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Abstract: Revising Nekhoroshev’s geometry of resonances, we provide a fully con-
structive and quantitative proof of Nekhoroshev’s theorem for steep Hamiltonian sys-
tems proving, in particular, that the exponential stability exponent can be taken to be
1/2nay - - - ay—2) (a;’s being Nekhoroshev’s steepness indices and n > 3 the number
of degrees of freedom). On the base of a heuristic argument, we conjecture that the new
stability exponent is optimal.

1. Introduction and Results

A. Motivations. In 1977-1979 N. N. Nekhoroshev published a fundamental theorem
[22,23] about the “exponential stability” (i.e., “stability of action variables over times
exponentially long with the inverse of the perturbation size”) of nearly-integrable, real-
analytic Hamiltonian systems the with the Hamiltonian given, in standard action-angle
coordinates, by

H(l,¢)=h(D)+ef(l, ), (I,9)eUxT", &)

where: U C R" is an open region, T"” = R" /(2w Z)" is the standard flat n-dimensional
torus and ¢ is a small parameter. The integrable limit &(/) is assumed to satisfy a
geometric condition, called by Nekhoroshev “steepness” (the definition is recalled in (3)
below). Under such assumptions, Nekhoroshev’s states his theorem as follows:!

Let H in (1) be real-analytic with h steep. Then, there exist positive constants a, b and &
such that for any 0 < ¢ < g the solution (I, ¢;) of the (standard) Hamilton equations
for H(I, @) satisfies

11— I <&’

1 Compare [22, p. 4 and p. 8]; see also [22, p.30] for a more detailed and precise statement.
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for any time t satisfying
1 1
1= Len(d)
= = exp(
Furthermore, a and b can be taken as follows:

2 3a
ad=—— b=
12¢ +3n+ 14 20,1

(2)
where
.= [al . (az(...(an_3(nan_2+n—2)+n—3)+~-~)+2)+1] -1,

and «; are the steepness indices of h.

Usually, a and b are called the “stability exponents”. Clearly, the most relevant
quantity in this theorem is the stability exponent a appearing in the exponential, which
gives the dominant time-scale for the stability of the action variables. The exponential
stability exponent a depends only on the number n of degrees of freedom and on the
values of the first n — 2 steepness indices «;, i < n — 2. Notice that, for any fixed n,
the “best” exponents a, b in (2) are obtained in the special case &1 = --- = o1 =
1, corresponding to convex (or quasi-convex) h(I) (which is the simplest instance of
steep function). Actually, for any values of the steepness indices «;, the parameter ¢
defined in (3) grows faster than? n(n —1)/2. The hypotheses of Nekhoroshev’s theorem,
as pointed out by Nekhoroshev himself, are qualitatively optimal, and, in particular,
non-steep Hamiltonians are in general non exponentially-stable [22, §11]. Furthermore,
Nekhoroshev proved that steepness is a generic (in C* category) property [21]. Finally,
several interesting problems (e.g., in Celestial Mechanics, compare below) are steep
but do not satisfy simpler assumptions (such as quasi-convexity). For all these reasons
it seems natural and important to try to optimize the exponential stability exponents,
especially with respect to the number 7 of the degrees of freedom which, in applications,
typically range from n = 3 (restricted three-body problems) up to several tens (planetary
problems); this has been done, up to now, under simplifying assumptions but not in the
general steep case. This paper is devoted to the general case.

Before stating our result, let us briefly review the main extensions, applications and
improvements concerning Nekhoroshev’s theorem.

Various extensions have been discussed, so as to cover the degeneracies of the Hamilton
function that are usually met in some important mechanical systems (fast rotations of
the Euler—Poinsot rigid body [1-3]; the planetary N-body problem [9,22,24]; restricted
three body problems [8], elliptic equilibria [10, 15,25,32]). Furthermore, steepness could
be used, in non-convex systems, to study the long-term stability in problems such as the
Lagrangian equilibrium points L4-L5 of the restricted three body problem [4], asteroids
of the Main Belt [16,20,29] and the Solar System [30,33].

As far as improvements of the theoretical stability bounds (i.e., improvements on the
stability exponent a), quite complete results have been achieved in the special case of
convex and quasi-convex functions /: the proof of the theorem has been significantly
simplified (see [5,6,11]) and the stability exponent improved up to a = (2n)~', [17,
19,31]; see [7] for exponents that are intermediate between a = @2n)~ ! and a =

2 For any fixed sequence aj > 1, j = 1,2, ..., by considering a sequence of steep Hamiltonians A,
with n degrees of freedom and steepness indices o, ..., o,—1, the sequence of corresponding parameters
Cn = ¢ satisfies & — ¢,—1 = (n — Day - - - 0,2, and the sequence of stability exponents a, := a satisfies

1 -1

a, —a,_ | >6(mn—Nay---ap_o.
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(2(n — 1))~ 1): such exponents (in the convex case) are nearly optimal, compare [35].
These improvements have been obtained by exploiting specific geometric properties of
the convex and quasi-convex cases, which allow one to use conservation of energy in
order to obtain topological confinement of the actions [6]. This is no more the case in
the general steep case since the Hamilton function cannot be used to obtain topological
confinement. Incidentally, we mention that the geometry of resonances, i.e., the geometry
of the manifolds

(I eU:k-w)=0}, witho()=Vh()andk € Z"\{0},

can be in the general steep case quite complicated, due to possible folds and other
degeneracies of the frequency map (even though this fact does not appear explicitly
in the proof). Furthermore, while new different proofs of Nekhoroshev’s theorem have
appeared (compare [27], which is based on the method of simultaneous Diophantine
approximations introduced in [17]), no improvements on the original Nekhoroshev’s
stability exponents, in the general steep case, are yet available,> and no conjecture
about their optimal values has been discussed up to now.*

In this paper, we revisit and extend Nekhoroshev’s geometric analysis obtaining, in
particular, for> n > 3, the new stability exponents a = 1/(2npy) and b = a/a,_, with
p1 being the product of the first (n — 2) steepness indices.

The new stability exponents represent an essential improvement with respect to Eq. (2);
in particular, the dependence of 2 ~! on the number of degrees of freedom improves from
quadratic to linear. It is also remarkable that, for ¢y = --- = «, = 1 (quasi-convex
case), we obtain the “optimal” stability exponents proved in [17,19,31], without using
the Hamiltonian as a Lyapunov function. On the base of a simple heuristic argument, we
conjecture that the new stability exponent is optimal: the details will be given in point
E below, here we only mention that the root 1/p; comes in by a natural and necessary
iterative dimensional argument (related to a power-law scaling of the amplitudes of the
resonance domains) and the tangential non-degeneracies given by the steepness property,
while the constant in front of p; in the simplest and less degenerate case is the 2n coming
from the quasi-convex case. Putting these two things together one sees that the exponent
1/(2npy) is, roughly speaking, “necessary’.

A precise and fully quantitative formulation of our result is given in the following
paragraph.

B. Statement of the result. A function f € C'(U), with U a bounded region (i.e.,
open, bounded and connected set) of R” is said to be steep in U with steepness indices
o1, ..., 0,—1 > 1 and (strictly positive) steepness coefficients Cq, ..., C,—1 and r, if
its gradient 2’ (1) = w(I) satisfies the following estimates: inf;cy |w(I)| > 0 and, for
any I € U, for any j-dimensional linear subspace A € R”" orthogonal to w (/) with
1<j<n-— 1, one has’

max min |[mpo(I +u)|| > C;E% V& €(0,r], (3)
0=n=é ueA:llul=n

3 In the paper [26] there is a statement concerning improved values for the stability exponents, however,
the proof appears to have a serious gap and such values are not justified; see [28].

4 The need for, at least, a conjecture about the optimal value of the stability exponents in the general steep
case was stressed also in [18], page 81.

5 The cases n < 2 are, in general, totally stable and therefore are not included in our analysis.

6 This result has been announced in [12].

7 For any vector u € C" we denote by [ull :=,/>; |u; |2 its hermitean norm and by lu| =3 ; |uyl.
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where 5 denotes the orthogonal projection over A.
To deal properly with initial data near the boundary, we will use the following notation:
foranyn > 0andany D C R",welet D —n:={l € D: B(Il,n) € D}, where

B(I,m) ={I"eR": |I'= 1| <n}
is the real Euclidean ball centered in I of radius n and B(/, n) its closure.

Theorem 1. Let H in (1) be real-analytic with h steep in the bounded region U with
steepness indices Ay, . .., oa,—1 and let

n—2 1 a
p1 = U, a:= , b= . 4)
kljl 2npy o1
Then, there exist positive constants €y, Ry, T, ¢ > 0 such that for any 0 < ¢ < &g the
solution (I, ¢;) of the Hamilton equations for H (I, ) with initial data (1o, ¢o) with®
Iy € U — 2Rpe? satisfies

17; = Toll < Roe” (5)
for any time t satisfying:
T c
n=—Zzen () ©)

C. Quantitative formulation. Next, we provide explicit estimates for the parameters
€0, Ro, T, c appearing in Theorem 1.

To do this, we need to introduce some notations. Given “extension parameters” n, o > 0
and any set D, we let the “extended complex domains” be defined by:

D, = U {IeC": |I-T"|<n} and T! ={p € C"/Q2rZ)" : |Img;| <o}
1'eD

For any real action-angle function u(/, ¢) analytic in D, x T, with Fourier harmonics
uy(I), we denote its Fourier-norm

k
ulyo = D luil,, ¢,

keZr

where |. |p, denotes the sup-norm in Dy; if it needs to be specified, we shall also use
the heavier notation |u|p,; .

Let H be real-analytic in U x T" with & steep in U with steepness indices «q, . .., o,
and steepness coefficients Cy, ..., C,—1 and r. Without loss of generality, we can take
the extension parameter in action space to be equal to the steepness coefficient » and we
can find positive constants s, @, @ and M such that:

e /i(I) is real analytic on an open set which contains U, ;
e f(l, @) is real analytic on an open set which contains U, x T%;

8 Since U is open, if ¢ is small enough, U — 2Rosb # 0.
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e Forany I € U, we have:
w=lo| <o @)
and, for any Iy, I, € U,, we have:
lo(l1) — o) = M1 — L2l
Now, for1 < j <n —2,let

n—2
pj :=Hak, qj =npj—j, Bj:=aj+jlaj—1), (8)
k=j

and define the parameters

w (Cj\a; 2w+ Mrya;
k= (L) a2 ) Y ©)
_ B 1
(AMic;)%i 695@i=D
E := max | max - ,41. (10)
JS}’I—Z C [0) D[J_l
1(5%5)

Then, in Theorem 1, one can take

1 1 ?
? 64np1—5E2np1—1 M|f|r,s

£0 1= &4 min((%ig);’, (]8’:/5)’1’, (4n;:n_1)}l’(]2ﬁjcn_l);’ (%)%1 1)

£y 1=

S

C = 8: 6

Ro_ B ( 1 o 1 ki ( w )a,fl)

0 := ——, with yp := max _—, ,
e 242 Mr’ 6222 r \12J2EC,_;
N w

= = ) (11)
24v2 M(6E) e \/&x! f s

D. On the proof. The proof of Nekhoroshev’s theorem, in its various settings, can be
split into:

a geometric part, devoted to the analysis of distribution of small divisors in action-
space;

an analytic part, devoted to the construction of normal forms;

a stability argument yielding the confinement of the actions.

While the analytic part is obtained by adapting averaging methods to an analytic setting,
the heart of Nekhoroshev’s theorem resides in its geometric part. The geometric part of
the steep case presented in [22,23] still needed a deep revisitation, which is performed
here and leads, in particular, to substantially improved stability exponents.

The proof of Theorem 1 will be obtained by deeply revisiting the geometric part of
[22,23]. The essential improvements are the following.
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First, we extend Poschel’s Geometric Lemma (see [31]) to allow for a more general

power-law scaling of the amplitudes of the resonance domains. In this way, we allow for a
definition of the resonance domains that depends on the Euclidean volume (of a minimal
cell) of the lattice generating the resonance, and is compatible with steepness indices
«; > 1. In contrast with the convex case, the analog of Poschel’s Geometric Lemma is
here far to accomplish the geometric part of the theorem. In fact, motions with initial
conditions characterized by a given resonance, may move along preferential planes of the
action space, called fast drift planes. In particular, one needs to extend in the action space
with fast drift planes the resonant domains obtained by a pull back from the frequency
space. Nevertheless, a regularity of the distribution of these extended resonant sets must
be proved: this is needed in order to grant the non overlapping of resonant domains of
the same multiplicity. In [22,23], the non-overlapping is granted simply by construction
of the resonance domains, but the price paid was an overestimate of resonant domains
with the consequence of a strong n =2 scaling of the stability exponent (2). Here, we do
not grant the overlapping by construction but, with a careful analysis of the topology of
these sets, we obtain a better balance between optimal definition of resonant domains
and their non-overlapping. Finally, our geometric construction is fully compatible with
the usual analytic part and stability argument, such as the so called resonance trap of
[22,23], and its improved version introduced in [5].
E. Heuristic discussion. The aim of this section is to provide some evidence that the
result we obtained, for general steep Hamiltonians, is natural and cannot be substantially
improved; in particular, the stability exponents a and b cannot be taken better. The reader
is here assumed to have some familiarity with the traditional geometric construction
entering the Nekhoroshev theorem in the convex case.

The essence of the Nekhoroshev theorem is to take care of the resonant motions,
namely motions taking place in a neighborhood of the resonant set

k-o()=0, keZ", |k| <K :=K(),

with suitable K(e) > 0. The reduction to a finite set of resonances, up to a cut-off
K, is possible thanks to the assumed analyticity of the perturbation: indeed the dis-
regarded harmonics produce a drift of the actions with exponentially small speed of
order exp(—o K); choosing eventually the cut-off to be an inverse power of €, precisely
K ~ €79, the drift is negligible up to exponentially large times. Non-resonant motions
are easily shown to be confined by constructing a non-resonant normal form in which all
harmonics up to the cut-off are averaged out. The challenge of the Nekhoroshev theorem
is to show that resonant motions are also confined, within the same exponentially large
times, if steepness is assumed.

The non-resonant construction is possible in a non-resonant domain, namely a domain
which projects, in the frequency space, to a set where all small divisors satisfy an
inequality of the form

lk-w| >a ~KJe VkeZ™N0: [k <K. (12)

The product K /€ at the r.h.s. needs perhaps an explanation. As is well known, by an
elementary perturbation step (no matter how it is performed) a factor € is gained in
front of the perturbation, but a factor proportional to the square of the small divisor
gets lost: 80, /€ is a kind of hard-core of the resonant region, and the extra factor K in
(12) provides the effective gain of the step. Thanks to this extra factor, standard analytic
techniques lead, with a number of steps proportional to K, to the wanted exponential
estimates.
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Consider now a resonance of multiplicity j > 1, i.e. a resonance related to a lattice
A generated by j < n — 1 independent vectors k1, ..., k), such that k| < K
for any i < j. (The case of complete resonance, j = n, corresponds to w ~ 0 and is
not interesting.) The exact resonance, in the frequency space, is the linear manifold of
codimension j satisfying

k-wo=0 Vke A;

the corresponding set in the action space, in lack of invertibility of the frequency map,
could be complicated: however in this discussion, oriented to show that our result cannot
be substantially improved, we shall assume w (/) is locally invertible and in the action
space too the exact resonance is a manifold of codimension j.

The influence of the resonance is assumed to extend, still in the frequency space, up
to a distance A ; depending in an essential way on the multiplicity j, larger for larger
Jj. (Fine tuning requires that the size attributed to the resonant region also depends on
the individual lattice A, through the minimal volume of its cells, and not only on its
dimension. This is important in the proof, but is not essential in this heuristic discussion,
and will be disregarded.) Understanding the correct dependence of A ; on € is a delicate
matter.

Suppose we are inside a resonance A, but far from other resonances. Then, standard
resonant averaging shows that the motion, up to a negligible diffusion, is flattened on
the so-called “plane of fast drift” I + (A), namely the plane parallel to A containing
the initial datum /. The speed of fast drift is relatively large, namely of order €. Unless
during such motion new resonances are met, steepness directly provides confinement.
Indeed, the essence of steepness is that, moving away from I along the plane of fast
drift, (or any other linear manifold), the frequency w (1) must change, following essen-
tially a power law in the distance from I. Consequently, if no new resonances enter
the game, resonant motions, no matter how complicated, cannot extend over a long dis-
tance, remaining inside the resonant region. The maximal distance A/ the actions can
travel inside a resonance, staying close to the fast drift plane, depends very much on the
steepness indices. For convex Hamiltonians, the fast drift plane intersects transversely
the resonance manifold, and Al ~ Aw; in the general steep case instead the fast drift
plane may be tangent to the local manifold, and it turns out that A7 and Aw are related
by

Al ~ A% (13)

A fast motion of course might exit the resonant region by loosing a resonance relation:
in such a case however it enters a less resonant region, and the argument repeats till,
possibly, the non-resonant region is reached, where fast motions cannot further extend
(this is the so-called “trapping” argument introduced by Nekhoroshev; only in the convex
case trapping can be replaced by energy conservation [6]).

The actions can instead travel unboundedly large distances, if resonances of the same
multiplicity are not well separated, and during the motion on the plane of fast drift
I + (A) a new resonance is met. The possible scenario (see Fig. 1) is that the fast drift
plane approaches a resonant manifold of larger multiplicity, there crosses some fast drift
plane associated to a different resonance, and starts following it. The phenomenon could
repeat: the new fast drift plane might cross, after approaching a convenient resonance
of larger multiplicity, a third fast drift plane, and so on and so forth from resonance to
resonance, till A7 gets large. In lack of steepness, a similar diffusion with speed € inside
the web of resonances is possible and, remarkably, is compatible with the presence, in
the phase space, of a large set of KAM tori. A similar fast diffusion inside the web of
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RN

Fig. 1. Illustrating the possible mechanism of fast diffusion through crossing of fast drift planes, if resonances
are not well separated. Dashed curves the resonant manifolds. Gray neighbours the corresponding resonant
regions. Lines: the planes of fast drift. Irregular curve a possible motion of actions from 7(0) to 7(¢), in a
time of order 1/¢

resonances should not be confused with the Arnol’d diffusion, which is a much slower
quite different phenomenon.

Such a possible scenario has been described already by Nekhoroshev, who provided
examples of resonances acting as “channels of superconductivity” where large varia-
tions of the actions in a time 1/e do occur [22,23]. Numerical results, in turn, show
the phenomenon of fast diffusion rather clearly [13,34]: if the transversality between
resonances and planes of fast drift is too weak, transitions from a resonance to a differ-
ent resonance of the same multiplicity, through a resonance of higher multiplicity, are
indeed observed, the higher multiplicity resonance behaving, so to speak, as a highways
crossing. In such conditions, a sequence of similar transitions is numerically observed
to produce a variation A/ of the actions of order one in a polynomial time scale. In
conclusion: the above scenario is realistic, the problem of crossing of fast drift planes
is real, resonances of the same multiplicity need to be well separated, as a necessary
condition to prevent fast diffusion and assure stability of the actions over exponentially
long times.

So, let us now discuss which is the minimal separation between resonances, which
is necessary in order to exclude the above crossing and prove long-term stability of the
actions. We shall reason as follows: we assume that, in the convex case, the Nekhoroshev—
Poschel’s geometric construction, leading to a = b = 1/(2n), is optimal, and discuss
which is the “unavoidable worsening” one should expect in the general steep case. The
expression (4) of the stability exponents a and b will naturally follow. The claim is that
our values of @ and b cannot be improved, unless the corresponding estimates in the
convex case are also improved.

The separation of resonances of the same multiplicity is obtained, both in the convex
and in the general steep case, by appropriately tuning the sizes A1, ..., A,—1 of the
resonant regions of different multiplicity. In the convex case the appropriate scaling is

Ajr1 ~ KAj, A1~ K1

with K ~ €'/ The latter relation assures indeed that the largest resonant zones, of
multiplicity n — 1, are still as small as €”, with b = 1/(2n); the factor K in the former
one takes into account the fact that, by raising K, the angle between different resonant
manifolds possibly gets small.

In the general steep case the above scaling is replaced by

Ve
Ayt~ KA =1, (14)
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still with A,,_; ~ K ~!. The exponent 1/a j of &; in (14) is unavoidable, for the possible
tangency between resonant manifolds and fast-drift planes. The exponent A ; is a quantity
that for the moment we leave undetermined. Having established that, on the one side,
A1 must satisfy (12), while on the other side we need A, ~ K~ the value of K
cannot be too large: more precisely, from the above scaling law (14) it follows that the
dependence of K on € cannot be better than

K~e am—'
’ 24001 - 0p_s

with
A, A A 1
A=l4Ay o+ 034 2% 4y L 4 ) (15)
Op—2  Op-30p-2 Q- 0p—2 O] ---0p_2
In the convex case ) = -+ = a1 = 1, Ay = -+ A,_» = 1, the “optimal” value

A = nisrecovered. In the general steep case one should obviously conjecture that such a
value cannot improve, thatis A > n. Computing A, with rigorous estimates everywhere,
isnot a trivial task. We obtain A; = g /aj — g 4+1 (see (8)): the negative terms —q ;11 are
an improvement due to our new construction, and provide the compensations in the sum
(15) which allow us to recover the value A = n, as in the convex case. Correspondingly,
wegeta = 1/(2nag - - - a,—2). Concerning b, its expression b = a/«a,, 1 directly follows
from Aw ~ A,_1 ~ K~! (the largest oscillation clearly occurs for j = n—1), using (13)
to relate Al and Aw. So, the values of a and b appear to be the optimal generalizations
of the convex case.’

F. The paper is organized as follows. The main part (i.e., the geometric analysis) is
presented in Sect 2: in Sect. 2.1 we introduce several auxiliary parameters (needed to
measure various covering sets, small divisors, cut-offs in Fourier space, time scales, etc.)
and point out the relevant relations among them (relations, which, although based on
simple calculus, are proven, for completeness in Appendix B). In Sect. 2.2, merging and
extending the geometric analysis of [22] and [31], we introduce a covering in action-
space formed by (a suitable scale of) resonant and non-resonant regions. Section 2.3 is
the heart of the paper, where the relevant analytic properties of the resonant and non-
resonant regions are proven; the section is divided into three lemmata: the first is about
geometric estimates concerning resonant domains; the second deals with small divisor
estimates and the third one is a non-overlapping result for resonant regions corresponding
to resonances of the same dimension. In Sect. 3 we recall briefly Poschel’s normal form
theory [31] and show how it can be used in our setting. In the final Sect. 4 we put all the
pieces together and prove Theorem 1 with the constants listed in C above. In Appendix A
we briefly review the notion of angles between linear spaces and, as mentioned above,
Appendix B is an elementary check of the main relations among the auxiliary parameters.

2. Geometry of Resonances

2.1. Auxiliary parameters. In the proof of the Theorem 1 several auxiliary parameters
will occur; in this section we define such parameters and point out some compatibility

9 As pointed out, e.g., in [31] (see [7] for a more refined discussion), in the convex case it is always possible
to improve one exponent by worsening the other. The same argument repeats identical in the general steep
case.
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relations expressed as in inequalities, which will be needed in the following (we recall
that &4, Ry, ¢; are defined in (8) and (11)).

K = 88—*)‘1 (16)

R = 2R08b (17)

- R 18

=2 (19)
272

gn =0, quo1:=1, ap_1:=1, aj:=qj—qjs1 (1=<j=<n-2). (20
Notice that the ¢;’s are strictly decreasing since a; > 1, indeed:
an— =n(ap—2— D +1; aj=npjr(a; —D+1, (1=j=<n-3). 21

Let A be any maximal K -lattice over Z" of dimension!® 1 < Jj <n—1,|A]|its volume,
and set:

o~

D)
)LJ = W’ where A := 6F (22)
r.._K.(ﬁ)é 03
J o *J CJ

)\, .
Sp =& (24)

[A]

3
A = ﬁA (25)
ya = (EK)Y 8, (26)
YA
Rp = . 27
AT aMK 27)
Finally, we set
A
T e
§ro KS €s TA K5 .
Ty := en 6, Ty:i=7 e"s, Tj:= min Tpn  (29)
Sel flrs 24 | flys / A:dimA=j
Texp := min T;. (30)
i=0,...,n—1

It is then easy to check (see Appendix B) that under the assumption of Theorem 1,
namely, 0 < ¢ < gg, for any maximal K-lattice of dimension 1 < j < n — 1 (unless
otherwise specified) one has:

AZmax( max ((E“f+1)2+1)2‘17,(4 +2)“lf) G1)

Jjell,...n—1} E4i

10 We recall that a “maximal K-lattice” A is a lattice which admits a basis of vectors k € 7" with |k| =

;-1:1 |ki| < K, and it is not properly contained in any other lattice of the same dimension; the volume |A |

of the lattice A is defined as the euclidean volume of the parallelepiped spanned by a basis for A; (see [31]).
Notice that for any K -lattice of dimension j, one has 1 < |A| < K/.
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Ks>6 (32)
ra < min (S,RA), (33)
. (P @ PR .
8A§m1n(7z, Z(p—rA),a)), (j<n-2) (34)
KM ~(8A)'%f<1 | < 2 35
Kj C_] = g (J=n-=-2) (35)
Ra <, (36)
) I Airo yara vaRa
‘9|f|r,s S min (F K 9 29K 9 29K (37)
max r; <p (38)
0<i<n—1
ro<r (39)
ni R (40)
ro< 2
Jj= '
,
R < 5 (41)
T > T (KS) @2)
— €X —].
b= Je P 6

2.2. Resonant and non-resonant domains. Fix Iy € U — R and consider the set:
B:=B(ly,R) C U.

In order to prove the stability of all motions with initial actions Iy, we need to cover the
domain B with open domains where suitable normal forms adapted the local resonance
properties may be constructed. We here introduce resonant zones and resonant blocks
as in [31], but, since we do not require any local inversion for the frequency map w (/)
(as it is typical of steepness [22,23], see also [14]), these domains are directly defined in
the action-space, without using any pull-back from a frequencies space. Then, we define
suitable extensions, in the spirit of the original construction of [22] (see also [5]; see
Fig. 2).

We first define the resonant zones and blocks depending on the parameter K > 1,
representing a cut-off for the resonance order, and also on the parameters 0 < A1 <
-+ < Ay—1 < o defined above. As in [31], we consider only the resonances defined by

k-o()=0
with k in some maximal K -lattice A € Z". We define the resonant zone
Zy={l e B: |mao)] <dal, (43)
where (A) denotes the real vector space spanned by the lattice A, and the resonant block

BA = ZA\Zj+1, ] = dim A, (44)
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fast drift

Convex, Steep,
transversal possibly tangent

Steep, . Resonant manifolds

noinvertible are possibly tangent

Fig. 2. Sketch of the resonant sets: two resonances related to the lattices A and A’ of the same multiplicity
j are sketched, together with the resonance related to the lattice A @ A’ of multiplicity j + 1, identified at
the crossing of the two previous resonances, and some fast drift lines. Precisely, dashed curves represent the
resonant manifolds of multiplicity j; dark gray areas denote resonant blocks of multiplicity j; light gray
areas represent resonant zones of multiplicity j + 1; by A we denote some j dimensional fast-drift lines.
Different situations are illustrated: in the fop-left panel we plot the situation which is typical of the quasi-
convex cases, with the fast drift planes which are transverse to the resonance; in the other panels we illustrate
some situations which one may encounter in the more generic steep cases, where the fast drift planes may be
tangent to the resonant manifolds, and also self-intersections (bottom-left panel) and tangencies of resonances
(bottom-right panel) are possible. In all the represented cases, the fast drift lines A = (I+ < A >) N Z or
r=U+< AN >N Z}\ through points / € By @N do not intersect other resonant blocks of multiplicity
j+1

where:
Zi == U7 dim A/=i} 2N
We also define Z( := B and the non-resonant block By by
By := Zp\ Z;.

We remark that, since ||w(I)|| > @ > @ > 8, for any I € B, the completely resonant
zone Zyy is empty and so is Z,. This implies

By =25, VAs.t. dimA=n-—1. 45)
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Furthermore, if one defines
Bj :=Uardim A'=j) Ba’
one sees immediately that
Bj=Z)\Zju,

so that, for any 1 < j < n — 1, we have:

B=ByUB U---UB;_1UZj, (46)
and, in particular,

B=ByUBU---UB,_. 47)

Next, following Nekhoroshev, we introduce discs

1

D}, () = U BU.m|nZanB-p)| CZxnB-p). ©8)
I'el+(A)

where I + (A) (called by Nekhoroshev, “fast drift plane”) denotes the plane through /
parallel to (A), (C)! denotes the connected component of a set C which contains / and
n is any positive number less or equal than p. The extended resonant blocks are then
defined by:!!

B,,= U Di,D<SZanB-p). 49)
IeBAN(B—p)

and the extended non-resonant block by:
Bl == Bo N (B — p).

We remark that the set B — p is not empty since p < R, and for any lattice A with
dim A = n — 1, we have, by (45), (49) and footnote 11,

BX“ =BAN(B—p), (dimA=n-—1). (50)

2.3. Geometric properties of the resonant domains.
o Geometric estimates for resonant domains

For any maximal K-lattice A, we need to estimate the diameter of the intersection of
the fast drift planes 7 + (A) with the resonant zones:

Lemma 2.1. Forany I’ € BA N (B — p)and 1" € Df\“ (I"y we have:

Sa\a
-1 ng(c—‘f) I <1 51)
J

11 Notice that, if I € By, then I € Df\’n(l) sothat By N (B —p) C Bﬁ’m.
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Proof. We divide the proof of this lemma in three steps.
Step 1. Let §, p > 0 be such that

- Cyp 1
8 < min (7, %)Q, (52)
and define 3 .
ZrA0) ={I € B: |mnwD)| < 8}. (53)

Let us also denote by () the linear space generated by w(I); by (w) the linear space

orthogonal to (/) and by A, = 7,1 (A) the linear space obtained by projecting every
vector u of (A) on (w)*.

The first step will consist in proving that:

~ - 1
Forany I € Zy\()N (B — p) andany I € ((1 +(A)NZA(B)N(B— ,5)) one has:12

-1 <4(2‘°+T_Mr Ci])lf (54)
Fix I’ € ((1 +(A)NZA(B) N (B — ,3))1, with I’ # I (if I' = I there is nothing to
prove). Then, there existsacurve'> u(¢) € (A) suchthatu(0) = 0,u(1) = I’—1, and for
any 1, [ +u(t) ((1 + (A)) NZ,3) N (B — ,5))1. In particular, || 775w (I +u(1))]| <
8.

The proof of (54) will be based on the following claims (i)--(vii).

(1) Ay is a vector space of dimension j.

Proof of (i): Clearly, if uy,...,u; is a basis for (A), then any vector in A, can be
represented as a linear combination of Ty L ULy Ty LUj € A,. We prove that the
VECLOTS TT (LU, oy Ty LUj € A, are linearly independent, so thatdim A, = j. First,
we remark that the only vector u of (A) satisfying: 77,y 1u = Ois u = 0. In fact, if there
exists u # 0 such that u € (A) and 7, 1u = 0, then w(/) € (A), and therefore we
have:

lo(D| = rmoD] <8 <

§!||e

which is not possible since for any I € B we assumed ||w ()| > . Now, let us consider
ct,....cj such that: 37, ¢imy,y1u; = 0. Then, 7,1 > cju; = 0, and therefore
Zi ciu; = 0. But, since the u; are linearly independent, it follows ¢y, ..., ¢; = 0.

(i1) For any u € (A), we have wp u = T (o) L U-
Proof of (i1): We first compute:

Ty LU = TOA T gy LU+ T LT () LU (55)

12 Recall the definitions of @ and win (7).

- I
13 Notice that the set ((1 +{(A)NZAG)N(B— ,5)) is open in the relative topology of / + (A) and
therefore is arc-connected in I + (A).
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Since TipylU € Ay, We have Tp AT ()L = 0, so that (55) becomes:

T ()L U = TOA, Ty LU (56)
But, ma, u = mp, (TL’(w>LM + T pyut) = TG T ()L U+ TOA T () U and since A, C (a))J-,
we have a7 (mu = 0, and therefore:

AU = TOA LT () L U. (57)

From Egs. (56) and (57) we get (ii).

(iii) The angle'* between (A) and A, is equal to the angle between w(I) and (A)™*, in
Sformulae:

(AYLAy = (I) L (A)* . (58)
P iii): By (ii have: (A) L A, = / = YA
roof of (ii1): By (ii) we have: (A) o ue(r/r\la);#o uLlmp,u ue<rlr\1>a’);#0 uLlmgyiu

(A) L (w)*, and using (x) of Appendix A, we obtain (A) L A, = (A) L (w)*+ =
(@) L{A)*E.
_ o7
(iv) For any t, one has ||wp (I +u(t))|| < —.
w

Proof of (iv): We start with

A, 0 +u@)| = \/Ilw(l +u)? = Iy, 1o +u@)|?

= [lo(I + u(t))ll\/l —|cos(@(I +u(t)) L Ay™b)|?
= o +u@®)|l sin(@(I +u(®)) L Ay™)|
< @l sin(w +u(?)) L Ay™)|

and then we produce an upper bound estimate of the angle (I +u(t)) Z A,*. By using
property (ix) of Appendix A, we first obtain:

oI +u) L Ap" <o +u@®) L (A" +(A)F L Ayt (59)

Now, recalling that (A) and A, have the same dimension (claim (i) above), we see that
by properties (x) and (xi) of Appendix A, (A)* Z Ayt = Ap L(A) = (A) LA, =
w(l) /. (A)L. From (59), we therefore obtain:

oI +u®) L Aot <o +u@)) L (A +w(l) L (A (60)
Then, since:
. 0, Immed +u@)l &
| sin (w(1+u(t))Z(A) )| = Sl aol s
. 1), Imwedl 8
| sin (a)(l) L (A) )| =Sl < 61)

14 The notion of angle between linear spaces is briefly reviewed in Appendix A.
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and §/w < 1/+/2, both angles are strictly smaller than 7 /4, their sum is strictly smaller
than 7r /2, and since sin(x) is monotone in [0, 77 /2], from (60) and standard trigonometry,
we obtain:

[sinw(I +u(1) L Ap™| < |sin(w(I +u(t)) L (A" +w(I) L (A)D)]

< Isin(w(I +u(t)) L (A)YD)| + |sin(w(I) L (A)D)] < 22
w

2wh
We therefore obtain: ||rp, (I +u(t))|| < w|sinw(l +u(t)) L Awl| < L.
w

§
W) I@u@®ll < —llu@)].
w
Proof of (v): Since u(t) € (A) and I € Z, (8), we have:

o) - u@] _ lraod) -u@] £||u(t)||.
(D] > ()l @

7 @yu @ =

(vi) I +7T(w>LM(t) € B.
Proof of (vi): Since I, I +u(t) € B — p, we have ||u(¢)|| < 2r and, using (41), we obtain

5 )
llu(t)|| < r. Then, from (v) and (52), we have:|w,u ()| < —lu@)] < —r < p.
[ w

Therefore, I + 7, 1u(t) € B.

(vii) & = [l7y2 (I = DIl € O, ],
Proof of (vii): Let us first assume & = 0, thatis I’ — I € () so that

I'— 1= w(I)u.
(D)

Since I’ — I € (A) and I’ # I, this would imply also w(I) € (A), and therefore:

lo (D) = o] <8 < %

which is not possible since for any / € B we have || (])| > . Therefore we have
& > 0. Then, we have

E=|mr' =DI = II'= Il = u] <.

Now, we are ready to complete the proof of (54). Since 0 < & < r,let0 < n, < & the
n which realizes the maximum in the definition of the steepness index of dimension j,
that is:

A, 0 +u)|| > C;E%. (62)

uehy: lull=nx«

The curve 7,y 1u(r) € Ay, joins [ and I + 7T<w>L(I/ — I), and therefore

[O’ E] g UIE[OI]“T[(Q))J-M(I)” )
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so that there exists 7, € [0, 1] such that ||7T<w>J_M(I*) || = 1. From (62) it follows:
7A@ (I + 7 1u(t)l| > CiE%.

But using claims (iv) and (v) we also obtain:

I, 0 + 7 rut)ll < llma, 0 +u(t))ll + M|mwut)ll < 2 5+M—Ilu(t*)||

20+ Mr ~
<—3
@
so that
o 20+ Mr -
Ci&t% < ———34,
’ w

and therefore
, 2o+ Mr § O%
I (' = DIl =§ < (Z—— )"
Cj

Using again (v), we obtain:

1" =11l < 7y (" = DI + Iy (I = D

2w+ Mr §
e )f+—||1 1]
@ Cj
_ (25+Mr 8 )%4_ 1 VT 63)
- o G V2 ’
that is:
, 1 20+ Mr § % 20+ Mr § %
-1y < ( ) <4(— ) .
L o Cj o Cj

This finishes the proof of (54).
Step 2. Next, we prove that:

Forany I € Zy N (B — p) and any I' € D",

Ara (I), we have:

20+ Mr 5A+M”A)o%

1= 11 < ra+4( (64)

w Cj

FixI' e D} , L (D). Since DY (1) is open and connected, there exists a curve I +u(r) €
Dy NUN: < [o 1], such thatl +7(0) =1,1+u(l)=1I" Since D} (D) S Zp, we
have: lmayw +u(t))|l < 8 forany ¢ € [0, 1], and also ||7r Ll/l(l)” < r. In fact,

since I +u(t) € DA A ) C U[e]+ >B(i, ra), there exists a curve u’(r) € (A) such
that ||u(t) — u/(¢)|| < ra, and therefore

I py L u (@ = 2 @) — ' O < Nut) — ' @] < ra.
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Then, we define u” (¢) := mwayu(t), so that u”(0) = oy u(0) =0, I +u”(t) € I +(A),
and

lu” (t) = u®ll = lwayu(®) —u@®l = |75 Lu@)| < ra.
Therefore, on the one hand we have I +u”(t) € B — p +ry, on the other hand:

Iy +u"(O) < Iy +u()| + 7y (@I +u” 1) — o +u®)||
< lmmyo +u@)| +llo( +u" @) — oI +u@®)|
< lmnyo T +u@)| + Mllu" () — u®ll < Sa +Mra.

Therefore, for any ¢ € [0, 1], we have:
L+u(0) € ((1+ (M) N ZaGr+Mra) N (B = (o~ rA)))I.
We use, now, (54) (step 1) with
§:=8p+Mry and p:=p—rj.

Infact, I € Zy € Zx(8);1 € B— p C B — 5; from (34) it follows:

~ (0. W
6 < min (Zp, L)
r

V2

Therefore, we have:

B 20+ Mr 8§ \& 25+ Mr S5 + Mra\a-
"0l = 4(ZE =) =4 ).
Cj ] Cj

for any ¢ € [0, 1]. In particular we have:

. . B 2w+ Mr S5 + Mryya:
1= 11 = D = " (D) = w1+ " (O] < ra+4( ).
j
Step 3. We may conclude the proof of the lemma. From (33) and (34) we obtain
wp W
SA+Mrp =260 < —— < =(p—r4p),
2r r

so that applying (64) and using again (33), we have:

20+ Mr 8A+MVA)%I. - SA 4(225+Mr (SA)“L/’

=1 <r +4( o
ll | <ra c,

o G

T
Then, since a; > 1 and (recall (34)) 65 /w < 1, we have (65/w) < (8A/w)®/, from
which the first inequality in (51) follows at once; the second inequality follows from the
fact that 65, < A; and from the definition of ;. O

e Small divisor estimates

Werecall [31]thataset B € Bis (y, K) non-resonant modulo A if we have |k-w (I)| > y
for any k € Z"\A such that |k| < K; we will say that B C B is y non-resonant
if |k - w(l)] = y for any k € Z"\{0} such that |k| < K. The following result is a
generalization of the Geometric Lemma in [31].
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Lemma 2.2. (i) For any maximal K -lattice A, the resonant block Bp is (ya, K) non-
resonant modulo A, while the non resonant block By is (A1, K) non-resonant.
@) If j = n — 1, the extended block BZ’rA is (ya, K) non-resonant modulo A; if

J < n — 2, the extended block Bi,r[\ is (ya/2,K ) non-resonant modulo A.
Proof of (i): Let us first consider / € By, sothat I ¢ Z;. Forany k € Z", with |k| < K,

let us denote by k the vector which generates the maximal one dimensional K -lattice
containing k. Since I ¢ Z| we have:
Iy (DI = 2 = 2
T, 7\ = = = —,
® Ikl ~ lIk]

and consequently |k - w(I)| = ||k||||n<];>a)(1)|| > A1. Therefore, By is (A1, K) non-
resonant.

Now, consider a maximal K -lattice A, with j :=dim A € {1,...,n—1}andlet] € By.
Asin [31], let k ¢ A with |k| < K and denote by A, the maximal K -lattice generated
by A and k (since A is maximal, dim A, = j + 1). For the purpose of this proof, let us
denote

=), TL=Tpye =ld -, = may),
where Id denotes the identity map. Since w7, = 7, it is easy to check that
Tk (mo(I) — na)(l)) +7k o) =k- o).
Thus, since the vectors 77 k and m (1) — mw(l) = 7 wyw(I) are proportional, and
[A+] < |A]|lrLk]l, we obtain
koD = |71k (Te0(]) — to(D)| — |7k - 702 (1)]
= |kl w0 () = (D] — |7k - o ()]

. | A4l
[A]

Using |7kl < k|| < k] < K, |[mo)| < da, lmw ()] = 6, we obtain:

VimsoDI = lxoD]|? = |xk| o d)].

A2 22
ko > Bl (2 2 g
SRVNA AV EATNE

Using again |[A4] < |A|K,and K < K%, we obtain:
1 i\ 2
2 2 Jj+l
k- w()] m(\/)‘jﬂ - K2Aj - Kkj) > 5A( ( iy ) —K?2— K)

5o (\/(AK)2“J' _K2— K) > A (,/(AK)zaf — K2 _ K“f)
= op K (Va2 —1-1), (65)

so that, by (31), we finally get:
k- ()| > S\ K% (\/A%‘ - 1) > EUKYS, = y.

v

v
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Proof of (i1): If j = n — 1, the conclusion follows directly from lemma 2.2-(i) and (50).
Let us therefore consider, forany j =1,...,n —2,1 € BZ’VA and I’ € BA N (B — p)

such that I € Cf(“ (I'). By (34) and (64) we get

20+ Mr Sp +MrA)¢%j

I'—1| < +4(
l | <ra c,

Using also lemma 2.2-(i), for any k € Z"\ A with |k| < K, we have

20+Mr §p + MrA)(%j)

k(D] = k- o) =KMIL=1'| = ya—KM (ra+4( -
@ j

(66)
But, since, by (33) and (26), K Mrx < ya /4 from (35) there follows

20+ Mr 5A+MrA)

20+ Mr SA)%
w Cj

akm( .

4KM(2

da (xL YA
< KM ( ) < 67
kj C =7 (67)

which, together with (66) yields |k - w(I)| > ya/2. O
e Non overlapping of extended blocks and zones

Lemma 2.3. For any maximal K -lattices A # A’ of the same dimension j = 1,...,n—
1, we have

12
BAJA

NZx =90.

Proof. Let A # A’ be maximal K -lattices of the same dimension j < n— 1 and consider

I e BZJ’A: we have to prove that I ¢ Z,, i.e.,
lmanw (D] > Spr. (68)
We divide the proof in two steps: the case j <n — 2 and the case j =n — 1.

Step 1. (1 < j <n — 2). The argument follows from the following claims (i)-=(vi).
1
(i) For any n > 0, there exists I' € BA N (B — p) such that | —I'|| < k; (‘SC—’;) .

Proof of (i): Since I € BA -+ there exists 1" € B'O -, such that \I" —I| < n; (by
definition of Bﬁ »,) there exists I' ¢ BAN(B—p) such that 1” € Dﬁ ” (I"). Then, (i)
immediately foliows from (51).

(i) ano )]l = EY K515,

Proof of (i1): Since A # A’, there exists k € A’ suchthatk ¢ A and |k| < K. Therefore
we have [|[rano(I")|| = |k -w(I")|/|k| and since I" € By, (ii) follows from Lemma
2.2.

(iii) 7 an@ (D = FEY K975,



The Steep Nekhoroshev’s Theorem 589

Proof of (iii): Choose n < MV{—AM. Then, by using (35), (i) and (ii), we obtain

1
“j

Cai Sa
I (DIl = @) = MIT = 1) = EK* "5, — M — M ()
J
> EURG s, — YA lEa_/Ka./—l(sA,
- 2K 2

Now, observe that, if we have % E%GK%=15, > 6 A/, then (68) follows at once. Therefore,
let us henceforth assume that

|A| 2
< — 7.
Al  EY K%L

1
EE%KW*wA<3N ie. (69)
(iv) [rano )| = A% K718 — 284.

Proof of (iv): Since A # A’, we consider k € A such thatk ¢ A’ and |k| < K, and we
denote by A” the maximal K -lattice of dimension j + 1 which contains A" and k. For
the purpose of the proof of (iv) let us denote:

wi=my, T i=mpy, 7=,
First, since I’ € B, we have
7' = 7' (1d = mo )| = 7’7o )| = |I7'(d = m)e(I)|| = 8. (70)
Then, since I’ € By, I' ¢ Z,» and we have
7" w(I')|| = 8pn. (71)

Let us consider the vector v = 7+, 1 k. We remark that v € (A"\O0. In fact, on the one
hand k ¢ (A’), so that v # 0; on the other hand, since v = k — mwanyk is the sum of
k € (A) and of —7t’k € (A’), we have also v € (A”). Therefore, since v is orthogonal
to (A’), we have:

jT(A//) = jT(A’) +7T(U). (72)
Moreover, we have:
vkl _ [A"|
> (73)
vl [A]

In fact, on the one hand we have

vkl |manLk -k

= = ||m anrk N
Wl = Tkl A

on the other hand we have
|A|

A

7 aryLkll =

From (72), we obtain:
7' (1d — My (I = |7'7"1d — 1) ()|
= |7"(d — Mo (I)|* — 7w (d — D)o )|
v-7"1d — mw)?
NE

= |l7"(d — Mo (1> - (74)
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We notice that:

7" (1d — m)w(l’) £ 0. (75)

In fact, first we have

7" (1d — ) (1]

\

> 7" o) — 7" 7o )] = 87 — 8

. "
> ) AY K9 — 1A ,
A7 [A]

then, using (73), (69), we obtain

[A"] [A"]|A] - ||kHIA’I 2| k|| - 2K
Al A AL VAL T EUReT T EuReT
and therefore we have:
Aj 2K
I7"(d = Mo ()] > L (Av kY — ).
[A”| E% K%i—!

Finally, since K > 1, a; > 1, and using also (31), we have

I 1d — oy > 2L (avk — 2E) 2 2K (g 2
[A] E4 ) T A E4

LK 2
> 2+ -} > 0.
A E4i

Therefore, from (74), (75), we have:

_ (verd - mw(l))?
27" (d — e )|?’

Iz’ (Id = o) = 7" (1d — ﬂ)w(l/)ll\/l

and, since
7"Id — Mo -k=dd — o) - k=0,
we obtain:
/ / ” ’ . (v - u)2
7°(dd = Mo ()] = l77(Id — 7))  min 1 - —. (76
uekt,flull=1 vl
We remark that the maximum of |v - u| = |my1yv - ul, foru € k't and |ju]| = 1, is

obtained for u parallel to 7 ; 1y, that is for u = 71yv/||7 1y v]. Therefore, we have:

max  |v-ul = |7l
uekd Jull=1 *)

and correspondingly:

, - u)? lrgyvl (I = eyl vl
min 1— s = 1 — — = = _
ekt |lul|=1 vl vl vl vl

v -kl
ikl
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Therefore, from (76) and (73) we obtain

|U : k| 7 / |A//|
I7"dd = Mo ()| = I7"(1d — Mo (") || ——— = |7"(d — 7)o ()] .
vIH&ll A&l
Then, since: |[7”(Id — 7w (I")|| > |7"oI)| — |7"7w(I")|| > a7 — S, We obtain:
A// )\‘ A//
I/ (=)o (1) | = Gpr—da) o > 2ty A a1y, s,

= A =
[A[IKN— [A]lIK]] [A/[[Ik]]
(77)
and using (70) we obtain (iv).

We now are ready to finish the proof of (68) in the case j < n — 2. From inequalities
(iv) and (i), we obtain:

7' (D)]| > AY K15, — 255 — M(Kj(%)“if + n). (78)
J
Using (35) and choosing n < MV(—AM, we obtain:
7w > AY K418, — 285 — %E“f'K"f_laA. (79)
Since we are assuming (69) and since K aj=1 > 1, we obtain
7' oD > AY K47 s, — 285 — %E! K%~ s,

> AYKYTs 5 —

WBA/ —(SA/ > (Aaj — E9) — 1)51\/,

which, by (31), yields (68).

Step 2. We now consider maximal K -lattices A 7 A’ of the same dimension j =n — 1.
Since Bﬁ“ = BAN (B —p),wehave I € B, and

7o) > EY K418, (80)

In fact, since A # A/, there exists k € A’ such that k ¢ A and |k| < K. Therefore we
have ||r’w(I)|| > |k - w(I)|/|k|| and since I € B4, by Lemma 2.2 we have

k-w(l
I ()] = % > EUKY5,,
We also have:
7 @) > A% K47 80 — 284. (81)

First, since I € EA, we have
I7'w(D] = |I7"(d — m)o(D| — In'7o)]| = |I7'dd — m)o (D] — 5. (82)

Then, since A # A’, we consider k € A such that k ¢ A’ and |k| < K. In particular,
since I € B, we have
oD = . (33)
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Let us consider the vector v = 7, 1k. Since v is orthogonal to (A'), we have:
Id=7‘[/+7[(v). (84)
Moreover, we have:

-k 1
_ > X
vl [A

7 aryLkll = (85)

In fact, since the K -lattice (A’, k) is generated by A" and k is properly contained in Z",
we have

A7 kIl = (A K] = 1.
From (84), we obtain:

I7(d — Mw(D* = |(0d — W (D]* — |7 (d — Do (D],

and since:
7 (Id — (1| = v dd - ma D]
vl
and:
1(0d — D)o ()] = & — 84 = & — An_y > 0,
we have:

(v (d-moe))?
IvI211Ad = mew (D>

7' (1d — (D] = [(1d — ﬂ)w(l)ll\/l

Then, since (Id — m)w(I) - k = 0, we have

, , o v u)?
I7'(Id — Mo ()| > |(d — T)o(')|  min - R (86)
uek,|lull=1 vl

We remark that the maximum of |v - u| = |7yyv - ul, foru € k* and ||lul| = 1, is
obtained for u parallel to 7 1y, that is for u = 7y 1yv/||7 1y v]. Therefore, we have:

max  |v-u| = |7
uek™:, |lul=1 e

and correspondingly:

. (v -u)? ll7 sy w117 IWII2 = lwgn vl gl
min 1 — 5 = 1— 3 = 5 =
uekL, lul=1 vl vl vl vl

vk
ikl

Therefore, from (86), we obtain:

k
l7'(1d — M (D = [(Id - N)w(l)llu,
IHI& Il
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and from (85) we obtain also:

7' (d = (D] = |(1d — T (D]

|A/ [l
Then, since: ||(Id — m)o (D] > o (D] — |rw(I)| > @ — 54, we obtain:
P 1 o a
7' (1d — Mo (D = @ — 8p)———— > AYK4 '8, — 84, (87)

|~
and using (82) we obtain (81). If E% K%i~1§, > 28/, using (80), there is nothing more
to prove. Therefore, we assume:
E4 K% ™18, <285
Then, using (81), we obtain:

2

1 aj paji—1 aj paji—1
||7TC()(1)||ZA/K7 6A1—8A>AJKJ CSA/—W

Sar. (88)

Since K%~! > 1, we have:

_ 2
oD > (A% = =)o,

and using (31) we obtain (68). O

3. Normal Forms and Dynamics in Resonant Blocks

The geometric construction of Sect. 2 together with normal form theory allows to have
some control of the dynamics in the extended blocks. We shall use normal form theory
in the version given by Pdschel in [31]; see, in particular, the “Normal Form Lemma”
at p. 192 of [31] (which we shall use with parameters p = ¢ = 2); notice that the
constant M used in [31] is an upper bound on the derivative of w (1), which is used only
as Lipschitz constant, so that our notation is consistent with that used in [31].

In fact, the following lemma holds

Lemma 3.1. (i) Let (I;, ¢;) be the solution of the Hamilton equations with initial con-
dition"> (Iy, go) € Bl x T". Then,

1 = Toll < ro (89)

for all times'® |t| < Tp.

(ii) Let A be a maximal K -lattice of dimension j € {1,...,n — 1}, and let (I;, ¢;)
be the solution of the Hamilton equations with initial data (I, o) € (BA N (B — (j +
1)p)) x T". Let %, be the (possibly infinite) exit time from'’ Bﬁ,r,\" Then, if || > T,

we have |1, — Ip|| < rj for any time |t| < Tp; otherwise, there exists 0 <i < j —1
such that I, € B; N (B — jp).

15 1e. 1, li=0 = Ip: we are using here a slight abuse of notation in order not to confuse the point I in the
statement of Theorem 1 with the arbitrary point / used here.
16 Recall the definition of Tp in (29).

" Le, wissuchthat [y € By , for|r| <|e|and Iy ¢ B

P
Arp”
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Proof. of (i): The non-resonant block By is A1 non-resonant (see Lemma 2.2). Let us
consider as extension vector (rg, s). Because of the definition of rg, (39), (32) and the
first inequality in (37), we can apply the normal form lemma in [31] in By. It then follows
at once (89) for all times |¢| < Ty with Tp asin (29). O

Proof. of (ii): Let us first assume that || > T, and consider the extension vector
(ra,s). By Lemma 2.2-(ii), the domain Bﬁ . 18 (Ya/2, K) non-resonant modulo A.
Thus, since rp < r (by (36)), and because of (32), the definition of R5 and the third
inequality in (37), we can apply the Normal Form Lemma in [31] (with p = ¢ = 2), in
Bx’ " Thus, there exists a canonical transformation:

¢ 1 (B, ) X T — (BY )., xT"

Aa
(I ¢)— L) =¢U' 9" (90)
conjugating H to its resonant normal form:
Hy=Ho¢p=h+eg+efs ©n
with g a real-analytic function having the Fourier expansion
g= > grexplik-¢), 92)
keA

and the “remainder” f; satisfying the exponential bound:

_KS$
FAP SRR Tl 93)

Also, forany (I', ¢') € (BX’rA)"TA x T", by the third inequality in (37), one has:

8 1
!/
=1l < V_A‘9|f|r,s = 567

1, ppP 0 . . . [
so that ¢~ (B, ., x T") S (B} rA);% x T". Finally, using the second inequality in

(37) we have also:

, 8K 1
11" =1l = —¢lflrs < 5gra-
YA 2

Therefore, since I, € Bﬁ,r/\ for any |t| < |%|, we may define (1], ¢;) = o, o),
and using the specific form of Hamiltonian (91), we have

"o, of:
7w psy (] = I < / = =1, odt| < elt]  sup ||—a*||.
0 @ (Bx rA)rA xTn 4

By Cauchy estimate (see Lemma B.3 of [31]) and by (93), we have:
af«

6
sup ==l = —Ifxlpr .ra
ap es Arpt 2
(B )rpy xTn
Arp ?‘

6 _xs
s < —e K5 fly,
£S5
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so that, for any || < T, we have:
6¢ s 1
T = 1D < —|tle K6 < —ra.
7 ary(y — Il < esl I [flrs < 27A

As a consequence, the motion /; has the representation:
I =Ip+v(@) +d(t) (94)
with v(7) € (A) with v(0) = 0, and ||d(1)] < %}"AZ indeed, we can write
=1+, — 1))+ — 1) + (I} — ),

and take v(t) = () (I] — Ip) and d(t) = (I; — I]) + 7 5y (I] — Ig) + (I — o).
Therefore, I; € BZ) ra S ZaN(B—p) and because of the representation (94) the distance
between I, and the space Io+ (A) is smaller than %r A. Furthermore, I, is connected to I
: _ 3 o 7 o 7
in the set (U1’510+(A) B(I', ZrA)) NZAN(B—p)sothat I; € CA’%rA (Iy) < CA,rA (Iy).
Thus, by Lemma 2.1 we have ||, — Ip|| < r; for any |t| < Ty, as claimed.
Let us now assume that the exit time 7 satisfies: 0 < |%| < Tx. Since for any time |¢| <
||, we have I, € C° 5 (Ip), we have also: I € C’, (Iy).Asa consequence (again
A, ﬁrA A, ZI"A

Lemma 2.1), we have ||I; — Ip|| < rj < p forany || < |%|and since Ipe B— (j+Dp,
we also have

I, € B— jp. (95)

Since I; € Ci 3 (1_0), the distance between I, and Iy + (A) is strictly smaller than %VA,
s TA

and the distance between I, and Ip + (A) is smaller or equal than %r A Finally, since
I; € Cﬁ 3 (1_0), we have I; € Zx, thatis: ||[mayw () ]| < da. As a consequence, since
saTA

I, ¢ B[’i,m, the only possibility is: [|r(ay@ (I3 )]l = 5. But this means that I, ¢ Z4.
On the other hand, by Lemma 2.3, I;, cannot belong to any Z- for any maximal K-
lattice A" # A of the same dimension j; therefore I, ¢ Z j» whence, by (46), there
must existani € 0, ..., j — I such that I, € B;, which, together with (95), concludes
the proof of the lemma. O

4. The Resonance Trap Argument and Conclusion of the Proof

We are now in position to conclude the proof of the theorem, proving (5) and (6).
In view of (47), there are two alternatives:'8

(a) either Iy € By N (B — np);
(b) or Iy € Bp N (B — (j + 1)p) for some maximal K-lattice of dimension j €
{1,...,n— 1}

In case (a), by Lemma 3.1-(i), by (38), the definition of Ty and Texp ((29), (30)) and (42),
the theorem is proved.
In case (b), by Lemma 3.1-(ii), there two alternatives:

18 Recall that I is the center of B C U, which is a sphere of radius r = 2R0€b = 2np.
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38
(b1) either |[I; — Ipl| <r; < p, for [t] < Texp < Ta
(b2) or there exist a t; such that || I; — Ip|| < p forall || < |t1]and I;;, € B;N (B — jp)

for somei € {0,...,j — 1}.
In case (bl), by (29), (30) and (42), and recalling that p = Roe? /n, the theorem is
proved.

In case (b2) we iterate the above scheme. Hence, after 0 < k < n — 1 steps we see that
the action-trajectory /; ends up either in a “trapping resonant region” By C B; where it
gets stuck for exponentially long times or it will end up in By where also gets stuck for
exponentially long time. Since in such & steps I; moves at most by kp we see that in the
(possible) fast drift we have ||I; — Ip]| < kp < (n — 1)p to which we have to add the
displacement in the trapping region which is again at most p. Thus, for times [f| < Texp
we have ||I; — Ip|| < np = Rosb as claimed. 0O

We remark that, in the case (b) above, I; may visit several blocks in the time Texp; let us
denote by j* their minimal multiplicity, and t* < Texp, be such that I;+ € Ba+ N (B —
(j* + 1)p) with dim A* = j*. Then, we have Iy € B+ (and, therefore, I; € Bp+ for
all |¢| < Texp). In fact, since the geometry of resonances of the Hamilton function —H
is identical to the geometry of resonances of H, if we consider the solution (I/, (p,’ ) of
the Hamilton equations of —H with Ij = I;+, and apply Lemma 3.1, we obtain that
Iy=1",, € BA N Bpx.

A. Angles Between Linear Spaces

In this appendix n > 2, u, v, w, z... denote vectors in R" and L;, Ly, L/, ... linear
vector subspaces of R” of dimension m € {1,...,n — 1}; m, denotes the orthogonal
projection onto the linear space L and Arccos : [—1, 1] — [0, 7] denotes the principal
branch of the inverse real cosine.

Definition A.1. Let. The angle between « and v is defined as

llaell ol

u-v .
Arccos ifu,v#0
ulv =
Z. otherwise.

Definition A.2. The angle between L and L is defined as

Li/Ly:= max ulm, u.
ueL\{0} 2
We, next, list a few elementary properties of angles between linear spaces, whose

simple proof is left to the reader (for the proof of items (x) and (xi) , see, also, [23, p.
45]).

(i) ulvel0,r]andu’lv € [0, /2] ifand only ifu -v > 0; L{/L, € [0, 7/2].

(i) L1/Ly =% ifand only if'” L; N Ly # {0}.

Ly /Ly < 7%ifandonlyif{ueLj: 7 ,u =0} = {0}

ll7r, ull
| ]
V) ulmu+ulmw u=%, Vuz#0.
(V) ulm,u=minger\(o)u L V.

(iii) u L, u = Arccos , Yu#D0.

Ol —(weR':u-v=0, YoelL}.
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min  max £y .

ueLi\{0} veLo\ (0} [lu| [lv]l

(vii) Forany u and v one has® u /v =v Zu.

(viii) Ifu # 0 # v, u £ v coincides with the (Euclidean) length of the shortest geodesic
(equivalently, shortest curve) on the unit sphere "~ := {£ € R" : ||&]| = 1}
having as end-points the projections of « and v on §"~!

X)) uv<ulw+wlv.Also: Ly /Ly <Ly/L3+ L3/ L.
(x) L1 Ly =Ly L Li.
(xi) IfdimL; =dim Ly, then L1 Z Ly =L, / L;.

(vi) cosL; L Ly, =

B. Parameter Relations

For completeness, in this appendix, we prove the elementary inequalities (31)--(42).
Recall the definitions of the parameters given in (9)-=(30).

First, we observe that from these definitions and the hypothesis 0 < ¢ < g, it follows
easily:

€4\ ¥ €4\ ,
E>4: A:=6E > 24, K::(_) z(—) >1. 1<|Al<K/: (B
e €0
Lo
A <A =m§ r = 2np; (B.2)

1 1 1
+l=—2>n; ;=2 (j<n-2); -(1——)= -_1_'(1__).
q1 24 Zn qj = (j<n ) qj o aj J o

(31): It follows immediately from (B.1).
1
&0 S\ a
32): It foll fi —=<\|=) .
32) ollows from - (6)

(33): To get the Ist inequality observe that g; > 1 > 1/o, 1, rjeo > Q/(24ﬁ M) so
that

o2 111 _el 1 dmye 11
22 (AKYT A M T 22 A pois M7 48V2 pas M
1 o mo (€L p
= () = () =%
. . (EK)%

As for the 2nd inequality we have: rp < rp Y a Rp.

(34), first inequality: Using: q; > 2 > 1/ay—1, (B.1) and po > 1/(6°24/2) >
2/(x/2(24)?), one finds

® 1 l o 1 1 _ Ko wp
2V/2 (AK)YU Al ~ 2224 (5l — 4 paly rd

Sp =

&1

20 But, in general, Ly / Ly # Ly / Ly: for example, if n =3, Ly = {(0,7,7) : t € R} and Ly = {x3 = 0},
then Ly £ Ly = /4, while Ly L L = /2.
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(34) (33)
(34), second inequality: 5 < 9% < 22 (p—rap).
1

w
34), third i lity: 6p = — —— < .
(34), third inequality: 6 5 23 (AK)T <w

(35): Using: the definitions given, the inequality |A| < K/ and last equality in (B.3),
one has:

L
()’

1 L 2V2 N
: =( ) T (4MKI)K aj+ 61/( ) |A| a; \/_qu) I
iVA Cj w E<
1. L ( ',)+1—aj+(1—al—_) 2«/_ 1—* 1

= ()" @) KU PO

1

(4Mx ;)% 6wj—i)(ej=1 1 !

C; (L)al_l EQj*i(@j=1 =t
2V2

where last inequality comes from the definition of E.

(36): Using: q; > 1,qj —a; >0, E > 1,a/b =a,_1 > 1, one has:

Ry 1 1 o 1 1 1 la)l(Bl)lQ&()a
ro 8269 Mr K4i—aitl 4% |A| ~ 4ngrK T 482 Mr \ e
an 1w/ ., 6/2Mr\§ 1
L N Ciie) L)
482 Mr n 8n
(37), first inequality: Using: the definitions given, g1 + | = 5= = np1, eK'/% = ¢, the
definition of ¢, and E, one has:
28K ] 24 1<241 L,
— & == — - T =< )
Mg T 63 E T 634 54

where in the inequality we used n > 3, p; > l and E > 4.

(37), second inequality: By the first inequality in (37), we see that the second inequality
is implied by

1 Ao - YATA
28 K - 29K

Now, using: the definitions given, [A| < K/, ¢; — qgj=n(p1—pj)+(j—1) >0and
the relationa; + 1 +2(q1 — q; — j) =a; — 1 +2n(p; — p;) > 0, one has:

1)\17'0 2K _ 1 1 |A|2
B K YATA E4 A2@1—4)) gaj+1+2(q1—q;)
1 1 1 |

< — — < — < 1.
— E% A2q1—q)) gaj+1+2(q1—qj—j) — E
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(37), third inequality: It follows immediately from the 2nd inequality in (33) and from
the second inequality in (37).

M 1 \—1
(38): iy = (4\/§—ruo AN KT “n—l) < lsinceq; >2 > 1/ay—1, K > 1, and
P [2)

6

1S

Mo =

_ _‘1117171 _ 1 @ 1 6E o !
Il _ = g Knol ( = ) < (—) "~!' =1, where in the
P ruog \Cu—i 2«/§Aq"—' A
r (12J2EC, 1\ 5

( ) and

[}

n

N

inequality we used g,—1 > 2 > 1/op—1, K > 1, — <
no Kn—1

gn—-1 = 1.
Now,let1 < j <n—2anddefine o :=aj — 1,b; :
that

g—; — 1 (recall (8)) and observe

aj
bj=-L>0, ——1+—L=(1-—)b;. (B.4)

1 q;jp; ( 1
j oj ajBj o]

Observe also that from the definitions of « ;, E and p it follows that

1
-1 &

w (Ciya: @ 9 C;7 (Mic;)% 7 »
A N (L
M\ o M Cjew% r24v2 M
(B.5)
242 2442
Then, noticing also that ;j/— < 6—{ < 1, we obtain
6%

;o L
rj _ai=t Kj (@ 1 LM 53} L C]Qaj iPi
- = Ka”_l—(——)jf—lfj(—)j —_—

P rio \Cj 24/2(6E)4s o "\Cj (Micj)*i
1\ bj
o' 5 CT\ ®s
(B4 | @ J <

1
(39): Using g1 + 1 = i, 6E >lande < gy < &4 - (min( , TT))b one finds:

1
ro 1) ( & )2 ® . 632 Mr
L ) < min{ 1, —— | < 1.
ro 4V2(6E)wi—IMr \éx 42Mr no o
(40): Since p = R/(2n), (40) follows at one from (38).

n n dnk,_q w —
— n— — p—1
— = y= , 7= ( ) . Then, from the
V2 M T 182 r \12J2EC,—;
definitions given and the hypothesis ¢ < g it follows:

2R g\ £0\b PESRPRR TE R |
i 4”M0(—) < 4n,u0(—) =max(x,y,z)min(x" ",y ,z ,1) < 1.
r Ex Ex

(41): Setx =
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(42): From the definitions given (and since 28—4 > %) it follows:

Ve 1o fee 1 1 1 e , 1 1
Texp—5 =6Aa  /— min | — ———— —, — min (— —)
Te& e 10 (AK)" K © 24 1=t \[A] (AK)%

EA% 8_* min LL:§K npl+lZ§A4>1.
5 V e 1<j<n—1 A% K49+l 5 5

v
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