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Abstract

In 2015, M. Canadell and R. de la Llave consider a time-dependent per-
turbation of a vector field having an invariant torus supporting quasiperiodic
solutions. Under a smallness assumption on the perturbation and assum-
ing the perturbation decays (when ¢ — +00) exponentially fast in time,
they proved the existence of motions converging in time (when ¢ — +00) to
quasiperiodic solutions associated with the unperturbed system (asymptot-
ically quasiperiodic solutions).

In this paper, we generalize this result in the particular case of time-
dependent Hamiltonian systems. The exponential decay in time is relaxed
(due to the geometrical properties of Hamiltonian systems) and the small-
ness assumption on the perturbation is removed.

1 Introduction

The Kolmogorov-Arnold-Moser (KAM) theory [Kol54 [Arn63, [Mos62] shows the
persistence of quasiperiodic solutions in nearly integrable Hamiltonian systems.
This theory is interesting, especially for the applications in classical problems
in Celestial Mechanics, such as the n-body problem. This work analyses non-
autonomous perturbations of Hamiltonians having an invariant torus supporting
quasiperiodic solutions. We assume that the perturbation satisfies good decay
properties when ¢ — +o0o. In this case, we are not looking for quasiperiodic
solutions but different types of orbits converging in time (when ¢ — +400) to
quasiperiodic solutions.

To be more precise, let us introduce the definition of analytic asymptotic KAM
torus. Let B C R™ be a ball centred at the origin and P equal to T™ x B or T".
Moreover, for a given v > 0, we introduce the following interval J, = [v, +00) C R.
We consider time-dependent real analytic vector fields X* and X} on P, for all
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t € J,, and a real analytic embedding ¢y from T" to P such that

. t_ oyt
tLlinoo |X XOIS Oa (11)
Xo(o(q),t) = Ogp0(q)w for all (¢,t) € T™ x J,, (1.2)

where w € R™ and | - |, is the analytic norm (see Appendix [B]). For the sake of
clarity, we specify that 9,¢0(¢q)w is the element of R** having j component equal

! (aqwo(Q)w> = 04p0,5(q) - w,

j
for all j = 1,...,2n where ¢y = (@01, ..., Po2n). In words, we are considering a
time-dependent vector field X* converging in time to a vector field X{ having an
invariant torus supporting quasiperiodic dynamics with frequency vector w.

Definition 1.1. We assume that (X, Xo, po) satisfy (1.1) and (1.2). A family
of real analytic embeddings ' : T" — P is an analytic asymptotic KAM torus

associated to (X, Xo, po) if there exist 0 < s’ < s and v' > v > 0 such that

lim o' — pgls = 0,

t——+o0

X(p(g,1),t) = 040(q, t)w + Drp(q, 1),

for all (q,t) € T" x J,». When P is a symplectic manifold with dimP = 2n, then
we say that ©' is Lagrangian if ¢'(T™) is Lagrangian for all t € J,.

Roughly speaking, an analytic asymptotic KAM torus is a family of embeddings
¢! converging in time to the invariant torus ¢ associated with Xj,. Moreover, the
dynamics on this family of embeddings converge to the quasiperiodic solutions
associated with X on ¢g. The previous definition is due to M. Canadell and R. de
la Llave (see [CdIL15]). In their paper, they use the expression non-autonomous
KAM torus. We prefer analytic asymptotic KAM torus to point out the asymptotic
properties of this family of embeddings. Hence, the following definition is quite
natural

Definition 1.2. We assume that (X, X, @o) satisfy and (L.2). An integral
curve g(t) of X is an asymptotically quasiperiodic solution associated to (X, Xo, ©o)
if there exists g € T™ in such a way that

tl}iﬂo@ |9(t) — wolq + w(t —to))| = 0.

It is straightforward to see that if there exists an analytic asymptotic KAM
torus associated to (X, Xg, o), then we have the existence of asymptotically
quasiperiodic solutions associated to (X, Xy, ¢o). We refer to Section |3 for a more
detailed explanation and a series of remarks about the previous definitions always
due to M. Canadell and R. de la Llave.

The first result about the existence of an analytic asymptotic KAM torus asso-
ciated with a suitable time-dependent Hamiltonian is due to A. Fortunati and S.
Wiggins [FW14]. They consider a real analytic time-dependent Hamiltonian H' as
the sum between an integrable Hamiltonian A plus a time-dependent perturbation
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ft. They assume h to be non-degenerate and the perturbation decays exponen-
tially fast in time (| f*|s =100 0). Suppose the perturbation is sufficiently small.
Then, for each invariant torus associated with A supporting quasiperiodic dynam-
ics with a diophantine frequency vector, they prove the existence of an analytic
asymptotic KAM torus associated to (Xpg, Xy, po). For clarity, Xy and X}, are
the Hamiltonian systems associated with the Hamiltonians H and h.

About one year later, M. Canadell and R. De la Llave [CdIL15] publish a result
which generalises the one of Fortunati-Wiggins. In this paper, they work with
finitely differentiable time-dependent vector fields. For this reason, let us introduce
the definition of C'?-asymptotic KAM torus, which is the finitely differentiable
version of Definition L1l

Given o > 0 and a positive integer £ > 0, we consider time-dependent vector
fields X* and X! of class C°™ on P, for all t € J,,, and an embedding ¢ from T"
to P of class C'? such that

. t oyt _
lim (X' Ko =0, (13)
Xo(wo(q),t) = Ogp0(q)w for all (¢,t) € T™ x J,, (1.4)

where w € R™, C7 is the space of the Holder functions and | - |go is the Holder
norm (see Appendix [A]).

Definition 1.3. We assume that (X, Xo, po) satisfy (3.1) and (3.2). A family
of C° embeddings ©' : T" — P is a C7-asymptotic KAM torus associated to
(X, Xo, po) if there exists v' > v > 0 such that

lim |©" — pglcr = 0,

t——+o0

X(p(q,t),t) = 0g0(q, t)w + Dp(q, 1),

for all (q,t) € T" x J,». When P is a symplectic manifold with dimP = 2n, then
we say that ©' is Lagrangian if ¢'(T™) is Lagrangian for all t.

In the work of Canadell-de la Llave, P is a smooth manifold. They consider
a time-dependent vector field X converging exponentially fast in time to an au-
tonomous vector field Xy having an invariant torus (g supporting quasiperiodic
solutions of frequency vector w € R™. They do not assume any non-degeneracy
hypothesis on X or arithmetic conditions on the frequency vector w. On the
other hand, they need to assume a certain control on the normal dynamics on the
invariant torus . Then, they prove the existence of a C'?-asymptotic KAM torus
associated to (X, Xo, o).

In this paper, we generalize the previous result in the particular case of finitely
differentiable (or real analytic) Hamiltonian systems. We consider a time-dependent
Hamiltonian as a time-dependent perturbation of a Hamiltonian having a La-
grangian invariant torus supporting quasiperiodic solutions. The exponential de-
cay in time is replaced by a more general condition (verified for a suitable polyno-
mial decay in time) and the smallness assumption on the perturbation is removed.
Under these hypotheses, we prove the existence of a C7-asymptotic KAM torus
(or an analytic asymptotic KAM torus).



The advantage of working with Hamiltonian systems is that the normal dynam-
ics to the Lagrangian invariant torus associated with the unperturbed system are
easy to control. This allows us to relax the hypothesis of exponential decay in time.
Concerning the smallness condition over the perturbation, we approach the prob-
lem from another point of view. We study our system for all time ¢ large enough so
that the perturbative terms are sufficiently small and we find the existence of an
analytic (or C?) asymptotic KAM torus defined for all ¢ large. Therefore, we will
see that if we prove the existence of an analytic (or C?) asymptotic KAM torus
defined for all ¢ large, then we can extend the set of definition for all ¢ (see Section
. The following section contains the main results of this work. But, first, just a
few remarks.

At this point, it seems reasonable to wonder when we have the existence of bi-
asymptotically quasiperiodic solutions. That is, orbits converging to quasiperiodic
dynamics of a specific frequency vector w; € R™ in the future (¢ — +o00) and to
quasiperiodic dynamics of frequency vector w_ € R" in the past (¢ - —o0). It is
the subject of another work [Sca22a].

The interest in these kinds of perturbations is not artificial. These types of
systems would be interesting in astronomy. In a further paper [Sca22b], we study
the example of a planetary system perturbed by a comet coming from and going
back to infinity, asymptotically along a hyperbolic Keplerian orbit.

2 Results

This section is divided into two subsections. This is because we prove the same
results in the finitely differentiable and analytical case. We look at time-dependent
perturbations of suitable time-dependent Hamiltonians and constant vector fields
on the torus. We recall that B C R" is a ball around the origin and, for given
v > 0, we have the following interval .J, = [v, +00) C R. In this work, we consider
time-dependent Hamiltonians of the form

H:T"xBxJy—=R, H(qgnp,t)="nh(qgpt)+ flgpt),

where h is in the w-Kolmogorov normal form, with w € R”. This means that, for
all (¢,t) € T" x Jy

h(Q? 07 t) =G 8ph(Q7 07 t) = w,

for some ¢ € R. Letting g be the following trivial embedding ¢ : T" — T" x B
with o(q) = (¢,0), then g is a Lagrangian invariant torus for X} supporting
quasiperiodic dynamics with frequency vector w. We define IC, as the set of the
Hamiltonians A : T" x B x Jy — R in the w-Kolmogorov normal form.

On the other hand, we consider time-dependent vector fields on the torus Z in
such a way that

Z:T"x Jy—R", Z(q,t) =w+ P(q,t)

with w € R™.



We introduce the following notation, which we will use in the rest of this work.
For every functions f defined on T" x B x J, and for fixed t € J,,, let f* be the
function defined on T" x B such that

f'(a.p) = flg,p,t)

for all (¢,p) € T" x B. In addition, for fixed p € B, let f, be the function defined
on T" x J, such that

fp(Q7t) = f(Q>p7 t)

for all (¢,t) € T" x J,. In accordance with the above notations, for fixed (p,t) €
B x J,, f;; is the function defined on T™ such that

Iy(@) = flg,p,t)

for all ¢ € T"™.

2.1 Finitely Differentiable case

Here, we are interested in Holder’s classes of functions C?. We refer to Appendix[A]
for a very brief introduction. More specifically, in order to quantify the regularity of
smooth functions, we introduce the following space. Given positive real parameters
o > 0 and v > 0, we have the following definition

Definition 2.1. Let S8Y be the space of functions f defined on T™ x B x J,, such
that f € C(T" x B x J,,) and, for allt € J,, f* € C°(T™ x B).

We use this notation also for functions defined on T" x .J,,, this will be specified
by the context. Furthermore, for a positive integer k > 0, we have the following
space of functions

Definition 2.2. Let S};,,f be the space of functions f such that
fesS;, and 8E’q7p)f €S ini
forall0 <i<k.

In the above definition, 8? o
respect to the variables ¢ and p. Conventionally f = 8&@) f. In other words,
fe8y, if feS8y,andd,  feC(T"x BxJ,) forall 0 <i<k That is,
ft € C°t*(T" x B) for all t € J, and the partial derivatives of f with respect
to (q,p) are continuous until the order k. It is straightforward to verify that
Sg,o =S

In order to measure the decay in time of the perturbations, we introduce posi-
tive, decreasing, integrable functions u on J, and we denote

) stands for the partial derivatives of order ¢ with

i(t) = /t +°O u(r)dr

for all t € J,.



Now, we have everything we need to state the following theorem. Given w € R"
and o > 1, we consider a time-dependent Hamiltonian H of the form

(H:T"x Bx J,— R
H(q,p,t) = h(q,p,t) + f(q,p, 1),

h ek,

Jo, (apf)o 782H € 3272 (*4)
sup | folcetz < 00, Sup|8§Ht|Ca+2 < 00,

tedo tedo

[ @af)glomsr < a(t),  [(9pf)gleers <Db(t) for all t € J,

where a, b are positive, decreasing, integrable functions on Jy.
We assume that there exists v > 0, such that a and b satisfy the following
conditions

{é(t) < Ab(t) ()

a(t)b(t) < Aa(t)b(t)
for all ¢ € J, and a suitable constant A.

Theorem A. Let H be as in with a and b satisfying . Then, there exist
h € K, and a Lagrangian C?-asymptotic KAM torus ¢ associated to (X, Xj, o).

We begin with two examples of functions a and b satistying . First, we
consider the case of exponential decay. Let a and b be the following functions

a(t)=e™, b(t)=e,

for some positive parameters A\; > Ay > 0. It is straightforward to see that is
verified for all ¢t € Jy and A > max{:\\—f, /\% )
The following example is more interesting than the previous one. It is about
polynomial decay. We consider
1 1
a(t) = g b(t) = o

for a positive real parameter [ > 1. This couple of functions satisfy for all
The previous theorem proves the existence of a C'7-asymptotic KAM torus ¢!
of the form

¢'(q) = (¢ +u'(q),v'(q))

for all ¢ € T™ and ¢ sufficiently large, where id+u' is a diffeomorphism of the torus
for all fixed t. Furthermore, we also obtain some information about the decay in
time of v and v. More specifically

[Wller < CB(H), [o'|er < Cat),
for all ¢ large enough and for a suitable constant C'.
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Concerning time-dependent perturbations of constant vector fields on the torus,
given ¢ > 1 and w € R", we consider the following time-dependent vector field

Z T x Jp — R"

Z(q,t) =w+ P(q,1)

Pes,

|P o1 < P(t) forall t € Jy,

(Za)

where P is a positive, decreasing, integrable function on Jj.

Corollary A. Let Z be as in (Za). Then, there exists a C?-asymptotic KAM
torus ' associated to (Z,w,1d).

We observe that if P is not integrable on Jy, then, in general, it does not exist
a C7-asymptotic KAM torus associated to (Z,w,Id). Let Z be a time-dependent
vector field on T' x J, of the form

A A

Z(q,t) =w+ P(t),

where w € R and P(t) > 0 for all ¢t > 0. We assume that
+oo
/ P(r)dr = 400,
to

for all tg > 0. Let w:o 5 be the flow at time ¢ with initial time ¢, of 7. Then, for
allg e T" and t > 0

to+t .
@/}iﬁ’;(q) =q+wt+ / P(r)dr
) tO
and hence, for all ¢ € T"
to+t R
V(@) —a- wt’ = /to P(r)dr.

Therefore, taking the limit for ¢ — +o0, the right-hand side of the latter diverges
to +00. This means that does not exist an asymptotic quasiperiodic solution asso-
ciated to (Z ,w, 1d) and thus does not exist a C?-asymptotic KAM torus associated
to (Z,w,1d) (we refer to Proposition .

2.2 Real analytic case

As mentioned above, we state the real analytic version of the previous results. For
some s > 0, we define complex domains

Ty ={qeC"/Z" : |Im(q)| < s}, Bs={peC":|p|<s},
and, given v > 0, we introduce the following space of functions.
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Definition 2.3. Let AY be the space of the functions f defined on T%? x Bs X J,
such that f € C(T? x Bs x J,,) and, for allt € J,, f' is real analytic on T™ X Bs.

We refer to the same notation for maps defined on T x .J,. For all k € Z*"
with |k| > 1, we let
ko _ gkt gk ke kan
a(qvp) = 0t 04, 0p .0,
where |k| = |ki| + ... + |kan|- The following proposition concerns an important
property of each f € AY that we will widely use in the rest of this work.

Proposition 2.1. Let f € AY, then, for all k € Z*™ with |k| > 1, 8é“q7p)f e AY for
all 0 < §' < s.

Proof. Forallt € J,, 6&71)) f*is real analytic on T? x B, and hence on T% x Bgy. It

remains to prove that 8é“q’p)f € C(T% x By x J,). For all (q1,p1,t1), (q1,p1,t1) €
T? x By x J,, by Cauchy’s inequality

\afq,p)f(%;pl? t) — 8?q,p)f(Q27p27 ty)] < |8é€q,p)f(Q1>p1, t) — 3é€q,p)f(Q17P1, ts)]

+ |3k flau,pr,t2) — 8é€q,p)f(Q27P2, ta)]
k k?n

< =Rl
(s — ) (s — )

+ }3 2(qu,p1) — 3éqq,p)ft2(Q2ap2)‘

and hence, by the continuity of f with respect to ¢ and the continuity of 8(qp f
with respect to (¢, p), we have the claim. O]

Given w € R™ and a positive real parameter sy > 0, we consider the following
time-dependent Hamiltonian H
(H:T"xBxJy,— R

H(q,p,t) = h(q,p,t) + f(q,p,1),
h e K,

h,fe Al
SuptGJ(] ‘fé‘so < 00, SuptGJo ’a}%Ht"SO <

L (0af)o lso S alt), [(9pf)g lso < b(E), forall t € Jo

where a, b are positive, decreasing, integrable functions on Jj.

Theorem B. Let H be as in with a and b satisfying (# . Then, there
exist h € K, and a Lagrangian analytic asymptotic KAM torus o' associated to

(XHa Xh7 900)

Similarly to Theorem [A] we prove the existence of an analytic asymptotic KAM

torus ¢ of the form
¢'(q) = (¢ +u'(q),v'(q))

for all ¢ € T" and ¢ sufficiently large, where id + u' is a diffeomorphism of the
torus for all fixed t. Furthermore, for a suitable constant C'

Ju!

< OB, |

= < Caft),



for all ¢ large enough. The proof of this theorem is essentially the same as that of
Theorem [A] with suitable minor modifications.

Also in this case, we prove an analogous result regarding real analytic time-
dependent perturbations of constant vector fields on the torus. Let Z be a non-
autonomous vector field on T™ x .Jy of the form

Z T x Jy — R™,
Z(q,t) = w+ P(q,t)
PeA

S0 ?

|Ptls, < P(t) forallteJy

(ZB)

where w € R” and 0 < sy < 1. We assume that P is a positive, decreasing,
integrable function on Jj.

Corollary B. Let Z be as in (Zg|). Then, there exists an analytic asymptotic
KAM torus 9" associated to (Z,w,1d).

Proof. The proof is a straightforward application of Theorem [Bl We consider the
Hamiltonian H defined on T" x B x J; of the form

H(q,p,t) =w-p+ P(q,t) - p.

The latter satisfies the hypotheses of Theorem . Then, there exist h € K, and
an analytic asymptotic KAM torus ¢’ associated to (Xg, Xj, o), where ¢y is the
trivial embedding previously introduced. Moreover, ¢! = (id + u,v") and, for all
fixed ¢, id + ! is a diffeomorphism of the torus. This concludes the proof of this
theorem with ! = id + u'. ]

We point out that the previous argument does not work for Corollary [A] without
asking P € 3272, hence a more regular perturbation. For this reason, the proof of

Corollary [A]is given in Section [5]

3 Asymptotic KAM tori

We recall the definition of C7-asymptotic KAM torus. Let P be equal to T" x B
or T". Given ¢ > 0 and a positive integer k£ > 0, we consider time-dependent
vector fields X' and X! of class C°** on P, for all t € J,, and an embedding g
from T" to P of class C? such that

. t oyt _
tl}gloo |X X0|CG'+k — 0, (31)
Xo(o(q),t) = Ogp0(q)w for all (¢,t) € T™ x J,, (3.2)

with w € R™.

Definition (Definition . We assume that (X, Xo, vo) satisfy (3.1) and (3.2)).
A family of C? embeddings ©' : T" — P is a C?-asymptotic KAM torus associated
to (X, Xo, @o) if there exists v' > v > 0 such that

Jim 6" = oles =0, (3.3)
X(p(q,t),t) = Ogp(q, t)w + Opp(q, 1), (3.4)



for all (q,t) € T" x J,». When P is a symplectic manifold with dimP = 2n, then
we say that ©' is Lagrangian if ©'(T™) is Lagrangian for all t.

In what follows, we analyze a series of properties of C'?-asymptotic KAM tori.
Similar results are obviously true in the case of analytic asymptotic KAM tori.

We observe that we can rewrite in terms of the flow of X. In fact, let
Y1, x be the flow at time ¢ with initial time ¢, of X and ¢y ,(q) = ¢ + w(t — o)
for all ¢ € T" and t, ty € J,».

Proposition 3.1. If the flow v; x is defined for all t, ty € Jy, then (3.4) is
equivalent to

Uiy x 09" (q) = ' 01y, ,(9), (3.5)
forallt, ty € J and q € T™.

Proof. In this proof, we denote the time dependence by indexes. We assume (|3.4))
and we prove (3.5)). For fixed ¢y, let =" be the inverse map of ¢'. It suffices to
show that 7 y and ¢' o)y , o @~ verify the same differential equation. For all

x € pho(T)

d
at (90 ¢t0w 7t0<x))

aqut (wzo,w (90 0 (33)) wto w ( 7t0 )
+ O (wfo,w (90 0(3;))
= qut (77Z)§0 w ( O($)>
= X'oyloq) 00

)
)
)@+ 0 (¢, (97" ()
(

to I),

where wt « Stands for the derivative with respect to t of zZJt w» 1t is obviously equal
to w. The last equality is a consequence of . This concludes the first part of
the proof.

Now, we assume and we prove . We fix ty € J,, for all t € J,» and
x € (T")

d : _
dt ((p ¢t0 w o (l’)) = ,QZ)Z’),X (I) = Xt © ¢£0,X(x) = Xt © (pt © w;o,w © 90 o (l’)
On the other hand, by the chain rule
d

(0 0ty 0 9 7(w)) = Oy (U (970(0))) w0+ B8 (. (970(0)))

We know that ¢™ is an embedding, then there exists ¢ € T™ such that ¢ (q) = .
Thanks to the above equations

X' o g oty u(q) = 0" (Vh0(0) w + 0" (Yg,(0))
for all ¢ € T™ and for all t € J,,. Letting ¢t =ty we have the claim. O
By the latter, it is straightforward to see that (3.4]) is trivial.

Proposition 3.2. If @/}t x 18 defined for allt, to € Jy, it is always possible to find
a family of embeddings satzsfymg .
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Proof. Let ¢ : T" — P be an embedding then, for all ¢, ty € J,» and ¢ € T", we
consider

©'(q) =y, x 0 Plg — w(t — to)).

The latter is a family of embeddings satisfying (3.5). Indeed, by the above defi-
nition of ! we have that ¢'(q) = $(q) for all ¢ € T". Then, by construction, ¢’

satisfies (3.5 and thus ((3.4)). ]
Another important consequence of (3.5)) is the following.

Proposition 3.3. We assume that @D;O,X 1s defined for allt, ty € R. If there exists
a C7-asymptotic KAM torus ¢' defined for all t > ', then we can extend the set
of definition for all t € R.

Proof. For all ¢ € T", we consider

t for all t > v/
¢'(q) = sot(q) o=t (3.6)
Yo x o’ (g—w(t—0)) forallt <o
This is a family of embeddings which verify (3.3)) and (3.4)). ]

Unfortunately, we can not deduce any asymptotic information for the family
of embeddings when t — —o0.

Now, concerning the dynamics associated to a C7-asymptotic KAM torus, we
recall the definition of asymptotically quasiperiodic solution and discuss some prop-
erties of these motions.

Definition (Definition [L.2). We assume that (X, Xo, o) satisfy (L.1) and (L.2).
An integral curve g(t) of X is an asymptotically quasiperiodic solution associated

to (X, Xo, po) if there exists ¢ € T in such a way that

lim [g(t) — wo(q +w(t — 1)) = 0.

t—+00

The following proposition proves that if ¢! is a C7-asymptotic KAM torus asso-
ciated to (X, Xy, o), then each initial point ¢ (q) gives rise to an asymptotically
quasiperiodic solution associated to (X, Xo, ¢o).

Proposition 3.4. Let ¢' be a C7-asymptotic KAM torus associated to (X, Xo, @o).
Then, for all ¢ € T" and ty € J,,

9(t) = ¥4, x ©¥"(q)
is an asymptotically quasiperiodic solution associated to (X, Xo, po).

Proof. Thanks to (]3.5]

g(t) = vy, x 0 9”(q) = ¢'(q +w(t —to))

and hence, by (3.3]), we have the claim. O
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We conclude this section with an important property concerning the case when
X and X, are Hamiltonian vector fields. Let P = T" x B and we assume ¢’ to be
a C7-asymptotic KAM torus associated to (X, Xg, ¢o). In the particular case of
Hamiltonian systems, if the autonomous KAM torus ¢, is Lagrangian, then ¢! is
Lagrangian for all ¢. M.Canadell and R. de la Llave prove it in the discrete case.
Here, we prove it in the continuous case.

Proposition 3.5. Let ' be a C7-asymptotic KAM torus associated to (X, Xo, @o).
If o is Lagrangian, then o' is Lagrangian for allt € J,.

Proof. Let a = dp A dq be the standard symplectic form on T" x B. For all fixed
t, to € J,, the map wt x 1s a symplectomorphism. This means that (¢t0 ia=a
for all fixed t, ty € J,r. By. ), for all tg € J,, and t > 0

Yk ol =t oyl (3.7)
and, taking the pull-back with respect to the standard form « on both sides of the
latter, we obtain

(P) (Wi )" = (Wigl ) (" *) e

We know that ¢t°+t is symplectic then, replacing ( fgtf)*a = « on the left hand

side of the above equation, we have

(¢") o = (i )" (@)

We want to prove that ((¢")*a), = 0 for all ¢ € T", where ((¢")*a), stands for
the symplectic form calculated on ¢ € T". The idea consists in verifying that,
for all fixed ¢ € T", the limit when ¢ — 400 on the right-hand side of the above
equation converges to zero. Then, taking the limit for ¢ — 400 on both sides of
the latter, we have the claim.

We introduce the following notation

©'(q) = (U(q),V(q), wola) = (Us(q), Vol(q))

for suitable families of functions U?, V' : T" — R™ and Uy, Vy : T" — R™. One
can see that, for all ¢ € T™

() (e a), = S als™(q)dg, A das.

1<i<j<n
where forall 1 <i< j<n
Qt0+t(Q) — (8qivt0+t . 8q]- Ut0+t . a Vt0+t aquto—i-t) o 77Dto—‘rt( )

4,7 t() w

We observe that, for all ¢ € T™ and for all fixed 1 <i < j <n
0, V0(q) - 94,Un(q) = 03;,V0(q) - 05,Uo(q) = 0
because ¢ is Lagrangian. Then,

to+t to+t to+t to+t to+t
} |Co < ‘aqz'v 'aqg‘U _a(IjV 'aqz'U ‘CO

< |9, VIrt - 0, U — 03,V - 0, Us | o

12

’(aqivto—i-t . aquto-l-t o aqjvto+t . aquto—i-t) - (aql% . aquO o aqj% . 8qu0)
+ |9, VIO - 0, U — 0, Ve - 0,,Us

oo

oo



and we can estimate each term in the last line of the latter by

|Vt0+t{01 |Ut0+t - U0|01 + |UO|CI |Vt0+t - VE) o1

multiplied by a suitable constant C'. This concludes the proof of this proposition
because, by (3.3)), the latter converges to 0 if { — +o0. ]

4 Proof of Theorem [A]

This section is devoted to the proof of Theorem [A] To this end, we expand the
Hamiltonian H in in a small neighbourhood of 0 € B,

1
hig,p.t) = h(g,0,t) + dph(q.0.) - p+ / (1 — 7)02h(g. 7p, t)dr - p*
0
1
Hap.t) = f(q707t)+3pf(q,0,t)'19+/(1—7)0§f(q,rp,t)dr~p2,
0

we can assume without loss of generality that h(q,0,t) = 0 for all (¢,t) € T™ x Jj.
Letting

w = 0yh(q,0,t)
) = f(g.0,t)

) = 8pf(Q707t>
)

1
= / (1—7) (22h(q,7p,t) + 02 f (q,7p, ) dr
0
= /1(1 — T)@;H(Q, Tp, t)dr,
0

for a positive real parameter T > 1, we can rewrite the Hamiltonian H in the
following form

(H:T"x B xJy— R

H(g,p,t) =w-p+algt) +blgt) p+mlgpt)- p

a,b,02H € 8, (**a)
SUDse g, |0 [core < 00, supe g [07H gore < T,

[0, [corr < a(t), [b'gor2 <b(t), forallte Jy

where a(t) and b(t) are the functions introduced in satisfying (#). This
Hamiltonian is our new starting point. Furthermore, let h be the following Hamil-
tonian

1
h(q,p,t) = h(g,p;1) +/ (1—7)82f(q, p,t)dr - p°
0
for all (¢, p,t) € T"x Bx Jy. Obviously h € K. Moreover, X and X verify (3.1]).
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4.1 Outline of the Proof of Theorem [Al

We are looking for a C7-asymptotic KAM torus ¢ associated to (X, Xj, ¢o),
where H is the Hamiltonian in , h is the Hamiltonian previously defined and
@ is the trivial embedding ¢q : T" — T" X B, vo(q) = (¢,0). More specifically,
for given H, we are searching for v/ > 0 sufficiently large and suitable functions wu,
v:T" x J, — R"™ such that

o(q,t) = (g +ulg,t),v(q, 1))

and in such a way that ¢, u and v satisfy the following conditions

Xu(p(q,t),t) — dgp(q, t)w — Ip(q, t) = 0, (4.1)
lim |u'|ce =0, lim |v*|ce =0, (4.2)
t—+o00 t—+o0

for all (¢,t) € T™ x J,». The parameter v’ is free and it will be chosen large enough
in Lemma [£.3] below.

The proof rests on the implicit function theorem. To this end, we need to
introduce a suitable functional F given by (4.1)). We consider

m(q,p,t)p = </01 O2H (q,7p, t)dT> p=29, (m(q,p, t) ~p2>-

This is well defined because
1
Op <m(q,p, t) -p2) = 0, (/ (1-— T)@EH(q, Tp, t)dT -p2)
0
1
- o,( [ w-ome )
0
1 1
- [ e i - ( | t)dT) "

where the second equality of the latter is due to the change of variables & = 7p.
Going back to the definition of the functional F, we observe that the Hamiltonian
system associated to the Hamiltonian H is equal to

B w + b(q,t) + m(q, p, t)p
XH((Lp? t) - (_anL(q’ t) — aqb(q, t)p - aqm(CI7p7 t)pﬂ ’

where we recall that H is the Hamiltonian defined by . We introduce
¢(q,t) = (¢ +ulg,t),v(g,t),t), ulgt)=(q+ulq,i)?),

for all (q,t) € T" x J,. Composing the Hamiltonian system Xy with ¢, we can
write Xy o ¢ in the following form

o B w+bou(g,t) +mo@(q,t)v(g,t)
Xpop(g,t)= <_3qa o @(q,t) — dgb o (g, t)v(q,t) — dym o G(q,t) - v(q, t)2>
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for all (¢,t) € T" x J,» and moreover

O,p(q, t)w + Opp(q,t) = (w + 0,u(q, t)w + dyu(q, t))

O0qv(q, t)w + Ov(q, t)
for all (¢,t) € T" x J,». We define

Vu(q, t)Q = dyu(q, t)w + du(q,t), Vu(g, 1) = 0,v(q, t)w + dw(q,t)
for all (¢,t) € T™ x J,». Then, we can rewrite in the following form

(oot G e - () @

This is composed of sums and products of functions defined on (¢,t) € T"™ X J,r,
we have omitted the arguments (g, t) in order to achieve a more elegant form. We
keep this notation for the rest of this proof. Over suitable Banach spaces, that we
will specify later, let F be the following functional

Fla,b,m,m,u,v) = (F1(b,m,u,v), Fs(a,b,m,u,v))
with
Fi(b,m,u,v) = botu+ (mop)v—(Vu)Q,
Fy(a,b,m,u,v) = O,ao0i+ (boa)v+ (9ymop) v+ (Vv)Q.
The latter is obtained by and we observe that for all m and m,
F(0,0,m,m,0,0) =0.

We can reformulate our problem in the following form. For fixed m and m in a
suitable Banach space and for (a,b) sufficiently close to (0,0), we are looking for
some functions u, v in such a way that F(a, b, m,m,u,v) = 0 and the asymptotic
conditions are satisfied.

Concerning the associated linearized problem, the differential of F with respect
to the variables (u,v) calculated on (0,0,m,m,0,0) is equal to

D) F(0,0,m,m, 0,0) (i1, 9) = (mod — (Vi) 2, (V) Q)

where, in according to the notation previously introduced, for all (¢, t) € T™ x J,,
we let mo(q,t) = m(q,0,t).

The proof of this theorem is a straightforward application of the implicit func-
tion theorem if we assume the following norm

sup |a’|go+2 + sup 19ylcons sup Yo
tedo es, alt) T e b(t)

to be sufficiently small. To avoid this smallness assumption, we study the problem
from another point of view. We are looking for a C?-asymptotic KAM torus
defined for ¢ sufficiently large in such a way

|6qat|ca+1, |8qbt|co+1

15



are sufﬁciently small. It suffices for proving the existence of functions (u,v) satis-
fying (4.1 and .

The followmg four sections are devoted to the proof of Theorem [A]l In the first,
we introduce suitable Banach spaces on which the previous functional is defined.
The second is dedicated to solving the homological equation, which is the main
tool to prove that D(,.)F (0,0, m,m,0,0) is invertible. In the penultimate section,
we verify that F is well-defined and satisfies the hypotheses of the implicit function
theorem. Finally, the last section concludes the proof of this theorem.

4.2 Preliminary Settings

Given positive real parameters ¢ > 0, v > 0 and a positive integer £ > 0, we recall
that S¢ and S‘g,k are respectively the spaces of functions defined by Definition
and Definition 2.2 We introduce the following norm that we will widely use in the
rest of this section. For every f € SY and for a positive real function u(t) defined
on J,, we define

|£15.0 = sup lﬁ(lg (4.4)

teJy

Furthermore, we recall that for all positive, decreasing, integrable functions u on
Ju, we let @ be

i(t) = /t m u(r)dr

for all t € J,.

Now, let ¢ > 1, v > 0 and T > 1 be the positive parameters introduced
in and (#). For v/ > v > 0 that will be chosen later, we consider the
following Banach spaces (A, | - |), (B, - [}, (U] -]}, (V.- 1), (Z,]-]) and (G| )
(see Appendix |C)

A = {a :T"x Jy —+R|ac 357'2 and |a| = |a|§,+2,1 + |aqa|gl+1,a < OO}
= {0 T gy o R b e ST, and [b] = 0], < o]
U = {u: T x Jy >R |u, (Vo) Q € 7
and [u] = maxc{|u] /5, | (Vi) QJ15,} < o0}
Vo= {uiT sy S R o, (Vo) Qe SY
and [v] = max{|v]yz, | (V) Q1) < oo |
z = {z LT X Jy = R z€8Y, and |2] = |2[7), < oo}

= {g:T”xJU/—>R|g€3§,’/and|g|:|g|g:a<oo}

where, in the definition of A, the norm |a|g/+271 = Sup;e;, |a'[co+2. This means
that 1 stands for the function identically equal to 1 for all ¢t € J,,. Let M, be the
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set of the n-dimensional matrices. We introduce another Banach space (M, |- |)
in such a way that

M = {m :T"x Bx Jy — M, |me Sg,; and |m| = |m\§/+271 < T}

where Y is the positive parameter in . Now, we have everything we need to
define more precisely the functional F introduced in the previous section. Let F
be the following functional

FAXBXMxXMxUXxYVY —ZxG

F(a,b,m,m,u,v) = (Fy(b,m,u,v), Fy(a,b,m,u,v))
with

Fi(b,m,u,v) = bou+ (mog@)v— (Vu),
Fy(a,b,m,u,v) = O,ao0i+ (9bot)v+ (9ymop) v+ (Vv)Q.

4.3 Homological Equation

Given ¢ > 0, v > 0 and w € R"”, in this section, we solve the following equation
for the unknown s : T" x J, - R

{w - O0y3e(q,t) + Op2(q,t) = g(q,t),

HE
gESY gty < oo (HE)

where g(t) is a positive, decreasing, integrable function on J, and g : T" x J, — R
is given.

Lemma 4.1 (Homological Equation). There ezists a unique solution »x € SY

of (HEL|) such that
lim |5 |co = 0. (4.5)

t—+o00
Moreover,
1oz < l9log-

Uvg -

Proof. FExistence: Let us define the following transformation
h:T"x J, = T"x J,, h(g,t)=(q—wt,it),

which is the key to solving the homological equation.
We claim that it is enough to prove the first part of this lemma for the much
simpler equation
Ok = g(q + wt, t). (4.6)

As a matter of fact, if k is a solution of the latter satisfying the asymptotic con-
dition (4.5)), then x = ko h is a solution of (H F 4 satisfying the same asymptotic
condition and viceversa. For the sake of clarity, we prove this claim. Let s be a

solution of ((H FE 4| verifying the asymptotic condition (4.5]), then
O(scoh™)=0xoh™ w+dxoh ™t =goh™!,
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where the last equality is due to (HE4)). This implies that k = scoh™! is a solution
of (4.6) and by

N
|/it|Co = | (%o h 1) lco < |%t|co

k = » o h~! satisfies the asymptotic condition because s¢ does. Viceversa, let k be
a solution of (4.6]) satisfying the asymptotic condition (4.5)), then

Oy(koh) - w+0O(koh)=0koh-w—0;xoh-w+dkoh=g.
By (4.6)), we have the last equality of the latter. Hence, koh is a solution of (H £ ).

Moreover, thanks to
5 |co = [ (k0 h) oo < |K'|co

» = k o h satisfies the asymptotic condition (4.5). This proves the claim.
For all ¢ € T a solution of (4.6) exists and

k(q,t) =e(q) + / 9(q+ wr, T)dr

with a function e defined on the torus. We have to choose e in such a way that s
satisfies the following asymptotic condition for all fixed ¢ € T™

—+o00
0= lim x(q,t) =e(q) +/ 9(q +w, T)dT.

t—+o0

There is only one possible choice for e, and that is

+oo
e(q) = —/ 9(q + wr, T)dr.
This implies that
+oo
’{(Qat) = _/ g(Q+WT7 T)dT
t

is the solution of (4.6 we are looking for. Therefore, e is well defined, indeed

400 +oo
/ 9(q +wr,r)dr| < |gl2, / g(r)dr = |gl2 & (v) < oo.

Moreover,

+oo +oo
Klov < [ 17leodr <ol [ ()i = ol (0,
t t

since g(t) converges to 0 when ¢ — +oo, taking the limit for ¢ — +o0 on both
sides of the latter, we have that |k'|co — 0 when ¢ — +o0o. This concludes the
first part of the proof because

Aaut) = bl ) =~ [ " gl w(r— ), 7)dr

is the unique solution of (H E4|) verifying (4.5)) that we are looking for.
Regularity and Estimates: We observe that g € &Y implies k € & and hence

»n=rkoheS;. Moreover, for all fixed t € J,

|5 |oe < 19l ¢B(1)-
Multiplying both sides of the latter by ﬁ and taking the sup for all ¢t € J,,, we
prove the second part of this lemma. O
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4.4 Regularity of F
We recall the definition of the functional F,

F AXBXMxXMxUXxYVY —ZxG

Fla,b,m,m,u,v) = (F(b,m,u,v), Fs(a,b,m,u,v))
with

Fi(b,m,u,v) = bou+ (mog)v— (Vu),
Fy(a,b,m,u,v) = O,ao0i+ (9boa)v+ (9ymop) v+ (Vv)Q.

Here, we verify that F satisfies the hypotheses of the implicit function theorem.

Using the properties in Proposition (see Appendix and , one can prove
that F is well defined, continuous and differentiable with respect to the variables

(u,v). Let Dy ) F be the differential of F with respect to (u,v), we have that

Dy Fi(b,m,u,v)(0,0) = Dy Fi(b,m,u,v)t+ D,Fy(b,m,u,v)v

= (Oou)a+v" (Ogmo@)i+v" (9mo@)d
(mo@)v— (Vi) (4.7)
Dy Fs(a,b,m,u,v)(4,0) = DyFs(a,b,m,u,v)i+ D,Fs(a,b,m,u,v)v
(B2aod)t+v" (O2bod)a+ (v1)* (82mo @) d
(Ogbo @) o+ (v")? (92;mo @) b+ 20" (Oym o @)
(Vo) €, (4.8)

+

|
>

—- -
0¢)

where T stands for the transpose of a vector and D,, D, are respectively the
differentials with respect to u and v. Furthermore, one can show that D(,.)F is
continuous. Now, we observe that this differential calculated on (0,0, m,m,0,0)
is equal to

In the following lemma, we verify that the latter is invertible for all fixed m,
m € M. First, to avoid a flow of constants, let C(-) be constants depending on n
and the other parameters in brackets. On the other hand, C stands for constants
depending only on n.

Lemma 4.2. For all (z,9) € Z x G there exists a unique (i,0) € U x V such that
D(u,v)]:(07 07 m,m, O’ O) (ﬂ’ @> = (27 g)
Moreover, there exists a suitable constant C' such that

[a| < CTAlglya + 2o, 18] < gl (4.10)

o,a’

where we recall that |u| = max{|1l|g:5, | (V) Q|g/b} and |0 = max{|73|§:5, | (V) QY. }-

Furthermore, A is the constant in and T is defined in .
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Proof. The proof of this lemma rests on Lemma Indeed, thanks to (4.9)), we
can reformulate the problem in the following form. Given (z,g) € Z X G, we are
looking for the unique solution (u, ) € U x V of the following system

{(va) Q = mgd — 2 (@11)

(Vo) Q2= g.

By Lemma [.1] the unique solution o of the last equation of the latter system
exists and satisfies
0065 < [9l5a-

oa —

Moreover, by | (V) QY = [g]%,, we have the second estimate in (4.10)

v
o,a’

[0 = max{[o];5, | (V0) 2} < |9l a- (4.12)

o,a’

Now, it remains to solve the first equation of (4.11]) where ¢ is known. For all fixed
t € J, and thanks to property 2. of Proposition , the first condition of

and (E.12)

|(mod — 2)"|co ©']ce | |#'|oe [2cr | [2]ee
oY < CTA

b(?) = %0 T S al) b

< CTAB|S R+ |25 < CTAlgls o + |25,

for a suitable constant C'. Taking the sup for all ¢ € J,» on the left-hand side of
the latter, we obtain

[mo® — 2|Y < CTA|glss + 212
and hence
| (Vi) Qfgy, = [me? — 2[5 5 < CTAg|7, + |2]5b-
Thanks to Lemma the unique solution @ of the first equation of (4.11)) exists

verifying
|ily 5 < [Mod = 2[5 pey < CTAlglga + [2[0 0

This concludes the proof of this lemma with C' = C' because

@] = max{|al) 5, | (Va) Qsp} < CTAlgl7a + |2l5s.

4.5 (“7-asymptotic KAM torus

In the previous section, we proved that the functional F satisfies the hypotheses
of the implicit function theorem. Here, we prove the existence of a C'?-asymptotic
KAM torus associated to (Xp, Xj, @) and we conclude the proof of Theorem .
Let © = (a,b), where a and b are those defined by . Obviously (a,b) €

A x B and
|aqa’g,+1,a <1 |b’g,+2,b <1 (4.13)
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We introduce the Banach space (Y, |-|) where Y = U xV and, for all y = (u,v) € ),
ly| = max{|u|, |v|}. Let m, m € M be as in and we consider

F(z,m,m,y) = Dy F(0,0,m,m,0,0)y +R(x,m,m,y).
The aim is to find y € Y in such a way that
‘F(x7 m7 m? y) = 07

where we recall that we have fixed x, m and m. This is equivalent to find y € Y
such that

y = —D(uuwF(0,0,m,m,0,0)" ' R(z,m,m,y)
= y— D@wnF(0,0,m,m,0, 0) ' F(z,m,m,y).

This is well defined because we have already proved that D, .)F(0,0,m,m,0,0)
is invertible (see Lemma [4.2)). To this end, we introduce the following functional

»C(l’,TTL,T?L,') :y — y
in such a way that
ﬁ(ZE, mvma y) =Yy—- D(u,v)F«)a O7m7 m7 07 0)_1.7:(m,m, mvy) (E)

This is well defined and, by the regularity of F, we deduce that £ is continuous,
differentiable with respect to y = (u,v) with differential D,L continuous. The
proof is reduced to find a fixed point of the latter. For this purpose, we introduce
the following lemma.

Lemma 4.3. There exists v' large enough with respect ton, o, T, A and b, such
that, for all y.,y € Y with |y.| <1,

_ 1

Proof. The proof relies on Lemma 4.2 By (£)), for all y,,y € Y
Dy‘c(xv ma mv y*)y
= D(U,U)‘F(O> 07 m, 77_1, 07 0)71 (D(U,U)'F<O7 O? m, m? 07 O) - D(UKU)‘F('T> m, m7 y*)) Y.

We can reformulate this problem in terms of estimating the unique solution § =
(a,0) € Y of the following system

D(u,v)f(07 0,m,m,0,0)§ = <D(u,v)"t(07 0, m,m, 0, O) - D(u,v)]:(x’ m,m, y*)>y (4'15)

Therefore, it suffices to estimate the right-hand side of the latter and apply Lemma
4.2l First, let us introduce the following notation. We observe that y. = (u.,v.) €
Y and, for all (¢,t) € T" x J,r, we let

U.(q,t) = (¢ +u(q,1),1),  Pulq,t) = (g +uilq, 1), ve(q, 1), 1).
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Thanks to (4.9), the right-hand side of (4.15) is equal to

(D(W)J-“(O,O,m,m, 0,0)~ Dy oy Fla. m,m,y*)>y _ (mov — (Vu)Q — D(u,v)Fl(b7m7y*)y>

(VU) Q- D(u,v)FQ (xu m, y*)y

where, by (4.7) and (4.8),

mov — (Vu) Q@ — Doy Fi(b,m, y)y = (Mo —mo @) v — (Ogbo i) u
— v (Ogm o @) u— vl (Fpim o .)v
(Vv)Q = Doy Fo(,m,y)y = — (0iaoci,)u—v] (92boi)u
W (@mo g u (o)
— (W) (92,mo@.)v—2v] (9;mo @) v

Thanks to property 2. of Proposition [A.2] we can estimate the first member on
the left-hand side of the latter as follows

t

‘(mov — (Vu) Q = Doy Fi (b, m, y.)y) o < C’(a)( ‘ (mh —mo S5*)t‘cg Eigps
+ [(@gbo @) |, |u'] o
+ |otler [@gm o @4)'| s lu'len
+ [otles | @ e 8| V'l )

for all t € J,,. We point out that |y.| = max{|u.|,|v.]} < 1. Hence, we have
to find an upper bound for each member on the right-hand side of the previous
inequality. For all t € J,»

[0 =m0 )| [0'lor < C(0) ([0 (1d + e, 70 )ik o
+ \am(ld—l—Tu*,Tv* \Cv)\ "o
< C(o)Y (1+b') +a()) [ul]ee|v!]cr
+ C(@)T (14 b)) +a()) [vl]ee|vt]cr
< Co)T (\u*rb<>+\v*| (1)) lola)
< Co)TABW)|yIb(t) + C(o) YA (W) y/b()

The first line of the latter is a consequence of the mean value theorem for a suitable
€ [0,1]. Concerning the second inequality, it is due to properties 2. and 5. of
Proposition . Moreover, we use also that, thanks to and for v’ large enough,
we may assume b(v') < 1 and a(v’) < Ab(v') < 1. In the penultimate line on
the right-hand side of the previous inequalities, we apply the following estimate
1+b(v)+a() <3forallt €.y Inthe last line, we use the first condition
in ().
Similarly to the previous case, thanks to property 5. of Proposition the
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first condition in (#), (4.13) and b(v') < 1, a(v') < 1, we obtain

(90 @)'| o, u C(0) 0]y 42b(t) (1 +b(v)) Julb(?)

le-

)
C(o)b(V)[y[b(t)
vl |co | (Bgm 0 @) o 1uf o C(o)|v.]a(t)Y (1+b(v') + a(v')) [ulb(t)
C(o)TAb(v") y[b(t)

C(o)|v.|at)Y (1 + b(v") +a(v)) |v[a(t)
C(o)

o) TAb(u) y|b(t),

vt lce [(Opm o 3.)' ., [0

IA A IA AN IA

for all t € J,». Now, for v’ large enough, the previous estimates imply

t

1

Cco

for all t € J,». Multiplying both sides of the latter by ﬁ and taking the sup for
all t € J,/, we obtain

— _ UI ].
g = (V) @ = Dy Fi (b1, )2, < 5l (4.16)

Similarly to the previous case,

t

IA

’ ((VU) Q- D(U,U)F2(xa m, y*)y)

C@)(|@acw)| , vl
oo | (@200

*

Co

v

co o ‘“t ‘cv

200 (8§m o gb*)t‘ca [u®| o

‘(3qb o ﬂ*)t‘cg |v

t
*

v

o

ol [@mo 2| [+
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for all t € J,,. Therefore, we have to estimate each member on the right-hand side
of the latter. We begin with the element in the second line. For all t € J,»

Clo)|vtlen|bly o pb(t) (1+ b)) [u'|cs
C(o)a(t)[bly s ,b(®)|ulb(t)
C(o)Ab(v)[yla(t).

v} |co

(@2oi)|  fu'les

ININIA

The first line of the above estimate is due to property 4. of Proposition and

b(v') < 1. In the second line we use |[vl|ce < a(t) and |uf|ce < |ulb(t) for all

t € J,. The last inequality is a consequence of the second condition of .
Thanks to property 5. of Proposition , #H. and b(v') < 1,a(v') <1,
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in the same way we have
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for all ¢t € J,». Then, for v/ large enough

1
~ 4CTA

for all t € J,,. We recall that C' is the constant introduced in Lemma [4.2] Mul-
tiplying both sides of the latter by and taking the sup for all t € J,, we
obtain

(V0) 2 = Doy Folr.m, )y | < =i lylal®)

t

< _1
— 4CTA

‘((VU) Q- D(u,v)FQ(x7 m, y*)y‘ia ’y| (417)

This concludes the proof of this lemma because, thanks to Lemma [4.2] the unique

solution of (4.15) exists and by (4.16)), (4.17)

’ﬁl S |m0’l}— VU)Q—Dqul(bam7y*)yU

/

+ OTA|((Vv) Q — Dy Fola,m, . y\ |y|

o‘a—2

. 1

oa ™ 4CTA
O

We observe that the choice of the constant 1 in the ball |y.| <1 is completely
arbitrary. One can choose another threshold provided to take v’ sufficiently large.

Now, the previous lemma proves that £(x, m,m,-) is a contraction of a com-
plete subset of )). Then, there exists a unique fixed point y € Y with |y| < 1. This
concludes the proof of Theorem [A]
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5 Proof of Corollary [A]

The proof is essentially the same as that of Theorem[A] Because of that, we will not
give all the details. However, we will provide the necessary elements to reconstruct
the proof.

We are looking for a C7-asymptotic KAM torus ¢' associated to (Z,w,Id),
where Z is the vector field defined by . This means that, for given Z, we are
searching for v > 0 sufficiently large and a suitable function u : T" x J, — R”
such that

Y(q,t) = q+u(q,t)

and, in addition, v and u satisfy

Z(¢(Q7 t)v t) - aquz)((b t)w - atdj(q; t) = O’ (51)
im_uf]cr =0 (5.2

for all (¢,t) € T™ x J,». We will choose v’ sufficiently large in Lemma Similarly
to the proof of Theorem [Al we introduce a suitable functional F given by (/5.1).
To this end, we define

¥(g,t) = (¢ + ulg, 1), 1),
for all (¢,t) € T™ x J,». The composition of Z with ¥ is equal to
Zoqﬂ(q,t) :w+Pozﬁ(q,t)

and
0y(q, t)w + 0p(q,t) = w + Oyu(q, t)w + dyu(q,t)

for all (¢,t) € T™ x J,». We recall the notation introduced in the previous section
Vu(g, t)Q2 = dyu(q, t)w + du(g, t)
for all (¢,t) € T™ x J,». Then, we can rewrite in the following form
Potp— (Vu)Q =0, (5.3)

where we have omitted the arguments (g, t).

Before the introduction of the functional F, let v > 0 and ¢ > 1 be the positive
parameters defined in Corollary . For v/ > v > 0 that will be chosen later, we
introduce the following Banach spaces (P, |- |), (U,]-]) and (Z,]-|)

- {P T x Jy > R | P eS8y, and |P| = [PV, p < oo}
U = {u:T"x Ty — R |u, (Va)Q € S
and Ju] = max{|ulZp, | (Vu) Ql5p} < 00}

o

z2 = {5 T xJy o R |z €8, and 2] = |2|Yp < o0}
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Let F be the following functional
F:PxU—2Z
F(P,u) =P ot — (Vu)Q.
This is obtained by and we observe that
F(0,0) = 0.

We can reformulate our problem in the following form. For P € P sufficiently
close to 0, we are looking for u € U in such a way that F(P,u) = 0.

Concerning the associated linearized problem, the differential of F with respect
to the variable u calculated in (0,0) is equal to

D F(0,0)i = — (Vi) Q.

The functional F is well defined, continuous, differentiable with respect to u
with D, F (P, u) continuous. Moreover, as a straightforward consequence of Lemma
, D,F(0,0) is invertible. Then, F satisfies the hypotheses of the implicit func-
tion theorem.

Now, similarly to the proof of Theorem [A] we fix P as in Corollary [A] and we
introduce the following functional

LP):U—U
in such a way that
L(P,u) =u— D,F(0,0)" " F(P,u).

We recall that P is fixed and the proof of Corollary [A] is reduced to find a fixed
point of the latter. To this end, we have the following lemma

Lemma 5.1. There exists v' large enough with respect to n, o and P, such that,
for all u,,u € U with |u.| <1,

1
| Dy L(P,u)u| < §\u|

Therefore, L(P,-) is a contraction of a complete subset of P and this concludes
the proof of Corollary [A]

6 Proof of Theorem

The proof of this theorem is extremely similar to that of Theorem [A] We expand
the Hamiltonian H in in a small neighbourhood of 0 € B. Then, thanks to
Proposition 2.1 and for a positive parameter T > 1, we can rewrite the Hamiltonian
H in the following form

(H:T"x Bx.J,—R

H(q,p,t) =w-p+alg,t) +b(g,t) - p+mlgpt)-p?

a,b,02H € A9, (+*p)
SUPye g, |a']s < 00,  sup,ey, \@%Ht\s <,

| 10,']s < a(t), [b], <b(t), forallte
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where s = % and | - [, is the analytic norm. Furthermore, a(t) and b(t) are the

functions introduced in satisfying and A? is the space of functions defined
in Definition 2.3

We consider the following Hamiltonian
- 1
h(q,p,t) = h(q,p,t) + / (1—=7)02f(q,7p, t)dr - p°.
0

for all (¢,p,t) € T" x B x Jy. It is obvious that h € K, and Xy, X; verify (T.1).

6.1 Preliminary Settings

We are looking for an analytic asymptotic KAM torus ¢" associated to (X g, Xj,, o),
where H is the Hamiltonian in , h is the Hamiltonian previously defined and
¢o the trivial embedding ¢g : T" — T" x B, ¢o(q) = (¢,0). More specifically, for
given H, we are searching for v’ > 0 sufficiently large and suitable functions u,
v:T" x J, — R™ such that

o(q,t) = (g +ulg,t),v(q,t))

and in such a way that ¢, u and v satisfy

X (e(g,1),t) — Oyp(q, hw — Brp(q, 1) = 0, (6.1)
lim |u'ls =0, lim [v*]s =0, (6.2)
2 t——+o00 2

t——+o0

for all (q,t) € T™ x J,s. Similarly to Theorem |[A] we will choose v' large enough
in Lemma (v" will be already required large in Lemma .
To this end, we introduce a special norm and suitable Banach spaces. Given

s> 0 and v > 0, for every f € AY and for positive real functions u(t) defined on
Jy, we consider the following norm

v ’ft’-s
|f|s,u = sup (t)

teJ, U

It is the analytic version of the norm defined in the finitely differentiable case

by .

Let v >0, s > 0and T > 1 be the positive parameters introduced by
and . For v/ > v > 0 that will be chosen later, we consider the following
Banach Spaces (A7 | ) |)7 (Ba | ) |)’ (ua | ' |>’ (V7 | ’ |)7 (Z7 | ) |)7 (g’| ’ |) and (M7 | ' |>
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= {0 T"x Jy > R|a € A anda] = [al?, + 0yl < o0}
= {01 X g S R be A, and [b] = bl < oo}

U = {U;T” X Jy = R |u, (V) Q € AY

g’b} < oo}

y = {U;T” x Jy = R0, (Vo) Q € AY

Ya < oo}

Zz = {Z;"]I‘"XJU,—>]R”|26A”' and]z|:|z|%/,b<oo}

and |u| = max{|u

g,f,v | (VU’) Q

and |v| = max{|v

Yol (V0) 0

s
3 Y

g = {g:T”xJU/—>R|g€Agand|g|:|g

g:a < oo}
M= {m T By o My [ me A and [m| = |ml2, < T}
The risk of mixing the Banach space A with the space of functions AY is small.
Concerning A, we have that |a|?; = sup, 7, la'|s, similarly for M. Regarding
the last Banach space M, we recall that M, is the set of n-dimensional matrices.
These are the analytic version of the Banach spaces introduced in the finitely
differentiable case (see Section [4.2)).
Now, let us introduce the following subspace X of A X B X M x M xU x V,
in such a way that
X = {(a,b,m,m,u,v) EAXBXMXMXUXYV:
0l <1, Bl < 1, fm| < T, fm| <Y, Jul <1, Jo < 1.
Let F be the following functional
F: X —ZxgG (6.3)
Fla,b,m,m,u,v) = (F(b,m,u,v), F5(a,b,m,u,v))
with
Fi(b,m,u,v) = botu+ (mog)v—(Vu),
Fy(a,b,m,u,v) = da0i+ (9bod)v+ (ymoP)-v*+ (Vo) Q.
Similarly to Section , this functional is obtained by (6.1). Therefore, con-
trary to the proof of Theorem [A] we have to define F on a suitable subspace X of
AXBx Mx M xU x V. This is because we have to control the domain of ana-

lyticity of the components of F. We have to verify that F satisfies the hypotheses
of the implicit function theorem.

6.2 Homological Equation

Given s > 0, v > 0 and w € R", we are looking for a solution of the following
equation for the unknown s : T? x J, = R

{w - 0y5¢(q, 1) + (g, t) = g(q, 1),

HE
geAr, |glv, < oo (HEp)
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where g(t) is a positive, decreasing, integrable function on J, and g : T? x J, — R
is given.

Lemma 6.1 (Homological Equation). There exists a unique solution »x € AY

of (HEg|) such that

lim |%t‘oo = 0.
t—+o00

Moreover,

)0 g < lglig

Proof. The proof of this lemma is essentially the same as that of Lemma [4.1]
Existence: Let us define the following transformation

hg,t) = (g — wt, ),

then h : T} x J, — T7 x J, because w € R", t € J, C R and thus ¢ —wt € T7
it and only if ¢ € T?. The fact that ¢ is real and not complex is of fundamental
importance. This ensures that the latter transformation is well-defined.

It is enough to prove the first part of this lemma for the much simpler equation

Ok = g(q + wt, t).

The unique solution of the above equation satisfying the asymptotic condition is

“+o00
k(g,t) = —/ g(q +wr, 7)dr
t

and hence

(g, ) = K0 h{g, 1) = —[ " glat wlr — 1), 7)dr

is the unique solution of (H Eg|) that we are looking for.
Regularity and Estimates: g € A? implies k € AY and hence »x = ko h € AY.
Moreover, for all fixed t € J,,

5|5 < lgls gB(2).

We prove the second part of this lemma by multiplying both sides of the latter by

$ and taking the sup for all ¢t € J,,. O

6.3 Regularity of F

We begin this part with the following quantitative lemma. It is of fundamental
importance to prove that F (see (6.3)) is well defined. The following lemma
imposes the first restriction on v/. We will take a stronger one after.

Lemma 6.2. For v’ large enough with respect to s, A and b, if (u,v) € U x V
satisfies the following estimates |u| < 1 and |v| < 1, then

S

sup |u'[s < sup |v’

Y S
ted, 8 ted,

ES
2

ool »
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Proof. 1f |u| <1 and |v|] < 1, then by

<b(t) <b(), [

Ju!

. < a(f) < Ab(t) < Ab().

%
for all t € J,. Now, for ¢/ large enough, we have the claim. m

Thanks to the previous lemma, the properties in Appendix and , one can
prove that F is well defined. Moreover, similarly to Theorem [A] it is continuous,
differentiable with respect to the variables (u,v) and Dy, ,)F is continuous. We
recall that Dy, ,) stands for the differential with respect to (u,v). Furthermore,
D) F calculated on (0,0, m,m,0,0) is equal to

D) F(0,0,m,m,0,0)(q,0) = (me0 — (V) 2, (V1) ),

where, for all (¢,t) € T" x J,/, mo(q,t) = m(q,0,t). As one can expect, for all
fixed m, m € M, D, ,)F(0,0,m,m,0,0) is invertible. More specifically, we have
the following lemma

Lemma 6.3. For all (z,9) € Z x G there exists a unique (u,0) € U x V such that
D) F(0,0,m,m,0,0)(,0) = (2, 9).

Moreover, for a suitable constant C
8] < CTAIGlY o + 2% 15] < lglY

Proof. The proof is essentially the same as that of Lemma It relies on Lemma
0. 1] O

6.4 Analytic asymptotic KAM torus

Let a and b be the functions introduced by (fxg). It is straightforward to verify
that (a,b) € A x B and

0,alta <1, bl < 1. (6.4)

We introduce the Banach space (Y, |-|), such that Y = U xV and for all y = (u,v) €
Y, |y| = max{|u|, |v|}. Following the lines of the differentiable case (Section (4.5))),
we fix m, m € M as in (kxg]), we let @ = (a,b) and we introduce the following
functional

L(x,m,m,-):Y — Y

in such a way that
‘C(:Ea m, mv y) =Yy — D(u,v)"r<0a 07 m, m? 07 0)_1‘/—'(1‘, m, m> y) (‘C)

This is well defined and, by the regularity of F, we deduce that £ is continuous,
differentiable with respect to y = (u,v) with differential D,L continuous. The
proof is reduced to find a fixed point of the latter. For this purpose, we state the
following lemma, which is the analytic version of Lemma [4.3]
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Lemma 6.4. There exists v' large enough with respect to s, T, A and b, such
that, for all y.,y € Y with |y.| <1,

_ 1
’Dyﬁ(x> m,m, y*)y’ S _ly’

Proof. The proof of this lemma is extremely similar to that of Lemma [4.3] For
this reason, it is omitted. O]

The above lemma proves that £(x,m,m,-) is a contraction and this concludes
the proof of Theorem [B]

A Holder classes of functions

This part is dedicated to a very brief introduction to Holder classes of functions
C?. Let D be an open subset of R". For integers k > 0, we denote by C*(D) the
spaces of functions f : D — R with continuous partial derivatives 9°f € C°(D)
for all @ € N* with |o| = a1 + ... + a,, < k. We define the norm

| fler = sup |0 flco,

| <k

where [0%f|co = sup,ep |0%f(x)| denotes the sup norm. For ¢ = k + p, with
keZ,k>0and0< u <1, the Hélder spaces C?(D) are the spaces of functions
f € C*(D) such that |f|ce < oo, where

Flor = sup [6° fleo + sup 2D = W] (A1)

la|<k o=k |z — y|#

In the case of functions f = (fi, ..., f) with values in R", we set | f|ce = maxi<;<y | fi|ce-
Moreover, in agreement with the convention made above, if M = {m;;}1<; < is a
n X n matrix, we set |M|co = maxi<; j<p |[Mij|co.

In what follows, we have some properties of these norms that we widely use
in this work. First, we recall that C(-) stands for constants depending on n and
other parameters into brackets.

Proposition A.1. For all f € C7*(R"), then
11657 < Clo)|f1Ga’ [ f1eer for all 0 < 09 <o <01,
Proof. We refer to [H576] for the proof. O

Furthermore, we have the following Proposition.

Proposition A.2. We consider f, g € C°(D) and o > 0.

1. For all 5 € N, if ||+ s = o then %JCC <|flce-

2. |fglee < C(a) (Ifleolgles + 1 flow|gleo)-
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Now we consider composite functions. Let z be defined on Dy C R"™ and takes its
values on Dy C R™ where [ is defined.
Ifo <1, f € CYDy), z € C7(Dy) then foze C7(Dy)

3. |fozlee < C(|flerlzlee + | fleo).
Ifo <1, feCo(Dy), z€ CYDy) then foze€ C?(D)
4. |f o zler < C(|flee|Vzlgo + 1 fleo).
Ifo > 1 and f € C°(Dy), z € C?(Dy) then foze C?(Dy)
5. |fozles < C(0) (Ifloe|Vzlge + | fler|V2|oo-t + [ floo).
Proof. The proofs of the properties contained in this proposition are similar to

those in [H676]. The first is obvious. For the second, we refer to [H76]. Properties
3. and 4. are quite trivial. We prove the last property. By (A.1),

[fozles < [floo +|(Vfoz) Va|ge, (A.2)

where T stands for the transpose and (V foz)TVz is the vector having i component
equal to ((Vfo02)TVz). =V foz-0,z Thanks to the property 2.

)

|fleo +(Vfoz)Vz|gem
|flco + C(0)|Vfozlgo1|Vz|co + C(0)|Vfoz|lco|Vz|gor.

|fozlce <
<

The last term of the latter is bounded by |f|c1|Vz|ge-1, it remains to estimate
IVfozlce1|Vzlco. If 0 <2, |Vfozlcot < |flee|Vz|Z' + | fler thanks to 4..
Then

IVf o 2lge1|Vz|co C(o) ([flee1Vz[¢o + | fler[Vz]eo)

<
< Co) (flesIV2lgo + [ fler[Vzleo)

whence the property holds in this case. If o > 2, assuming that 5. is already
proven for ¢ — 1, we find

[V foz|co-1|Vzloo < C0) (IV floo-1|V2|go + [ fle2 [Vzloo—2 |V zlco + | fler [V 2| o) -

It remains to find a good estimate for the central term. By Proposition

o=2 1 1 o2
flealValewaVeleo < Clo) (118" ) (1931287193162 ) 92l
o—2 1
< Clo) (Ifler[Valgr—1) 7=t (I flee [V2[go) 7T
since a’*b'~* < C(a +b) for 0 < A < 1, we have the claim. O
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B Real analytic classes of functions

This section will collect some well-known facts about real analytic functions. For
some s > 0, we begin with the introduction of complex domains

Ty = {qeC"/Z":|Im(q)| < s}
B, = {peC":|p| <s},

with T" = R"/Z" and B C R" a sufficiently large neighborhood of the origin.
Let D be equal to T™ x B or T" and we consider a real analytic function in a
neighborhood of D

f:D—R

Let D, be equal to T% x B, or T7, for a suitable small s. It is known that f extends
to a function

f:Ds—C
that is real, holomorphic and bounded. We define the following norm
| fls = sup | f(2)].
2€Dg

In the case of vector-valued functions f = (f1,..., f,) with values in C", we set
|fls = max; |fils. Moreover, if C' = {Cj;}1<ij<n IS a n X n matrix, we let |C|, =
max;; |Cjj]s. We define Ay as the space of such functions. The rest of this section
is devoted to a series of general well-known properties.

Proposition B.1. Let f, g € A, then the product fg € A5 and

[fgls < [f]slgls-

Let fe A, and 0 < o < s. Then 0,f € A, and we have

1
lawf’sfcr < _lf’é"
o

Let f e A;, 0 <o <sand¢ € A,_, such that ¢ : Dy_, — D,. Then fop € A,_,
and

|fodls—e <|fls-

C Banach spaces

Here, we prove that the normed spaces introduced in Section [4.2] are Banach spaces.
Similarly, we have the claim for those defined in Section [6.1]

Given v > 0, let b be a positive, decreasing, integrable function on J,. We
recall that

b(t) = /t " b(rdr

We may assume



for all ¢t € J,. For fixed ¢ > 1 and an integer £ > 0, we consider the following
spaces (G, |- |) and WV, ||-]|) such that

G={g:T"x JU%R:QESQ’JC and |g] = |95 xp < o0}
W = {w:T"X J, > R" 1w, (Vw)Q € S
and. [Jwll, = max{jullg, | (Vi) 22} < 0o

We recall that, for all (¢,t) € T" x J,, Vw(q,t)Q = Jyw(q,t)w + dw(q,t) with
w € R™. Moreover, the spaces SY and Sg,k are defined respectively by Definition
and Definition , and the norm | - [V, is introduced by (4.4).

We prove that these spaces are complete. We begin with the first. Let
{g9a}a>0 C G be a Cauchy sequence. This means that, for all € > 0 there exists
D € N such that for all d, m > D, |ga— G|,k < €. For all fixed ¢ € J,, we claim
that the sequence {g’}4>0 contained in the Banach space (CT(T"), | - |co+r) is a
Cauchy sequence. This is because for all fixed t € J,,

¢ ¢ |g£l - gfn|Cf’+k v
190 — Gmlcore < T by < |9a = gmlosrp

Then, for all fixed ¢ € J,, there exists g' € C°** such that

A 19z = gl = 0.
We have to verify that g € G (that is g € S¥, and |g|2, 1, < c0) and
limg 400 ‘gd - g’g_yk’b = (_)
We prove that g € SY,. Obviously, for all fixed t € J,, g* € Corr(T™). It
remains to verify that Qég € C(T" x J,) for all 0 < i < k. For all (q1,t),
(QQ,tg) e T x JU

09" (1) — 029" (@2)] < 109y (1) — Oig™ (qn)] + 10Lgy (ar) — Digi (a2)]
+ |0Lg# (a2) — OLg" (o)

for all 0 <17 < k. Now, for all £ > 0 there exists D € N such that, for all d > D,
the first and the last term on the right-hand side of the latter are smaller than
5. This is because, for all fixed ¢t € J,, g5 converges to g' in the norm C7**.
Concerning the second term, we know that g4 € S7;. Hence, by the definition of
Sfj’k, diga € C(T™ x J,) for all 0 < i < k. Then, there exists § > 0 such that if
|(q1,t1) — (go,t2)| < 0 also the second term on the right-hand side of the latter is
smaller than £. This proves the claim.

We prove that dlim |94 — 9lo+np = 0. Let gi, be a subsequence of g4 such that
—+00 ’

1 d
|gk‘d+1 - gkd|g+k,b < <§>

for all d € N. We claim that it suffices to prove the above property for g;,. Indeed,
we assume that dlim |9ky — Glogsxp = 0. Then, for all d € N
—+-00 ’

|94 — g‘g-i-k,b < |ga — gkd\z+k,b + kg — g‘g—&-k,b'
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Therefore, for all € > 0, there exists D € N such that, [gs — gr,|5xp < 5 and
|9k, — g|g+k’b < 5 for all d > D. Because gq is a Cauchy sequence, we have the
first inequality. The second follows because we assumed that g, converges to g in

the norm | - |7, . This implies dlim |9a — 9lo_p = 0 and hence the claim.
) ﬁ—i_m )
Now, for all fixed t € J,,

|g]t€d — gt|cg+k +oo |g]tC . g’tC |Co+k +o00 +o0 ) ; . J
_— < 7 41 < = ) v < - _ 2 4
b(t) - ; b(t) = ; |ng gkl+1|0+k7b < 2 5 5

and hence, taking the sup for all ¢ € J,,, we obtain

1 d
o, = ol <2 (3)

Then, for every & > 0 there exists D € N such that |gr, —g|; ), <& foralld > D.
We prove that |g|y ., < 0o. For all d € N, we can estimate |g[; ., as follows

9los kb <192 — 9loxn + |9al5kp

For d sufficiently large, [g4—g; 1, < 00 because dEI—Poo |9a— 95+ = 0. Moreover,

|9aly 1k p < 00 because gg € G. Then (G, |- ) is a Banach space.

In the second part of this section we prove that (W, |-||) is a Banach space.
Let {wg}a>0 € W be a Cauchy sequence. Similarly to the previous case, there
exist w € §) and f € S? such that

A wa = wlo5 =0, A |

(Vuwa) @ = fl2 = 0. (C.1)

We have to verify that Vw(q,t)2 = f(q,t) for all (¢,t) € T" x J,. Let us denote
z = (q,t) and we recall that Q = (w,1). We will prove that, for all £ > 0, there
exists 0 > 0 such that

- f(2)

<e€

‘w(z +7Q) — w(2)

for all |7| < 0. Thanks to the triangle inequality
w(z +70) —w(z)

= ~ (2 ‘wd(z + T?_) — wq(2) B w(z + sz) —w(z)
‘wd(z +7Q) —wq(2) V(=)0

+ [Vwa(2)Q = f(2)]

By there exists D > 0, depending on € and 7, such that the first and the
third terms on the right-hand side of the latter are smaller than £ for all d > D.
Now, thanks to Taylor’s formula, we can rewrite the second term on the right-hand
side of the latter as follows

wq(z 4+ 7Q) — we(2)

1
- de(z)Q‘ = / Vwg(z + 7sQ2)Q2 — Vw,(2)Qds
0
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and using the triangle inequality

(z + 78Q)Q — Vwy(2)Qds| < / |Vwg(z + 7sQ)Q — f(z + 7s0Q)|ds

+ / |f(z 4+ 7sQ) — f(2)|ds

+ /|f — Vwg(2)Q)| ds.

We know that f is continuous, then there exists § such that for all |7| < ¢ the
second term on the right-hand side of the latter is smaller than §. Since the
uniform convergence of (Vwgy) Q2 there exists D > 0, depending on € and 7, such
that the first and the third terms on the right-hand side of the latter are smaller

than §. This concludes the proof.
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