) with the integer L; defined above. There-
fore one can apply the Proposition B.2 in Appendix B to get the required
properties (note that here we are using the supremum norm instead of the
Euclidean norm, so the implicit constants are different).

For j =0,T:]0,1] = B = BNR", but since the orthogonal complement
of R™ is trivial one can take Ly = 1. O

To construct the sequence of periodic vectors, we shall use the following
lemma, which is a straightforward application of Dirichlet’s theorem on
simultaneous Diophantine approximation (see [10]).
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LEMMA 3.10. — Given any vector v € R™ and any real number @ > 0,
there exists a T-periodic vector w satisfying

_ 1 _ _
v—w <TT'Q ™1, |o| ' <T<Q™

Proof. — Fix any real number @) > 0. We can write the vector v, up to
re-ordering its components, as v = |v|(£1,z) with z € R*~! and it will be
enough to approximate x by a periodic vector. By a theorem of Dirichlet,
we can find an integer ¢, with 1 < ¢ < @, such that

1
lgz —p| < Q= T1,

for some p € Z" 1. The vector ¢~ 'p is trivially g-periodic, hence the vector
w = |v|(£1,q p) is T-periodic, with T' = |v|~1q, therefore

o] P < T < Q|
and we have the estimate
o —w| < T Vgz —p| < T7'Q 7.
O

Now we can finally prove that drifting solutions are in fact restrained
under some assumptions. This will be done inductively, and for techni-
cal reasons we separate the first step (Proposition 3.11) from the general
inductive step (Proposition 3.12).

PROPOSITION 3.11. — Let (6(t), I(t)) be a drifting solution. If rq -<-,
then there exist a time t1, a Ti-periodic vector wy and rq :-Tfleal for
some constant ay, satisfying (By). Moreover, we have the estimates

(3.4) 1<Ty<e a2 1 <Ly cemu=Dp2,
Proof. — We need to construct t1, wy and 71 satisfying

(a) |I(t) —I(0)] <719, te€]0,t1];
(b) |Vh([(t1)) — OJ1| <ry,

and the estimate (3.4). Consider the curve
I :tel0,t— I(t) € BCR™
Since we have a drifting solution, we can select ¢ € [0, ¢.] such that
T2 (t5) = T1(0)] = ro.

Now using the fact that h € SDMT(B) and ro -< 7 (recall that Lo = 1), we
can apply Lemma 3.9 (the case j = 0) to the curve I'; restricted to [0, tf]
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to find a time ¢; € [0, ¢§] for which

(3.5) {I(t) —I(0)] <70, t€[0,1],
IVh(I(t1))]->r2.

The first inequality of (3.5) gives (a).

Now choose Q; = e~“ ("= for some constant a; yet to be chosen, and
apply Lemma 3.10 to approximate Vh(I(t1)) by a Ti-periodic vector wy,
that is

__1
(3.6) Vh(I(t)) =i < T7'Q 7T =Ty '™,
Moreover, since

e <|Vh(I(t1))| <1,
the period T} satisfies the following estimate
(3.7) 1<T) <em=Dpo2,

Now choose 7, =-T; ' so that (3.6) gives (b). Finally, as L; = |Tiw;]
and

lwi| < |VRI(t)| + |[VR(I(t1)) —wi] <1
we obtain

(3.8) 1< Ly <gnnmly 2

where the lower bound follows from the fact that Tiw; is a non-zero integer
vector. The estimates (3.7) and (3.8) give (3.4). O

PROPOSITION 3.12. — Let (0(t),I(t)) be a drifting solution,
je{l,...,n—1}

and assume that there exist sequences (t1,...,t;), (w1,...,w;) linearly in-
dependent and (r1,...,r;), satisfying assumptions (A;) and (B;_1), for
i€{l,...,7}. Assume also that
(i) rj-< min{r, s};
(11) mTje -<rirj;
(19) mTyr;-<1;
. _1\T _r

(iv) (TyriL; )T <AL}
(v) (TyryLyY)" -<ry;
(vi) e-< (Tj’l"jL;l)ZT,'

(vii) 71 -<r.
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Then there exist a time t;41, a Tjy1-periodic vector wjy1 and rj41 =+ Tj_+11
g%+1 for some constant ajii, satisfying (Aj4+1) and (B;). Moreover, we

have the estimates

1<Tjq< 67%*1("71)7"0_2,

(3.9) 1< L < ie{lr?ﬁngﬂ}{g—ai(n—l)}r(;z?
and if

(’U’LZZ) Tit1 < (TjT’ij_l)zT,
then wj 1 is linearly independent of (w1, ..., w;).

Proof. — First note that for j = 1, we do not require that ¢1, w; and r;
satisfy (Ap) since this is implied by the conditions (i), (4¢) and (4i), and
for j > 1, the same conditions reduce assumption (A;41) to the inclusion
of real domains B, , (wj+1) € By, /3(w;) (recall that by condition (B;_1)
these domains are non-empty, and that we have already fixed s; -=s).

Therefore, we need to construct ¢;41, wjy1 and ;11 satisfying

(@) [I7(t) = I (tj)] <rj, tEltjtjnl;
(0) [VA(I?(tj41)) — wjga| < 7jgas
(¢) wjt1 is independent of (wi,...,w;);
(d) BT‘]'+1 (ijrl) c BQTj/3(wj)7

and the estimates (3.9).

Let #; be the maximal time of existence within B; of the solution I7(t)
starting at I7(¢;). Since (A;) is satisfied, we can apply Proposition 3.5 and
for t € [t;, ;] N [t;,e™], we have

(3.10) [7(8) = 7 (t;) = T (17 () — I (t)))| < e.
Now consider the curve
Djyr:t € [ty 6] N [y, ™) v L (t;) + T (I (1) — I (t;)) € A; N B,

where )\; is the affine subspace I7(¢;) + A;.

CraM. — There exists a time t} € [t;,;] N [t;,e™] such that

IDja(t]) = Ty ()] = ;I (£5) — I (t)))| = (Tyry L; 1)

Let us prove the claim. We have to distinguish two cases.

First case: fj < e™ — We have

IVR(I(t5)) = wjl < IVA(I (t;)) = V(I (t5))] + VAT () — wil,

and therefore
IVR(I? (L)) — wj| <1y,
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while by definition,

IVh(I(t;)) — wjl="7;
with a sufficiently larger implicit constant (see Remark 3.1). Hence

[Vh(I7 (%)) = VR(I (t;))| > 15,
and this implies
(3.11) D(E) - P (t) > 7.
But conditions (v) and (vi) give in particular
e-< Tj,
so that (3.10) and (3.11) yields
T (17 () — I (t5))] >+ ;.
Now using (v) again, this gives
I (1 (F;) = P (t;) > (TyriL;1)

and so we can certainly find a time ¢} € [t;, t,] such that

L (17 (£) — I/ (t;))] = (Tyr; L; 1)

Second case: t; > e™. — We will first prove that ¢, € [t;,e™]. Indeed,
otherwise ¢, belongs to [tk,tx+1] for some k € {0,...,7 — 1} and we can
write

k—1
(3.12) () — H0)] < (k) — It + 3 [ (tian) — (8.
i=0

Each term of the right-hand side of (3.12) is easily estimated: using (B;)
for i € {0,...,k — 1} we have
I (tin) = I'(t) < iy |[1F(t) = TE(0)| < 7,
which implies, by the triangle inequality and the estimate (3.1)
[I(tig1) — I(t:)| < 2p;i + 14, |[I(ts) — I(te)] < 2p1 + 7.
Moreover,
(1) = I(0)] < 7o,

hence we find
k

|I(t.) = I(0)] < > (2pi +71i) + 710 < (n+1)*ro,

i=1

which of course contradicts the definition of our drifting time ¢,.
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Now to prove the claim, we argue by contradiction and suppose that
; ; — T
(7 (8) = I (t5))] < (TyrsLy'), e[ty e™].
Since t. € [t;,e™], we can use the previous inequality together with the
estimate (3.10) and both conditions (v) and (vi) to first obtain
[ (t) — I (t))] <1y,
and then with the triangle inequality
(te) = I(t5)] < 2p; + 5.

Now, as the argument above, writing

[ 1(t2) = LO)] < [(8) = 1(t)] + Y [ (ti1) = L(t3)]
=0

we find the same contradiction on the time t,, which completes the proof
of the claim.

Now consider the restriction of the curve I'; ;1 on the interval [t;,¢}]. Us-
ing our claim together with conditions (iv) and (v), we can apply Lemma 3.9

to find a time ¢;41 € [t;,¢]] such that

(313) {|Hj<ﬂ<t> — Pt < (LrL7') s tefty bl
1L (VAT 1 ()| > (T Ly h) ™
The first inequality of (3.13), together with (3.10) and conditions (v) and
(vi) give
[7(t) = I (t)] <
for t € [t;,t;41], hence (a) is verified. Now as in the first step, choose
Qj+1 = e=%+1("=1) for some constant aj+1 to be chosen later, and apply

Lemma 3.10 to approximate Vh(I7(t;+1)) by a Tj41-periodic vector wji1,
that is

1

(3.14) VR (t41)) = winr] S T Q0 = Tiphev .
Let rj41 == T]]_llaaf+1 so that (b) is verified by (3.14). To estimate the period
Tj+1 and the number L;, we need a lower bound for [VA(I7(t;41))| and we
will use the fact that we have such a lower bound for |VA(I(t1)| (see the
second inequality of (3.5)). First note that one has easily

|17 (t41) = I(t2)| <71,

since r; <1y for i € {1,...,;}, and therefore

[VR(F (tj11)) — VA(I(t))| <1,
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so choosing properly the constant in the condition (vii) we can ensure that
[VA(I (tj11)) = VA(I(t2))] <75

and hence

(3.15)  [VA(I (tj11))| = [VR(I(t1)] = [Vh(I (tj11)) = VA(I(t1)] > 3.

By Lemma 3.10, this gives the estimate

(3.16) 1< Ty <em @t (b2,

Now as |w;| < 1 this easily implies that

3.17 1< Ligg < a g—ai(n=1)1,~2
(347 1< e I

The estimates (3.16) and (3.17) give (3.9).

Next having built 7j41, we need to check that w;;; is independent of
(w1,...,w;). First, by using the mean value theorem, the estimate (3.10)
and our condition (vi), we have

2T

VAL (tj41)) = VA(Djg (tia)] < (Tyri L),
and together with the second estimate of (3.13), this gives
; 1\ 2T
(3.18) (VA ()| -> (T L)
Furthermore, using (3.14)
1L (VAL (tj41)) = wjr)] < VA (t41)) = wjisa] -<rjpa
hence with (viii), we get
; —1\ 2T
(3.19) (VA (t41)) = wyn)| < (T L7)
Now by the estimates (3.18) and (3.19)

T (wjs1)| = T (VR(I (tj41)))]—
|Hj(Vh(Ij(tj+l)) — wj+1)| > (Tj?"ij_l)2T

and so IT;(w;41) is non zero, which means that w;; is not a linear combi-
nation of {ws,...,w;}. This proves (c).
Finally we can write

wjs1 = wj| < lwjpr = VA (tj0))| + [VA(I (t11)) = V(I (t5))]
+ VA (t;)) = VR~ ()] + [VR(I7 7 (t5)) = wyl,
and hence

wirr —wj| < (7 + rj41) <750
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So given any I € B, (wjt1), we have
IVA(I) — wj| < [VA(I) = wjta| + lwjp1 — wj] <7,
so that I € By, /3(w;), which gives (d). This ends the proof. a

Now we can eventually complete the proof of the main Theorem 2.4.

Proof of Theorem 2.4. — As a consequence of Propositions 3.7, 3.11
and 3.12, we know that

[I(t) —I(0)| < (n+1)*rg, O<t<e™

provided that the parameters rg, m and e satisfy the following eleven con-
ditions:

(i) ry < (Tyr Ly G e {1, n— 1)

(it) e-< (Ter 1)2T,j€ {1,...,n—1};

(#i1) (Tr] 1) <Tj,f0rj€{1,...,n71};
(tv) mTyr; - <1 for j e {1,...,n};
(v) ri-<rg;

(vi) mTje-<rirj, for j € {1,...,n}

(vit) €-<rTy;

(vitd) (T riLy 1)T <yL;7, forje{l,...,n—1}
(iz) ro-<7;
( ) To - <R

(i) rj-< min{r, s}, for j € {1,...,n},
where r; =- Tflsaﬂ', with a; to be defined for j € {1,...,n}, and

3.20 1<T; < 5_‘”(”_1)7"72, 1<L;< max gmai(n=1)1, =2
J 0 O 0
1€1,...,0

So let us choose m -=¢e~% and 1y = €, for two constants a and b also to be

determined.
Using the estimates (3.20) on the periods T}, j € {1,...,n} and the
numbers L;, j € {1,...,n—1}, as well as the form of ro, r; for j € {1,...,n}

and m, one can see that conditions (i) to (xi) are implied by the followmg
conditions:
(i) ajp1 — 2n7 (max;eq,. ]}{ai}) 46> 0,5 € {1,...,n—1};
(it") 1 —2nra; —47b >0, j € {1,. 1};
(tid") (1 —1)a; —2b>0, for j € {1,. -1}
(') aj >a, for je{l,...,n}k
(v") a1 — 2b > 0;
(i) 1—a— (2n—1)a; —na; —6b >0, for j € {1,...,n}
(vid) l—nan—2b>0
)

(viii') e <4 for j e {1,...,n—1};
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(iz') e < vb’ll;
(z') e < R";
(zi') € < (min{r, s})Mt207" for j € {1,... n}.

So we need to choose constants a;, j € {1,...,n}, a and b such that the
previous conditions are satisfied. First note that by (i), the sequence a;,
for j € {1,...,n}, has to be increasing, hence

1e?11ax {a;} =a;, je{1,...,n}.

Then using (v'), we observe that (i') is satisfied if aj41 = 27(n + 1)a; for
je{l,...,n—1}, that is

= (27(n+ 1)) ta.

Now for (ii’) to be satisfied, one can choose
=(27(n+1))7",

so a;, for j € {2,...,n}, is determined by

= (27(n+ 1)) "I,
Then, since 7 > 2, we may choose

b=31ta; =3"12r(n+1)™"
and (#ii’) easily holds. Finally, we may also choose
a=b=3"12r(n+1)"

so that (#v') is satisfied. With those values, it is easy to check that (v'),
(vi') and (vii’) holds, recalling that 7 > 2 and n > 2. To conclude, just note
that (viii’), (iz'), (z') and (z¢’) are satisfied if ¢ < g9 with a sufficiently
small €y depending on n, R,r, s, M,~ and 7. This ends the proof. O

Appendix A. Proof of the normal form

In this first appendix we will give the proof of the normal form 3.2.
We will closely follow the method of [38] and deduce our result from an
equivalent version in terms of vector fields (Proposition A.4 below).

ANNALES DE L’INSTITUT FOURIER



GENERIC NEKHOROSHEV THEORY WITHOUT SMALL DIVISORS 305

A.1. Preliminary estimates

Before giving the proof, we will need some general estimates based on
the classical Cauchy inequality.

First consider the case of a function f analytic on some domain D, g,
and recall that

|89f|r,s = 1r£zagxn |601'f|r,sa |aff|r,s = 11252(71 |alif|r,s'

We take r’, s’ such that 0 < 7’ < r and 0 < s’ < s. The first estimate is
classical, but we repeat the proof for convenience.

LEMMA A.1. — Under the previous assumptions, we have

1 1
|8If|7‘—r’,s < 7|f|r,s; |89f|r,s—s’ < 7|f|r,s-
T S

Proof. — For = (0,I) € D,_,» , and any unit vector v € C", consider
the function

Fro:teCr— f(0,1+tv) eC.

This function is well-defined and holomorphic on the disc [t| < r/, so the
classical Cauchy estimate gives

1
L) < 2l
from which the inequality for J; f follows easily by optimizing with respect
to z and v. The estimate for Jy f is completely similar. |

Now let j € {1,...,n}, and let f and g be analytic functions defined on
the domain

Dy, (wj) = {(0,1) € Dy, s, | [VA(I) — wj] <75},
where w; is a periodic vector. We can define a vector field norm on D, . (w;)
by
| X5, = max (|01 flr, 5,500 flr,.s;) -
However, it will be more convenient to use the following “weighted" norm

X fllr,.s, = max (101 flr;.s; 5177 100 f|r5;) »

since the components |0y fl,,s, and |9 f|, s, may have very different sizes
when estimated from the size of f by a Cauchy estimate (this idea is used
in [12]).
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Remark A.2. — Note that under assumption (A), s;77* > 1, so we have
the inequality
|Xf|7'j73j < ||Xf||7"j,sj
and the equality holds if f is integrable. Moreover, note that each norm
|| |lr, .5, is normalized with s;r; " (and not with sjrjfl): by our inclusions
of domains, this implies in particular that

H : HT]‘+1,S]’+1 < || . ||2rj/3,23j/3~

It is well-known how to use the Cauchy inequality to estimate the size
of the Poisson bracket {f,g} in terms of f and g. Similarly, our second
estimate is concerned with the size of the vector field [X ¢, X,] in terms of
Xy and X, We take r/,s" such that 0 <’ <r; and 0 < &’ < s;.

LEMMA A.3. — Under the previous assumptions, we have

1
11X, Xl s < X llry 551 Xgllr s
and moreover, if g is integrable, then
1
11X s, Xolllrs—rriss =5 < 11X plrs 5 [1 Xl -
Proof. — First recall that

d *
(X7, X,] = (@07 X,
t=0

Now fix € Dy, 5,5, and let us define the vector-valued function
F,:teCr (9))* X (z) € C*.

Clearly, the map ®7 is analytic, and it sends D,., _, 5. _o (w;) into D, s, (w;)
for complex values of ¢ satisfying

[t] <1 X115 s,
hence the function F, is well-defined and analytic on the disc
[t] <1 X115 s,

So applying the classical Cauchy estimate to each component of F, and
optimizing with respect to x € D;., s, Wwe obtain the desired inequality

1
H[Xf7 XQ]HTJ'*T’,SJ'*S’ < FHXQHTJ',S]'HXfH”‘j’Sj'

In case g where is integrable, the map ®J leaves invariant the action com-
ponents, so the same reasoning can be applied on the larger disc

[t < 81X,
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giving the improved estimate

1
||[Xf’Xg]||Tj_T/75j_5/ < ?HXfHijstXgHTj'

A.2. Proof of Proposition 3.2

Now we can pass to the proof of Proposition 3.2. Given £ > 0 which will
be the size of our perturbating vector field Xy, let us introduce a slightly
modified set of conditions (A,), for j € {1,...,n}, where (4;) is

- mTi€-<ry, mIir;-<si;, 0 <ry<sy,

(A1)
B""l (wl) 7& 07

and for j € {2,...,n}, (4;) is
([l ) {mTj§~<rj, mTyr; -<s;, 0 <rj<sj,
J
B"'j (wj) 7é 07 DT'j7sj (wj) - DQTj71/3’2Sj71/3(wj_1)'

These modifications take into account the fact that we will use the weighted
norms |[|. |, s;, for j € {1,...,n}.
The normal form lemma in terms of vector fields is the following.

PROPOSITION A.4. — Consider H = h + f on the domain D,, 4, (w1),
with || X¢|lr.s, < & and let j € {1,...,n}. If (A;) is satisfied for any
i€{1,...,5}, then there exists an analytic symplectic transformation

\I/j : DQT_1/3,2S_1/3(Wj) - DTl,Sl (wl)

such that
HoW;=h+gj+fj
with {g;,1;} =0 for i € {1,...,j}, and the estimates
||ng ||27‘j/3’25j/3 <E, |‘ij||27“j/3,28j/3 <e e

Moreover, we have ¥; = ®; 0---0®; with

®; : Doy, /3,25, /3(Wi) = D, s, (wi)
such that |®; — Id|sy, /3,25, /3 < T4

Let us see how this implies our Proposition 3.2.
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Proof of Proposition 3.2. We know that |f|,s < &, so we can apply
Lemma A.1 with ' = r; and s’ = s; to obtain

|alf|r—r1,s < Tl_l‘f|r,sa ‘aef

r,8§—S1 < 31_1|f|r,sa

and hence
X7 llr—ri,s—s1 < Tflg'
Now since r1 -<r and s1 -< s (this is part of assumption (A;)), we have the
inclusion Dy, 4, (w1) € Dy_yy s—s, and hence
12X ¢l [rys0 <77 e

Set & = 7 'e, then for any i € {1,...,;}, (A;) implies (A;) so that the
Proposition A.4 can be applied: there exists an analytic symplectic trans-
formation

v, Dzrj/3,2sj/3(°-’j) — Dy, s, (w1)
such that
HoW;=h+g;+ [
with {g;,l;} =0 for i € {1,...,}, and the estimates

1Xg,llor, /328,73 <eri s |1 X g llor, j3,285 3 <€ "y e

Recalling the definition of our norm | .|, s,, this readily implies

-1 -m__—1 —-m
100g;l2r, /3,25, /3 < €51 <&, |O0fjlar,/3,26;3 <€ Mesy <e e

Moreover, we have ¥; = ®; 0--- o0 ®; with
®; : Doy, /3,25, /3(Wi) = D, s, (Wi)
such that [®; —Id|s,, /3,25, /3 <73 a

Hence it remains to prove Proposition A.4. This will be done by induction
onj € {1,...,n}, and for that we shall need two iterative lemmas. The first
iterative lemma is needed for the first step, that is to prove the statement
for j = 1, and it can be seen as an averaging process with respect to one
fast angle.

LeMMA A.5 (First iterative lemma). — Consider H = h+ g+ f on the
domain D, s, (w1), with h integrable, {g,l1} = 0, and assume that

||XgHT1,81 <E, ||Xf||r1,51 <E.

If we have

TE<r <s
with two real numbers ', s’ satisfying 0 < r’ < r; and 0 < s’ < s1, then
there exists an analytic symplectic transformation

©1: Dy s -5 (W1) = Dy sy (w1)
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such that |1 —Id|,, —p s, —s < T1€ and
Hopi=h+g:++ [y,
with {g4+,11} = 0 and the estimates

||Xg+||7‘1,81 <E, ||XQ+ - X9||T1,81 <E,

T1 £ ~
||Xf+|"f1*7",8175’ < (S/ + T’) TlE.
Proof. — We have H = h+ g + f, with h integrable, g satisfying {g, {1}
and f a general term. Let us write

1 [h .
= — d1dt
[f]l Tl 0 fO t )

the average of f along the Hamiltonian flow of [;.
Our transformation ¢; = ®¥ will be the time-one map of the Hamiltonian
flow generated by some auxiliary function x which satisfies

{X?ll} = f - [f}l
The latter equation is easily solved by
I
~ T Jo

and by Taylor formula, our transformed Hamiltonian writes

(A1) Y (f = [f]1) o ®Lrtdt,

Hopr=h+g4+ [y,
with
1
gr =g+, f+:/ (h— L+ g+ fix} o BXdL,
0

and f; = tf + (1 — t)[f]1. By construction, g4 still satisfies {g4+,l1} = 0,
and

I
1 Tl 0
Our hypothesis || X¢||,, s, <& immediately gives || Xy, — Xgl|, s, <& and
also || Xg, [|r,,s, <& Similarly using (A.1) we have the expression

X

0 — Xg = Xip) (®L)* X pdt.

1M
= ?/ (@) X, g Lt
1Jo

and hence || X, ||r, s, < Th€. By the hypothesis T1¢ < ' < s’ our transfor-
mation 1 maps Dy, s, —s(w1) into Dy, 4, (w1) and

X

lp1 = 1d|r,—rr sy —s < THE.

TOME 62 (2012), FASCICULE 1



310 Abed BOUNEMOURA & Laurent NIEDERMAN

Therefore it remains to estimate the vector field
1
Xp, = [ @ s, + X, + X Xt
0

and for that it is enough to estimate the brackets [Xy,, X, ], [X,, X,] and
[Xn—1,,X,]. Using Lemma (A.3), we find

1 g,
||[XwaX]||T17r’,81fS’ < p”[XftHleSlHXX”leSl < PTN‘:

and

1 S
||[X97XX]H7”1—7"’751—S' < FH[XQHH,&HXXHThSl < FTlg'

For the last bracket, note that h — [; is integrable so that we can use the
improved estimate in Lemma (A.3). By definition of the domain D,, s, (w1),
we have || X}y, ||, <1 and hence

1 1
H[Xh_h?XXH|"'1_T/751_S' < ;”Xh—thHXanm < ?Tla

Putting the last three estimates together we arrive at
o, € .
||Xf+|‘r1fr’,slfs’ < <S’ + 7"’) TiE.

O

Our second iterative lemma is needed for the inductive step, that is to
go from j to j + 1. This is just a simple extension of the previous one. Let
je{l,...,n—1}.

LEMMA A.6 (Second iterative lemma). — Consider H = h+g+ f on the
domain D, | .., (wji1), with h integrable, {g,l;} = 0 fori € {1,...,j+1},
{f,ls}=0fori € {1,...,j}, and assume that

||Xg‘|7'j+173j+1 <E, ||Xf||7‘j+1’5j+l <E.
If we have
Tj+15'< r'.<s

with two real numbers 1’, s' satisfying 0 < 1’ < rj;1 and 0 < s’ < sj41,
then there exists an analytic symplectic transformation

Pji+1 - DTj+1_7"l73j+1_3/(wj+1) - IDTj+1VSj+1 (wj-‘rl)

such that @1 —Id|y, s,y —sr < Tjp1€ and

Hopjri=h+g4+ [+,
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with {g4,l;} =0fori e {1,...,7+1}, {f+,lv} =0fori € {1,...,5}, and
the estimates

||Xg+||rj+175j+1 <E, ||)(g4r _Xg||7‘j+1,sj+1 <E,
Tit1 | € .
||Xf+||7"j+177’,,5_7‘+178/ < < jsl + ’I"’) Tj+1€.

Proof. — Our Hamiltonian is H = h + g + f, h is integrable and we
have {g,l;} = 0fori e {1,...,5+ 1} and {f,l} =0 for ¢/ € {1,...,j}.
Once again, our transformation ;1 = ® will be the time-one map of the
Hamiltonian flow generated by some auxiliary function y.

We choose

1
T

Tjta .
(A2) X= /0 (f = [flj+1) o @ tdt,

where [.];41 is the averaging along the Hamiltonian flow of [, ;. Introducing
the notation fi =tf + (1 — t)[f]j+1, like in Lemma A.5 we have

Howpjpi=h+gy+ fr

with
1
g+ =g+ [fljr1, fr= /O {h—ljy1+ 9+ fe,x} o ®Ydt.

We need to verify that we still have {g1,l;} =0for i € {1,...,5 + 1} and
{f+,ly} =0 for ¢ € {1,...,j}. By definition, {[f];+1,4+1} = 0, and for
i’ €{1,...,j}, we compute
1
T
1

Tia 1. 1
N / {fo®y™ Iy o @/ }dt
Tjv1 Jo

Tj+1 L
(st} = / (F 0 @0 1 }dt

1 Tj+1 L
= 7% o]
/ {fli}o @/ dt
0

T
=0.

This proves that {g4,l;} = {9+ [flj4+1,l} =0fori e {1,...,7+ 1}. Now
a completely similar calculation shows that for i’ € {1,...,j}, {x,l+} =0,
hence I o @ = I;; and therefore

1
(Foli} = / {h =1 + 9+ fro X L} 0 DXL,
0
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The double bracket in the expression above is zero, as a consequence of
Jacobi identity and the fact that {h — ;11 + g+ fi,ls} = {x,lv} =0,
hence {fy,ly} =0ford € {1,...,7}.

To conclude, using our hypothesis Tj11&-<r'-<s’, as in Lemma A.5 we
can show that our transformation ;1 maps D, , s, —s (wjr1) into
Dy iy sja (Witr) with o1 —Id|r, s, — s < Tj11€ and the estimates

||Xg+||7‘j+175j+1 <'év ||Xg+ - Xg||7“j+1,5j+1 <'§7
rTiv1 , € -
||Xf+||T.7‘+1—?”/7S_7‘+1—S’ < ( ]s’ + 7"’> Tjaé,

are obtained in a completely analogous way. O
We can eventually complete the proof of our normal form A .4.

Proof of Proposition A.4. — The proof is by induction on j € {1,...,n}.

First step. — Here we assume (Al) and we will apply m times our first
iterative Lemma A.5, starting with the Hamiltonian

H'=H=h+g¢"+f°
where ¢° = 0 and f° = f and choosing uniformly at each step
= 3m)ry, s = (3m) sy
Since m > 1, we have 0 < 7/ < rq, 0 < s’ < 51 and using (/11), we have
TE<r <&,

so that the lemma can indeed be applied at each step. Fori € {0,...,m—1},
the Hamiltonian H® = h + g° 4+ f* at step i is transformed into

Hi* = Hio gl = h+ git! 4 fitl,

For each i € {0,...,m}, we obviously have {¢*,/;} = 0 and we claim that
the estimates

(A3) ||Xgi||,,;iysi <E, ||Xfi”,r1i7si < &i,
1:51 1:51

hold true, where we have set &; = e '&, vl = r1 —ir’ and s} = s; — is'.
Assuming this claim, given ¢ € {0,...,m — 1}, we have

90? : Dri*l,si*l (wl) — Dri,si (w1)7

so that ¥; = @Yo ... 0 gpi”fl is well defined from Dy, /394, /3(w1) to
Dy, s, (w1). Setting g1 = ¢™ and fi = ™, we finally obtain

HoV,=h+g1+f1

ANNALES DE L’INSTITUT FOURIER



GENERIC NEKHOROSHEV THEORY WITHOUT SMALL DIVISORS 313

with the desired properties, that is {g1,{1} = 0 and the estimates

||X91H2r1/3,251/3 <Eé, |‘Xf1||2r1/37231/3 <e ME.
Note that since |[Xyi|[,i ;o <& for i € {0,...,m — 1}, we obtain

7 ~
(ol — 1l o < T,

which gives
m—1

Wy —Tdl2y, /5263 < O Thék < Thé.
k=0
But recall that mT1€ -<r; and hence we can arrange

|Wy —1d2p, /3,26, /3 < T1-

Therefore to conclude the proof we need to establish the estimates (A.3),
and we may proceed by induction. For i = 0, g = 0 and f° = f so there is
nothing to prove. Now assume that the estimates (A.3) are satisfied for each
k <, where i € {0,...,m —1}. For k € {0,..., i}, since || X px|[,x oo <&
we get that

||ng+1 — ng||rllc+1)sllc+1 < €k,

and therefore .
1

pitl gitl < Z Ep <€,
k=0
so this gives the desired estimate for X i+1. For X i1, note that

1 €
pitl git1 <T (s’ + r’) [| X fi

r 5 miir miié
T1(;+7J> =~< = 1+rl),
1 1

so choosing properly the implicit constants in (1211) we can ensure that

r g 1
T (}4’/) << =
S T e

which implies the estimate for X ;i+1 and concludes this first step.

(o

||Xfi+1|

i gi
ri,s1)

but

Inductive step. — Now assume that the statement holds true for some
j€{l,...,n—1}, and we have to show that it remains true for j + 1. By
assumptions, there exists an analytic symplectic transformation

;i : Dyr/3.96;/3(wW5) = Dry sy (W)
such that
Ho\I/j :h+gj+fj,
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with {g;,l;} =0for i € {1,...,7} and the estimates

1 Xg;ll2r; /3,25503 <& |1 Xg;ll2r, /3,25, 03 <€ TE
Also, ¥; = @y 0---0P; with
D; : D2ri/3¢25i/3(wi> — Dri,si (Wz)

such that |‘I>z — Id|2”/3)25i/3 -<r; for i € {1, Ce ,7’2,}. Furthermore, (Aj+1)
holds. Now consider the Hamiltonian h+gj, it is defined on Ds,., /3 25, /3(w;),

hence by (A;1), it is also defined on the domain D, ., (w;s1) and it
satisfies {g;,l;} =0 for ¢ € {1,...,j}. Moreover, we have the estimate

||ng | |7“j+1,5j+1 < Hng ||2r_7~/3,23j/3 <E.
As in the first step, starting this time with the Hamiltonian
htgj=h+g5+f],
with ¢ = 0 and f) = g;, we can apply m times our second iterative
Lemma A.6 to have the following: there exists an analytic symplectic trans-
formation
(I)j+1 : D27‘j+1/372sj+1/3(wj+1) - Drj+178j+1 (Wj—i-l)

of the form ®;,, = 90?+1 0---0 <p;-"+711 such that

@)1 — Id|2T.7‘+1/372S.7‘+1/3 <Tj+1
and

(h+gj)o®jr1 =h+g"+ f]",
with {g7",1;} =0 for i € {1,...,j + 1}, and the estimates

HXQ;-” ||2’I"j+1/3,25j+1/3 < 57 ||Xf]”1 | |2Tj+1/3,25j+1/3 < e_”né.

Now we set

‘I/j+1 = ‘I’j o q>j+1 : Dzrj+1/3,2sj+1/3(wj+1) - Dmm(wl)v

which is well-defined by (A4,4+1), to have
HoW iy =(HoW,)od,
=(h+g;+f)o®jn
=(h+gj) @i+ fjoPin
=h+g"+ "+ fio®ju
=h+gjr+ fin
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with gj+1 = ¢j* and fj41 = f" + fj © ®j41. The conclusions follow:
{gj+1,i} =0forie {1,...,j + 1}, we have the estimate
Hng+1 ||2’I"j+1/3,28j+1/3 < éa

and since

||ij0<1>j+1||27’j+1/3,23j+1/3 < ||ij|‘7"j+1,8j+1 < ||ij‘|2r_7'/3,25_7~/3

we also have

|‘ij+1||27"j+1/3,25j+1/3 < ||Xf}"||2Tj+1/3,25j+1/3 + ||ij”27'j/3725j/3
<e ME.

The proof is therefore complete. O

Appendix B. SDM functions

In this appendix, we will study our class of SDM functions. We will first
show in B.1 that they satisfy an adapted steepness property, which we used
in the proof of our exponential estimates, and then in B.2 we will prove
that they are generic. These results are similar to [34].

B.1. Steepness.

We denote by GAp(n, k) the set of all affine subspaces of R™ of dimen-
sion k intersecting the ball B, and by GAL(n,k) those subspaces with
direction in G¥(n, k) (the latter is the space of linear subspaces of R" of
dimension k£ whose orthogonal complement is spanned by integer vectors
of length less than or equal to L). Let us recall the classical steepness
condition, originally introduced by N.N. Nekhoroshev ([29]).

DEFINITION B.1. — A function h € C%(B) is said to be steep if it has
no critical points and if for any k € {1,...,n — 1}, there exist an index
pr > 0 and coefficients C, > 0, 0 > 0 such that for any affine subspace
A € GAp(n, k) and any continuous curve I': [0,1] — A\, N B with

IT0) =T} =7 < 0k,
there exists t, € [0,1] such that:

{IF<t> —TO)<r, teot],
1ML, (VAL ()] > Crr
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where I1,, is the projection onto Ay, the direction of .

The function is said to be symmetrically steep (or shortly S-steep) if
the above property is also satisfied for k = n, with an index p,, > 0 and
coefficients Cy, > 0, §,, > 0.

Let us remark that S-steep functions are allowed to have critical points.
Those definitions are rather obscure, but in fact it can be given a simpler
and more geometric interpretation, as was shown by Ilyashenko ([16]) and
Niederman ([33]). Important examples of steep functions are given by the
class of strictly convex (or quasi-convex) functions, with all the steepness
indices equal to one.

A typical example of non-steep function, which is due to Nekhoroshev, is
h(Iy, I5) = I? — I3, and it is not exponentially stable: for the perturbation
he(I1,I3) = I? — I3 + esin(0; + 63), any solution with I;(0) = I5(0) has
a fast drift, that is a drift of order one on a time scale of order e~! (this
is obviously the fastest drift possible). But adding a third order term in
the previous example (for example I3) we recover steepness, and this is in
fact a general phenomenon. Indeed, non-steep functions has infinite codi-
mension among smooth functions, or more precisely, if J.(n) is the space
of r-jets of C'>° functions on an open set of R”, then Nekhoroshev proved
in [30] that the set of -jets of non-steep functions is an algebraic subset of
J-(n) which codimension goes to infinity as r goes to infinity. In this sense,
steep functions are “generic”. However, for n > 3, a quadratic Hamiltonian
is steep only if it is sign definite, which is a strong assumption, and more
generally a polynomial is generically steep only if its degree is sufficiently
high (of order n? if n is the number of degrees of freedom). Hence polyno-
mials of lower degree are generically non-steep (see [22]). This is clearly a
shortcoming, and we will see at the end of the next section the advantage
of our genericity condition.

Steepness (or S-steepness) is a sufficient condition to ensure exponential
stability, but this is not necessary, as was first noticed by Morbidelli and
Guzzo (see [27]). They considered the Hamiltonian h(Iy, I) = I — al3,
which is non-steep for any value of a > 0, and noticed that a “fast drift" is
not possible if \/a is “strongly” irrational. Therefore a Diophantine condi-
tion on /& should ensure exponential stability.

Such considerations were then generalized by Niederman who introduced
the class of “Diophantine Morse” functions and who proved that they are
exponentially stable ([34]). The only difference between these functions and
the “Simultaneous Diophantine Morse” functions we use in this paper is
that Diophantine Morse functions consider subspaces in Gr,(n, k), which
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are generated by integer vectors of length bounded by L, while here we
are looking at subspaces in G¥(n, k) where the latter condition is imposed
on the orthogonal complement. This reflects the difference between the
method of proof: in ([34]) the analytic part was based on classical small di-
visors techniques (that is linear Diophantine approximation) and therefore
required an adapted geometric assumption, while here we simply rely on
the most basic theorem of simultaneous Diophantine approximation (and
this explains the name Simultaneous Diophantine Morse functions).

In both cases, the use of such a class of functions has two advantages.
The first one is that these functions are generic in a much more clearer
sense than steep functions, and this will be explained in the next section.
The second advantage is that they are in some sense more general than
the usual steep functions, since we only have to consider curves in some
specific affine subspaces. This is explained in the proposition below.

PROPOSITION B.2. — Let h € SDMJ(B), assume that |h|csz) < M
and take r < 1. Then for any affine subspace A\ € GAL(n,k) and any
continuous curve I' : [0,1] = A N B with

IT(0) = T(D)[| = < (2M)'9L7T,
there exists t, € [0,1] such that:
{|r<t> ~TO))<r telotl,
[T (VAT ()] > 572
where 11 is the projection onto A, the direction of \.

Proof. — It is enough to check that these properties are satisfied for a
vector space A € G (n, k), since any affine subspace A € GAL(n, k) is of
the form A = v + A with A € G¥(n, k) for some vector v. So consider a
continuous curve I': [0,1] — AN B with length r < 1 satisfying

ID0) =TQ)[| =7 < (2M)"'yL7".

We will denote by (a(t),8) the coordinates of I'(¢) for ¢ € [0,1] in a basis
adapted to the orthogonal decomposition A @ A+. Therefore

ITA(VAT (@) = 10ahalalt), B

for all ¢ € [0,1]. We will distinguish distinguish two cases.
For the first one, we suppose that

10aha(c(0), B)]| > 271,

so the conclusion trivially holds for ¢, = 0.
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For the second one, we have
(B.1) 10aha(a(0), B)|| < 2712,
but since 7?2 < r < L™, this gives
10aha((0), )| < ¥L7T.

Now h € SDM7(B), so we can apply the definition at the point (a(0), 3),
and for any 1 € R¥\ {0} we obtain

(B.2) [0aatia(a(0), B)nl > ~L™"[In]-
Take any & such that ||@ — a(0)| < (2M)~'yL~7. We can apply Taylor

formula with integral remainder to obtain

1
0uli(6,8)~0ur(0(0).5) = [ Oualir(a(0)+(@—a(0)),8).(a—a(0))dr
0
Now since M bounds the third derivative of h, we have
[0aaha(a(0) +t(a — a(0)), B) = daaha(e(0), B)]
< Mtlla - a(0)] < 27'9L77,
and this yields
[0aha (@, B) = ahn(a(0), B)| Z [[0aaha(e(0), 8).(& — a(0))]
1
227 [ - a(o)an,
0
which in turns, using (B.2) with n = & — «(0), gives
(B.3)
1
10a04(6.5) = Bulaa(0). )] > (427 = 27527 [t~ a)]
0
> 271y L7 ||a — a(0)].
Now we define

t, = inf {|T(t) —T0)| =7},
it (I - TO)] = 1)

so trivially we have
IT(@) =T <7, tel0,t.]
Furthermore, we have

10aha(a(ts), B)|| = 10aha(alts), B) — Oaha(a(0), B)]| = [|0aha((0), 5)

l
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and so using (B.1), (B.3) and recalling that ||a(t,) —a(0)|| = r and yL~7 >
2r we obtain
[0aha(alt.), B)]| > 2719 L 7 — 271y
> 22712
— 91,2

and this is the desired estimate. O

B.2. Prevalence

Here we will prove our results of genericity concerning SDM functions,
that is Theorem 2.2 and Corollary 2.3. Our main tool is the following
lemma, which is proved in [34] and relies on the quantitative Morse-Sard
theory developed by Yomdin (see [42] and [41]). Let us denote by Aj the
k-dimensional Lebesgue measure.

LEMMA B.3. — Let g € C?"*1(B,R¥). Then for any k €]0,1[ there
exist a subset C,, C RF with

Me(Cr) < cuv/,

where ¢y, only depends on k, such that for any ¢ ¢ C,., the function g¢
defined by ¢¢(x) = g(x) — ( satisfies the following: for any z € B,

lg* (@)l < & => |ldg* (2).vI| > x|vl,
for any v € R™ \ {0}.

In the above statement, the set C,; is a “nearly-critical set" for the func-
tion g.

Let us prove Theorem 2.2.

Proof of Theorem 2.2. — Recall that we are given a function h €
C?"*2(B). The proof is divided in two steps: first, we will describe the set of
parameters £ € R™ for which the function h¢, defined by he(I) = h(I)—¢&.1,
is not in SDM7(B), and then, in a second step, we will show that this
set has zero Lebesgue measure, for 7 > 2(n? + 1). In the sequel, given
k€ {1,...,n}, we denote by A the Lebesgue measure of R¥.

First step. — Given an element A € G%(n, k), let 11, the projection
onto this subspace and consider the associate function hy (recall that hy
is just the function h written in coordinates adapted to the orthogonal
decomposition A @ A+). Let us define the function

g = aahA7
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which belongs C?"*1(B, R¥), and apply to this function Lemma B.3 with
the value k = yL~7. We find a “nearly-critical” set C,, = C, ., C R¥ with
the measure estimate

(B.4) M(Crrn) < cuy?L7E,

such that for any ¢ ¢ C,, -1 and any (o, 3) € B,

(B.5) g (o, B < 1 = |ldg* (e, B).vI| > &V,
for any v € R™ \ {0}.

Now take any ¢ ¢ Cy,1, any & € II,'(¢) and consider the modified
function h¢ as well as its version hg 4. Since

3ah§,A = 6o¢hA —CZQ—CZQC7

and On,ahe A = Oa,oha is just some restriction of dg, the estimate (B.5)
gives for any (o, §) € B,

(B6)  [[0ahea(a Bl S VLT = [|0a.ahela, B).nl > L7 ]
for any n € R™\ {0}. So let C, . 1A = Iy *(Cy.~.1), and define
C'y,‘r = U U U C’y,T,L,A-
LeN* ke{1,...,n} AeGL(n,k)

As a consequence of the estimate (B.6), the function he € SDMT(B) pro-
vided that £ ¢ C, -, hence he € SDM™(B) provided that £ ¢ C., where

Cr=()Cyr

v>0

Second step. — It remains to prove that C, has zero Lebesgue measure
under our assumption that 7 > 2(n?+1). For an integer m € N*, we define
C, p.a (resp. CJ' and CT") as the intersection of C, - ra (resp. C ; and
C,) with the ball of R™ of radius m centered at the origin. As a consequence

of (B.4) and Fubini-Tonelli theorem, one has
)‘n(CZyr,lr,L,A) < Vn,mck’Y%Lig

where V,,,, = m"7"/?T'(n/2 + 1)~' is the volume of the ball of R" of
radius m centered at the origin. Therefore

Ml U o] <IGHME)|Vimen LT E 2,
AEGL (n,k)
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with |GE(n, k)| the cardinal of GE(n, k). But obviously |GE(n, k)| < L™
and hence

2_1 1
An U ehia| < Vamel™ 292

AEGE (n,k)
Now
n
An U U chra| <Vam (ch> LV 543,
ke{l,...,n} A€G¥(n,k) k=1
and so

n —+o0
M(C) < Vi (Z ck> (Z L"25> v
k=1 L=1

where the sum in the right-hand side of the last estimate is finite since we
are assuming 7 > 2(n? + 1). This shows that

A(C2) = Inf (€)= 0,
and as Cr = {J,,5; C;" we finally obtain
An(Cr) =0,
and this concludes the proof.

O

As we mentioned in the introduction, there is a notion of genericity in
infinite dimensional vector spaces called prevalence, first introduced in a
different setting by Christensen ([11]) and rediscovered by Hunt, Sauer and
Yorke ([15], see also [36] and [14]).

DEFINITION B.4. — Let E be a completely metrizable topological vector
space. A Borel subset S C F is said to be shy if there exists a Borel measure
won E, with 0 < u(C) < oo for some compact set C C E, and such that
wlx+S)=0forallxe€E.

An arbitrary set is called shy if it is contained in a shy Borel subset, and
finally the complement of a shy set is called prevalent.

The following “genericity” properties are easy to check ([36], [14]): a
prevalent set is dense, a set containing a prevalent set is also prevalent,
and prevalent sets are stable under translation and countable intersection.

Furthermore, we have an easy but useful criterion for a set to be preva-
lent.
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PROPOSITION B.5 ([15]). — Let P be a subset of E. Suppose there exists
a finite-dimensional subspace F' of E such that x + P has full \p-measure
for all x € E. Then P is prevalent.

Now we can prove our Corollary 2.3.

Proof of Corollary 2.3. — Let E = C*"*%(B), P = SDM™(B) for 7 >
2(n%? +1) and F the space of linear forms of R” restricted to B. Then F is
a linear subspace of C?"*2(B) of dimension n, and the conclusion follows
immediately from Theorem 2.2 and the above Proposition B.5. ]

To conclude, let us compare our generic condition with the usual steep-
ness property. First, our condition is prevalent in the space C*(B), with
k > 2n + 2, and this is not true for steep functions. But more importantly,
as prevalence is nothing but “full Lebesgue measure” in finite dimension,
given any non zero integers m and n, Lebesgue almost all polynomial Hamil-
tonian h,, of degree m with n degrees of freedom is SDM, but not steep
unless m is of order n2. This remark turns out to be very useful when
studying the stability of invariant tori under generic conditions (see [7]).
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