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1. Introduction

The aim of this paper is to extend in a slightly more general and unified set up
two important steps of the proof of the asymptotic stability of solitary waves
for the Nonlinear Schrédinger equation [2, 8, 10] and the particular case of
Nonlinear Dirac system treated in [4]. In both cases there is a localization at
the solitary wave and a representation of the system in terms of coordinates
arising from the linearization at a solitary wave. The operators H,, introduced
later play this role. In general H, has both continuous spectrum and non
zero eigenvalues. The latter give rise to discrete modes which in the nonlinear
problem could produce chaotic Lissaius like motions. It turns out that in [2, 3,
4, 8,9, 10] discrete modes relax to 0 because of a mechanism of slow leaking of
energy away from the discrete modes into the continuous modes, where energy
disperses by linear dispersion. The idea was initiated in special situations
in [5, 12, 13]. We refer to [8] for more comments and references.

The aim of this paper consists in simplifying two key steps in the proofs
in [4, 8, 10]. The first step consists in searching Darboux coordinates. This
allows to decrease the number of coordinates in the system and to reduce to
the study of the system at an equilibrium point.

The second step consists in the implementation of the Birkhoff normal
forms, to produce a simple effective Hamiltonian. After this, [4, 8, 10] prove



198 SCIPIO CUCCAGNA

the energy leaking away from the discrete modes. In particular the key step
is the proof that certain coefficients of the discrete modes equations are sec-
ond powers, the Nonlinear Fermi Golden Rule (FGR), which generically are
positive and yield discrete mode energy dissipation.

We do not discuss the FGR in this paper limiting ourselves to the search of
Darboux coordinates and to the Birkhoff normal forms argument.

In this paper we avail ourselves with some ideas and notation drawn from
early versions of [2] to improve the presentation in [10].

[2, 10] represent two attempts to extend the result proved in [8] for standing
ground states of the NLS, to the case of moving ground states. A further goal
in [2] is to develop the theory in a more abstract set up. Early versions of [2]
did not encompass a Birkhoff step extendable to [4]. [2] is confined (like us
here) to systems with Abelian group of symmetries.

The 1st version of the present proof was written before the 3rd version of [2]
was posted on the Arxiv site. The 2nd version of [2] contained an incorrect
effective Hamiltonian, see Remark 6.7 later. In the 3rd version of [2] this has
been corrected, but the discussion remains sketchy and has gaps. See below
at Remarks 2.10 and 6.6 and further below in this Introduction and at the
beginning of Section 3.3.

We nonetheless draw from [2] a number of ideas which we list now. First of
all, we draw from [2] a better choice of initial coordinates than [10]. Some of it
existed also in previous literature, cf. the discussion in [11, Section 6]. We also
borrow some notation, i.e. symbols R*™ and S*™ (which in [2] are defined
incorrectly). Finally, inspired by [2] we simplify the proof in the part of the
Darboux step contained in Lemma 3.6, which in [10] is more laborious.

Both here and in [10] we consider initial data in subsets of ¥, for n > 1
which are unbounded in ¥, and invariant for the system. We require this sub-
stantial amount of regularity and spacial decay to 0 for the classes of solutions
of the system, in order to give a rigorous treatment of the flows and of the
pullbacks. [2] suggests that [10] should prove decay rates in time. We do not
understand the basis for this suggestion since, by the time invariance of the
subsets X,, considered, the problem considered in [10] is very similar in this
respect to the one with ¥, replaced by H'. Indeed time decay corresponds
to bounds on norms containing time dependent weights. But if the problem
is invariant by translation in time, the only information that can be derived
must be invariant by translation in time, and bounds on time weighted norms
do not have this property. We therefore emphasize that [10] and the present
paper are very different from, say, [5, 13], which consider initial data in subsets
of H** which are not invariant by the time evolution.

To find an effective Hamiltonian, we use the regularity properties of the
flows, which in turn depend on the fact that we work in ¥, for n > 1. See
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Theorem 6.5 where the regularity of the flows is used to prove that the coordi-
nate changes preserve the system. To prove for the NLS the same result in H',
where the coordinate changes are continuous only, one needs to explain how
they preserve the structure needed to make sense of the NLS. A reasonable
approach to the H' case for the NLS is to first prove the result in our set up,
then to prove the local well posedness in H' of the NLS within the various
systems of coordinates used, and finally show that H' solutions of the NLS
are invariant by coordinate changes, by means of a density argument and by
the continuity of the coordinate changes in H'. We do not prove here the last
fact, just because everything in Section 3.2 is formulated in terms of the spaces
3., but in fact for the NLS it follows by routine arguments. Since we do not
provide a proof, we make no claim about H' solutions of the NLS, even though
it seems not a far off step from what we prove here. [2] claims the result in
H' without spelling out the proof, see Remark 6.6 below.

We discuss in some detail a key formula on the differentiation of the pull-
back of a differential form along a flow, see (79), which is the basis of Moser’s
method to find Darboux coordinates. This formula is simple in classical set
ups, but in our case and in [2] its interpretation and proof are not obvious.
In [2] the formula is stated and used without discussion. We treat the issue
rigorously in Section 3.3, regularizing the flow, using (79) for the regularized
flow, and recovering the desired equality between differential forms, by a limit-
ing argument. Notice that we do not prove formula (79) for the non regularized
flow.

We end with few remarks on the proofs.

The proof of the Darboux Theorem is a simplification of that in [10] in the
part discussing the vector field. We give in Section 3.3 a detailed proof on the
fact that the resulting flow transforms the symplectic form as desired. See also
the introductory remarks in Section 3. Notice that parts of this discussion were
skipped in [10].

The portion of our paper on the Birkhoff normal forms covers from Section 4
on and is quite different from [4, 8, 10] mainly because the pullback of the terms
of the expansion of the Hamiltonian cannot be treated on a term by term basis,
see Remark 5.5. What is important is to get a general structure of the pullbacks
of the Hamiltonian. This is discussed in Section 4. It is likely that most of
the analysis in Lemmas 4.3, 4.4 and 5.4, is not necessary to the derivation
of the effective Hamiltonian, which is represented by H) and the null terms
in Ry and R4 of the expansion in Lemma 5.4, in the final Hamiltonian. On
the other hand, writing the Hamiltonian explicitly should make the arguments
transparent and more clearly applicable to the part on dispersion and Fermi
Golden rule.

In Section 5 we finally distinguish between discrete and continuous modes.
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The present paper treats only equations whose symmetry group is Abelian.
This limitation will have to be overcome to extend the theory to more general
systems such for example the Dirac system without the symmetry constraints

of [4].

2. Set up

Given two vectors u,v € R?YN we denote by u - v = > wu;v; their inner
product.

We will consider also another quadratic form |u|? = u -1 u in R?V.

For any n > 1 we consider the space 3,, = 3,,(R? R2") defined by

ey, == > (2wl gawy + 105ull32 gs gy ) < oo

la|<n

We set ¥y = L?(R3 R?N). Equivalently we can define ¥, for » € R by
the norm

lulls, = H(l — A+ |x\2)%u

‘ < 0.
L2

For r € N the two definitions are equivalent, see [8]. We will not use
another quite natural class of spaces denoted by H** and defined by

E
2

lullge = |1+ 25 (1= a)ku] | < oo

S(R3,R?N) = M,enX, (R3,R?Y) is the space of Schwartz functions and
the space of tempered distributions is &’ (R3, R?") = U,enX_, (R3, R?V).

For X and Y two Banach space, we will denote by B(X,Y) the Ba-

nach space of bounded linear operators from X to Y and by BZ(X V) =
¢

B([[;- X, Y).

We denote by (, ) the natural inner product in L?(R3 R?Y).

J is an invertible antisymmetric matrix in R*V. We have also |Jy|; =
ly|y for any y € R*M. In L?(R3 R?*V) we consider the symplectic form
Q= (1, ).

We consider in L?(R3,R?Y) a linear selfadjoint elliptic differential oper-
ator D such that D € B(X,,%,_oqp) and D € B(H", H*=°*P) for all r
and for a fixed integer ordD > 1.
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o We consider a Hamiltonian of the form

E(U)=Ex(U)+ Ep(U)
1
)

Here B € C*(R,R), B(0) = B’(0) = 0 and there exists a p € (2, 6] such
that for every k > 0 there is a fixed Cy with

(1)

Ex(U) = 2(DUU), Ep(U):= / B(UR)ds.

[VEBUCI] < Crl¢P~*1 if [¢] > 1in R*Y. 2)

Notice that Ep € C°(H(R?,R?Y)),R). Consistently with [4, 8, 10], we focus
only on semilinear Hamiltonians. We consider the system

U=JVEU) , U0)=1U, (3)

where for a Frechét differentiable function F' the gradient VF(U) is defined by
(VF(U),X) = dF(U)(X), with dF'(U) the exterior differential calculated at
U. We assume that

(A1) there exists dy such that for d > dy system (3) is locally well posed in
H¢. Furthermore, the space ¥4 is invariant by this motion.

We recall the following definition.

DEFINITION 2.1. Given a Frechét differentiable function F, the Hamiltonian
vectorfield of F with respect to a strong symplectic form w, see [1, Chapter 9],
is the field Xp such that w(Xp,Y) = dF(Y) for any given tangent vector Y.
For w = Q we have Xp = JVF.

For F, G two scalar Frechét differentiable functions, we consider the Poisson
bracket {F,G} = dF(X¢a).
If G has values in a given Banach space & and G is a scalar valued function,

then we set {G,G} := G'(X¢), for G’ the Frechét derivative of G.

We assume some symmetries in system (3). Specifically we assume what
follows.

(A2) There are selfadjoint differential operators &y for £ = 1,...,ng in L? such
that Oy : X, — X,_g, for £ =1,...,n9. We set d = sup, dy.

(A3) We assume [Cp, J] = 0 and [Oy, Oi] = 0.

(A4) We assume {IIy, Ex} = {Il,, Ep} = 0 for all £, where II, := %<<>g , )
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(A5) Set (e©)? =14, €*C%. Then (e©)? € B(%,,%,) with
1{(e) 2| B(s,,5,) < Cn < 00 for any || <1 and n € N. (4)
Furthermore, for any n € Z we have
strong — li_r)r(l)(e<>>_2 =11in B(Z,,%,)
lim (€)™ = 1||pz,.5,,) =0 for any n’ € Z with n’ < n.
(A6) Consider the groups e”¢®) "7 defined in L2. We assume that for any

n € N these groups leaéle >, invariant and that for any n € N and ¢ > 0
there a C' s.t. [|e?®) "7 55, 5,y < C for any |7| < ¢ and any |¢| < 1

We introduce now our solitary waves.
(B1) We assume that for O an open subset of R™ we have a function p —
®, € S(R?,R?Y) which is in C*(0,S), with IT,(®,) = ps, where the ®,

are constrained critical points of E with associated Lagrange multipliers
Ae(p) so that

VE((I’p) = Ap) - Py, (6)

(B2) We will assume that the map p — A(p) is a diffeomorphism. In particular
this means that the following matrix has rank ng

rank [8)\1} = ng. (7)

A function U (t) := e/ (AP)+70)C@  is a solitary wave solution of (3) for any
fixed vector 9.

2.1. The linearization

Set ‘H, := J(VZE(®,) — A(p) - ©). Notice that E(e’"°U) = E(U) for any U
yields VE(e/7°U) = e/"°VE(U) and V2E(e/"°U) = e/7°V2E(U)e~ /7 °.
Then (6) implies VE(e/7¢®,) = ¢’7X(p) - O®,. So applying d;, we obtain
(VZE(®,) — A(p) - ©)J<;®, = 0 and so

H,pJO;®, =0 (8)
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(C1) We will assume

ker H,, = Span{J<O;®, : j =1,...,n0}. (9)
Applying 9y, to (6) yields (V2E(®),) — A(p) - ©)9x, P, = <;P,. This yields
H,05, D, = JO;D, (10)

We have L
<a)\j (I)py <>k:®p> = 56)\1- <<I)p7 <>k¢p> = 8)\jpk:~ (11)

Necessarily, by (B2) there exists j such that dx,pr # 0. This implies that the
generalized kernel is

Ny(Hp) = Span{J ;@ 0x, Py 1 j = 1,...,m0}- (12)
The map (p,7) — e’ °®, is in C>®°(O x R™,S).

(C2) We assume this map is a local embedding and that the image is a manifold

Gg.

At any given point e/ °®,, the tangent space of G is given by

Tprrog,G = Span{e‘”'oé)qu)p,eJT'<><>]-<I>p :j=1,...,n0}.
We have Q(e/7°9, ®,,e’7°0,, ®,) = Q), Py, Dy, Pp).
(C3) We assume that

Q(0p,; Pp, 0p, ®p) =0 for all j and k (13)
Q(0p, Py, Pp) = 0 for all j. (14)

Notice that (14) is not required in [2] but in any case is true for the applications
in [2, 4, 8, 10]. Here we use it in Lemma 3.1.
We have the following beginning of Jordan block decomposition of H,,.

LEMMA 2.2. Consider the operator H,. We have

JHy = —Hi I, H,J =—JH. (15)

P

Assume (B1)-(B2) and (C1). Then we have

L? = Ny(H,) & Ny (Hy) (16)
Ng(Hp) = Span{<©;®,, J 105, @y j =1,...,n0} (17)
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Proof. We have H,, = JA for a selfadjoint operator A and with J a bounded
antisymmetric operator. Then H; = —AJ and (15) follows by direct inspection.
Recall that (B1)—(B2) and (C1) imply (12). Then (15) implies (17).

The map ¢ — ( ,4) establishes a map Ny(H;) — B(Ny4(H,),R). By (11),
formulas (12) and (17) imply that this map is an isomorphism. For any u € L?
there is exactly one v € Ny(H)) such that (u, ) and (v, ) coincide as elements
in B(Ny(H;),R). Then u —v € N (H;) and we get (16). O

Obviously Lemma 2.2 holds true only because our J is very special. For

the KdV, where J = %, (16)—(17) are not true.
Denote by Py, (p) = Py, (n,) the projection onto N,(H,) associated to (16)
and by P(p) :=1— Py, (p) the projection on N, (H). We have, summing on

repeated indexes,
PNg (p)X =—=J0;®, <X7 J_18Pj®p> + 6pj @, <X, <>jq)p>- (18)
LEMMA 2.3. Assume (B1)-(B2) and (C1). Then:

(1) Pn,(p) € B(S',S) for any p € O and Py, (p) € C*(O, B(X_y, X)) for
any k € N.

(2) For any po € O and k there exists an e > 0 such that for |p — po| < ek

P(p)P(po) : Ny (H;,) NSx — Ny (Hy) N3y (19)
is an isomorphism.

(3) For h > k we have €, > ¢y,.

Proof. Claim (1) is elementary and we skip the proof.

Consider the map P(p)P(po)P(p) = 1+ P(p)(Pn,(p) — Pn,(po))P(p) from
N;-(H;) N Xy into itself. By Claim (1) and by the Fredholm alternative, this
is an isomorphism for |p — pg| < € with e > 0 sufficiently small. This implies
that the P(p)P(po) in (19) is onto. For the same reasons also P(po)P(p)P(po)
is an isomorphism from N-(Hj ) N Xy into itself. Then P(p)P(po) in (19) is
one to one. This yields Claim (2).

For h > k we have the commutative diagram

1 *
Ny (Hpy) N % g
1 1
* P(p)P(po) *
NEH:)NE, = NE(HE) NSy

with the vertical maps two embedding. This implies that for |p — po| < e we
have ker P(p)P(po) = 0 in N;-(H}; ) N Ep. To complete the proof of Claim (3),
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we need to show that given u € N;-(H}) Ny, and the resulting v € N;-(Hj, )N
Y with u = P(p)P(po)v, we have v € 3. But this follows immediately from

v =u+ (Pn,(p) — Pn,(po))v where u € ¥}, and (Py,(p) — Pn,(po))v € S.
O
We will denote the inverse of (19) by
(P(p)P(po)) ™" : Ny (M) NSy — Ny~ (M) N Sy (20)
We have the following Modulation type lemma.

LEMMA 2.4 (Modulation). Assume (A2), (B.1), (B.2), (C.1) and (C.3). Fix
n € 7Z,n>0 and fir ¥y = e/ °®, . Then 3 a neighborhood U in ¥_,,(R3, R?Y)
of Uy and functions p € C®U,O) and 7 € C°(U,R™) s.t. p(Vy) = po and
7(Uo) =70 and s.t. YU e U

U=e'7%®,+R) and R € N, (H). (21)
Proof. Consider the following 2ng functions:
FiU,p,7) =QU — eJT'O(I)Pa eJT'Oan ®p)
Gi(U.p,7) ==QU —e’"°®,, Je!T°0;0,).

These functions belong to C*(X_,, x O x R™ R). We introduce the notation
R=e"77°U — ®,. Notice that R =0 for U = ®,. Then

(22)

Or Fi(U,p, 7) = Qe’T R, e’7 0 J0 10y, ®,) — QJOke’ @, e77¢0,, @)
(R, O10y, ®p) — (O Dy, Dy, @)
(
(

1

R, Or0p, @) — 58171' (Cr Dy, p)

R, Okapj (I)p> - 5jk'

By (13) we have

Op Fij(U,p,7) =’ R, e7°0,,0,,®,) — Q(Je'7C0,, ®,,e"7 0, &)
- Q(Rv apkapj (pp)'

By (A3) we have

0:,Gj = Qe R, T T2 0;8,) — Q(JOReT DT IO ;D))
=—(R, JORO;®p) — (JORP,, O;®))
=—(R, JO,O;®,),
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We have

05, Gj = Q'R T J0;0,,®,) — Qe T, B,e’TCTO;B,)
= _<Ra Ojapk q)p> + <apk <I>p7 qu)p>
=—(R, 00y, 2p) + dji-

At U =¥, 7 =19 and p = py we have F; = G; = 0. Since in this case R =0
we get the desired result by the Implicit Function Theorem. O

2.2. Spectral coordinates

Lemmas 2.2-2.4 lead to a natural decomposition of (3). To write it we need
further notation.

We are ready for the natural coordinates decomposition. Let II(Uy) = pg. We
consider for R € N;-(H;, ) the map

(r,p,R) - U = e']T'O(q)p + P(p)R). (23)

We have the following formulas,

0 0

— =JO;U, ——=¢7%0,,®,+ 0, P(p)R),

s % o e’ 7 (Op, Pp + Op, P(p)R) (24)
with 52~ € C™(U N Ty, y) for any pair (k, k') € N?, with U C T_,, the
neighborhood of /™ ®®,, in Lemma 2.4. Similarly, 3%7‘ e C'UNXy, Yk_d;)-
We have what follows. '

LEMMA 2.5. Consider the n > 0 and U in Lemma 2.4 and fix an integer k >
—n. Then the map U — R(U) = R is C°(UNTy, Xk). For k > —n+d we have
R e C'UNI, Bk_a). ForU sufficiently small in X_,, the Frechét derivative
R'(U) of R(U) is defined by the following formula, summing on the repeated
index j,

R'(U) = (P(p)P(po)) " P(p)[e”/7° 1 — JO;P(p)Rdr; — 0, P(p)Rdp,],

where (P(p)P(po)) ™" : Nt (H;) N Eg—a — Ny-(H;,) N Sk_q is well defined by
Lemma 2.35.

Proof. The continuity of R(U) follows from R = e~/7°U — &, and
R _ R/ :efJT-OU _ e*JT/-QUI + (pp/ _ (I)p
_ @p’ o (I)p + (efJ-r-O N efJ-r’»O)U + 67JT,~<>(U _ Ul)

Then use p — ®, € C*(0,S), the fact that e/7® is strongly continuous
in ¥; and locally uniformly bounded therein. The fact that R(U) has Frechét
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derivative follows by the chain rule. To get the formula for R’(U) notice that the
equalities R’% = R’O%j =0and R'e’"°P(p)P(po) = ln s (45, characterize
R’. We claim we have

R' = ajdr; + bjdp; + (P(p)P(po)) " P(p)e”"™° (25)

for some a; and b;. First of all, by the independence of coordinates (7,p) from
R Nj(H;,),

drjo eJT'OP(p)P(pO) =dp; o eJT'OP(p)P(pO) =0.

Indeed for g € N;-(H; ) we have for instance

d d .
0= aTj(u(T,p, R +1tg))j1—0 = %Tj(eh (@ + P(p)P(po) (R + tg)))ji=0
=drjo e‘]T'OP(p)P(pO)g.

Secondarily, by the definition of (P(p)P(po))~!,
(P(p)P(po)) ™ P(p)e™ "7 0’ P(p)P(po) = Ayt (ms,)-

Hence we get the claimed equality (25).
To get a; and b; notice that by R’a%j =0and P(p)JO;P, =0

aj = —(P(p)P(po))_lp(P)e_JT‘o%

=—(P(p)P(po)) ' P(p)e "%’ JO;(®, + P(p)R)
=—(P(p)P(po))~ ' P(p)JO; P(p)R.

Similarly by R'z2- = 0 and P(p)d,,®, = 0

m—wwwwmlpweh°£j

=—(P(p)P(po)) ' P(p)(8p,®, + 0p, P(p)R)
=—(P(p)P(po))~ ' P(p)dy, P(p)R.

O

A crucial point in the stability proofs in [3, 4, 8, 10], first realized and used
in [7], is the importance not to loose track of the Hamiltonian nature of (3), in
whichever coordinates the system is written. Thus we have what follows.
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LEMMA 2.6. In the coordinate system (23), system (3) can be written as
p={p,E},7={r,E}, R={R,E}. (26)

Proof. The statement is not standard only for R = {R, E}. Notice that (3)
can be written as

U = Jir-OU+e’"%p-V,(®,+ P(p)R) + e’ "°P(p)R

- Y4 aa +p]ai 4 IO PR = JVE(U). (27)
J

When we apply the derivative R'(U) to (27), all the terms in the lhs of the last
line cancel except for

R'(U)e’"°P(p)R = R'(U)JVE({U) = R'(U)Xg(U) = {R,E},

from the definition of hamiltonian field and of Poisson bracket. Finally we use

. d . d . .
R(U)e’™°P(p)R=— RU(r,p,R+sR))=— (R+sR)=R.
ds|s—o ds|,—o
O
2.3. Reduction of order of system (26)
The following Poisson bracket identities are useful.
LEMMA 2.7. Consider the functions Il;. Then Xy, = é%. In particular
{1, 7}t = =0, {lp} =0, {R1IL}=0. (28)
Proof. (28) follows from the first claim, which is a consequence of (24):
0
X, (U) = JVIL(U) = JO,;U = —.
/ 67']‘
O
We introduce now a new Hamiltonian:
KU) = EU) = E(®p,) = A;(p(U)) (I;(U) — 11;(Up)) - (29)

Notice that K(e/™°U) = K(U). Equwalently, 0r,K = 0. We know that for
solutions of (3) we have II; (U (t)) = II;(Up) and

{pj, K} ={pj, E} , {R, K} ={R,E}, {7j, K} = {75, E} + \; (p).
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By 90;, K = 0, the evolution of the variables p, R is unchanged if we consider
the following new Hamiltonian system:

f)j:{pj,K}, 7._J’:{TJWKV}’ R:{RvK}' (30)

It is elementary that the momenta I1;(U) are invariants of motion of (30).
Before exploiting the invariance of II;(U) to reduce the order of the system,
we introduce appropriate notation. First of all we set

Pr.=R" x (zr HN;(HP0)> = {(T, R)}7 (31)
Br o R x P — {(IL 7, R)).

We set P = P° and P = PO,

DEFINITION 2.8. We will say that F(t, 0, R) € CM (I x A,R) with I a neighbor-
hood of 0 in R and A a neighborhood of 0 in P~ is R%M and we will write
F= R%M, or more specifically F' = R%M(t, 0, R), if there exists a C > 0 and
a smaller neighborhood A’ of 0 s.t.

|[F(t.0,R)| < CIRIE_ (IRlls_y + o)’ in I x A (32)

We say F' = Ri’éoo if = Ri]’(];m forallm> M. We say F = ’Ri’iM if for all
k > K the above F is the restriction of an F(t, 0, R) € CM(I x Ay, R) with Ay,
a neighborhood of 0 in P~ and which is F = Ry Finally we say F = R
if F =Ry for all k.

k,00

DEFINITION 2.9. We will say that an T(t,0,R) € CM(I x A, Tk (R3 R?N)),
with I x A like above, is S%M and we will write T' = S’I’(]’M or more specifically
T= Si’({M(t, 0, R), if there exists a C > 0 and a smaller neighborhood A’ of 0

s.t.
IT(t, 0, R)l[si < ClRIS (IRlls_« + lo])" in I x A" (33)

: _ Qij _ QbJ _ Qb
We use notation T'=S"7, T'=Sy;  or T =87, ), as above.

These notions will be often used also for functions F' = T\’,lKJ w0, R) and
T= S?{J;M(g, R) independent of ¢.

REMARK 2.10. We will see later that the coefficients of the vector fields whose
flows are used to change coordinates are symbols as of Definitions 2.8 and 2.9.
The definitions of the symbols R and S*I in [2, Definition 3.9 and 3.10] are
very restrictive, since they require for the symbols to be defined in I x B’ with
B’ a neighborhood of the origin in S'. The proofs in [2] at most prove that the

coefficients of the vector fields in fact are symbols of the form RZKJM and SZ}’({M
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in our sense. As an example we refer to [2, Lemmas 3.26 and 5.5]. In [2,
Lemma 8.26] the fact that the b; and the (W' Y) are symbols of the form RI*
for some (4,k) in the sense of [2, Definition 3.10], requires preliminarily to
show at least that they are functions of (o, R) for (o, R) in some neighborhood
U of (0,0) in R™ xS’. This is not addressed in [2] and is far from trivial, since
the coefficients of the linear system right above formula (3.60) are unbounded in
any suchU. The justification that the coefficients @, (M) of x in [2, Section 5]
are in S is similarly inconclusive. The key step should be that the homological
equation in Lemma 5.5 can be solved for all parameters k uniformly in the
variable M € R™, at least for |M| < a for a fized a. But the homological
equations involve the perturbation of an operator and in [2] the perturbation
is not fully analyzed. For example there is no discussion of the norm ||[Vas —
Vollwr—wr as k grows and |M| < a. This norm should be expected to grow
and become large, possibly breaking down the proof of ®,,(M) € S. In fact it
is plausible that ®,, (M) € S only for M = 0.

From the above remarks we can see that no coordinate change in the Birkhoff
or in the Darbouz steps in [2] is shown to be an almost smooth transformation
in the sense of [2, Definition 3.15]. Because also of the absence of a rigor-
ous discussion on pullbacks of differential forms, we see that the proofs of the
Birkhoff step, [2, Theorem 5.2], and of the Darboux step, [2, Theorem 3.21],
are both inconclusive.

We proceed now to a reduction of order in (30). Write
IL;(U) = 1;(e’7° (@, + P(p)R)) = I1;(®;, + P(p)R)

= 5(0j(®p + P(p)R), @, + P(p)R = p; + II;(P(p)R) (34)
P+ (R)+11;(P(p) — P(po) ) R) +(R, ©;(P(p) = P(po)) i)

We will move from variables (7, p, R) to variables (7,II, R). Setting 0; = IT;(R),
we have

pi =1 — 0; + U;(p — po. R) (35)
with \T/j =R%2(p — po, R). The implicit function theorem yields:

LEMMA 2.11. There are functions p; = p;(ILII(R), R) defined implicitly by
(34), or (35), such that p; = I1;—0;+¥;(I1, 0, R) with ¥(po, 0, R) = R%%(0, R).

We consider now (7,11, R) as a new coordinate system. By %H]’(U) =0it

follows that the vectorfields % are the same for the two systems of coordinates.
In the new variables, system (30) reduces to the pair of systems

#j={r, K}, I;=0, (36)
R={R,K}. (37)
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System (37) is closed because of 0, K = 0.

3. Darboux Theorem

In this section we present one of the two main results of this paper. We seek
to reproduce Moser’s proof of the Darboux theorem. Specifically we look for
a vector field X* that will produce a flow as in (79) below. The proof of the
existence and properties of X'* is similar to [8], but influenced by the choice of
coordinates in [2]. We also add material to justify, once X' has been found,
the formal formula (79). Notice that for [4, 8] formula (79) does not require
justification because X is a smooth vectorfield on a given manifold. But the
situation in [2, 10] is different since now X is not a standard vectorfield on a
manifold and € is not a regular differential form on the same manifold, so Lie
derivative, pullbacks, push forwards and the related differentiation formulas,
require justification.

Notice that, to be useful in the asymptotic stability theory, the change of
variables has to be such that the new Hamiltonian equations is semilinear. This
is why even in [4, 8], where we could apply the standard Darboux theorem for
strong symplectic forms on Banach manifolds, see [1, Chapter 9], it is important
to select X! with an ad hoc process.

3.1. Search of a vectorfield
Recall that Q = (J~! | ) and consider

Qo :=drj NdIL; + (J'R R'). (38)
LEMMA 3.1. At the points e’"°®,, for all T € R™ we have Qo = Q.
Consider the following forms:

1
By = 7dll; + S (J7'R, R');  Bi=Bo+a for (39)

o = —B;(p, R)dII; + (C(p)R + B;(p, R)P*(p)O; P(p)R, R') ,

T(p) := %J‘l (P(p) = P(po)) , (40)
(P*(p)J 'R, d,, P(p)R)
1+ (0, P(p)R, 8, P(p)R)

Then dBg = Qo and dB = Q.

1

Proof. dBg = €y follows from the definition of exterior differential. Set B =
3(J7'U, ). Notice that dB = 2. By (23) we get:
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~ 1 1
B(X) = §<J_16JT'<><I>,;,X> + §<J_1P(p)R7 e ITOX). (41)

Set p(U) := 3(J'e/7°®,,U). Then we claim
1
dyp = 5<J*16JT'<><I>I,, ) + pjdr;,
where in this proof we will sum on repeated indexes. The last formula implies
~ 1
B =dy —pjdr; + 5<J*1P(p)R, e 7T, (42)
The desired formula on di follows by

1 1
dp = Z(JeTC,, >+§<6JT'<><>jq>,,,U>drj+ §<e*’f'<>J*18,,jc1>p,U>dpj

1 g 1
= —(J 7%, >+§<<>j<1>p,<pp+P(p)R>de

N~ DN~

1,
+5 (T Oy, @y, @y + P(p) R)dp;

1 1 1
by (7) §<J716JT'<><I)I,, )+ §<<>j¢p7 o) dr; + 5 <J713qu)p, @) dp;.-
—

—_——
P;
By Lemma 2.5 and using P(p)*J~1 = J=1P(p) we have

ST PRI ) = LR POIR ) + S (T R, P0)JO;P(p)R)dr,

0 by (14)

+% (J7'R, P(p)d,, P(p)R)dp;
= SUTRR )+ 5 R (P() — Po)R')
—1I1;(P(p)R)dr; + %<J*1R,P(p)apjp(p)R>dpj.

So by (42) and using P(p)J = JP*(p) we get

~ /_I’IJ% 1
B = di = —(p; + I;(P(p)R))dr; + 5 (J 'R, R )
F5 (TR (P() — PGo))R' ) — 5{P*(0)T R, 3y, P(p) R)dp;.

Then da = Q — Qg for

OtZ:E 7d1/) 7Bo +d(HjTj)
= SR (P() ~ Po) R ) — 3 (P (9)T ™ R, 0y, P(p) Ry,
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By p; = II; — II;(P(p) R) we get
dpj = dIl; — (O;P(p)R, P(p)R') — (©; P(p)R, O, P(p) R)dp;.
Then inserting the next formula in the formula for «, we obtain (40):

_ dll; — (0, P(p)R, P(p) R')

dp; = 1+ (C;P(p)R, 0y, P(p)R) .

(43)
O

In the Lemmas 3.2-3.6 we will initially consider the regularity of the func-
tions in terms of the coordinates (7, p, R).

LEMMA 3.2. We have 8; € C*(O x ¥_,,R) for any n. For any pair (n,n’)
we have T' € O (0, B(X_,/,%,)). Summing on repeated indexes, we have

da = —apkﬁjdpk A de - <VRﬁj, R/> A de
+dp A (Op, [T(p)R + B(p, R)P*(p)C;P(p)R], R') (44)
+(VRrBj, R'Y A(P*(p)©; P(p)R, R') + 2(R', R') .

Proof. Follows from a simple computation. In particular, for a L € B(Xy, L?)
fixed, we use the formula

d(LR,R)(X,Y):= X(LR,R'Y) — Y(LR, R'X) — (LR, R'[X,Y])
= (LR'X,RY)— (LR'Y,R'X).

LEMMA 3.3. Summing on repeated indezes, we have

do= 01,0y, B3dIL; A dXL + (T + (050, B — 0,0, 8r) O P(p)R, R') A dIL;
+2(T(p) R, R) + (B;, ') A (P"(p)O; P(p)R, R') ,
where we have (this time not summing on repeated indezxes)
~ 1

=17 (OxP(p)R, 0, P(D)R)’

no

T;:=—VaB; —0;[0,,TR+_ B;0,, (P*(p)O:P(p)) R

i=1

+ " (0k0p, B — 830, 84) (P* (p) — 1Ok P(D)R
k=1

no

Bj :=VRgB; + Zs\japj (T + Zﬂkp*(p)okp(p))R'
k=1
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Proof. Follows by an elementary computation substituting (43) in (44) O

LEMMA 3.4. For any fized large n and for eg > 0, consider the set Ug C Pl =
{(p,R)} defined by ||R||s_, <eo and |p—po| < 9. Then for g small enough

there exists a unique vectorfield Xt : Uq — P which solves ixt§y = —a, where
Qt = QO + t(Q - Q())

Proof. First of all we consider Y such that iy Qg = —a, that is to say

(Y),dll; — (Y)m,drj + (JHY)g, R')
= f;(p, R)dIL; — (C(p)R + B;(p, R)P* (p)C,; P(p)R, R') .

This yields

(Y)T_;’ = ﬂj (pv R) = R0’2(p7 R) ’ (Y)Hj =0,
(Y)r = —P(po)JT(p)R — Bj(p, R)P(po)J P*(p)C; P(p) R (45)
=S (p — po, R) + R*?(p, R)P(po) P(p)J<; P(p)R.

Equation iytQ; = —a is equivalent to
(1+tK)X' =Y (46)

where the operator K is defined by ixda = ixxQo. In coordinates, (46) be-
comes (X*)r; = 0 and, for P = P(p),

(X)r, + (T + (0r0p, Bj — 0;0p, Bx) Ok PR, (X*)R) = —f3;, (47)
(X g+ tL(X")g = (V)R ,where for X € N (H},) (48)

LX = P(po)J 20X + (3;, X)P*O, PR — <P*<>jPR,X>Bj} . (49)

(49) implies the following lemma.

LEMMA 3.5. We have, summing on repeated indexes, with i varying in some
finite set,

where: U; = S%%(p — pg, R); for L = A;,B;, we have L € C*(Uq, B(L? R))
with
L(X) = Lj (O;R, X) + (L, X), (51)

where we have L = SY0(p — po, R) and L; € R*°(p — po, R).
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Proof. Schematically, for L;= S%%(p—po, R) and ¥; = S%0(p—py, R) we have
P(p)R=R-—Py,(p))R=R+ > (Li,R)T;,
i
P*(p)OrR = OrR — Py (p)OrR =R+ > (Li, R)V;.

Then (P*(p)OxP(p) — Ox)R = S"(p — po, R).
By the definition of 3; we have

Bi=> 8;(0p, ) OrR + L
k

- 1 - X
L:=VpgrB;+ §J_15jaij(P)R + Zﬁkapj (P*(p)CrP(p)R
k

— 38,05, 601 [P, ()01 P(0)R + Ok P, (0) ]
k

where L = S%L_(p — po, R).
We also have TX = LJ-1(Py,(po) — Pn,(p))X = 3;(Li, X)W; with L,
S9(p — po, R) and ¥; = S%0(p — pg, R). This yields the result.

O

LEMMA 3.6. System (47)—(49) admits ezactly one solution X'. For A;
Ry2e(t,p = po, R), D =Sy L(t,p — po, R) with |t| < 3, we have

(Xt)R =A;JO;R+D. (52)

Proof. Recall Y defined by iyQy = —a. By (45) with /Tj = RY%.(p — po, R)

oo

and D = SLL (p—po, R) we have (Y)g = A;JO;R+D. By (X')g+tL(X')p =

oo

(Y)r and Lemma 3.5 this implies for X = (X*)g
(OrR, X) +tBi(X)(OrR, ¥;) = (Ox R, (Y)R)
(L, X) +tA;(X)(L, JO;R) + tBi(X)(L, i) = (L, (Y)r),

as L runs through all the L = A;, B;. Taking appropriate linear combinations
of these equations with the coefficients L; of L = A;, B;, see Lemma 3.5, for a
matrix R%*(p — po, R) whose coefficients are R%!(p — po, R), we get

Aj((x (A (Y
(1+tR™!(p — po, R)) (Bi(((()(t))g))> - (Bi((((y))j;)) '

Then we get
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Using the left hand side of (53) set

LX) R = A;(X")R)JO; R+ Bi((X")R) V. (54)

The rhs of (54) satisfies the properties stated for the rhs of (52). Finally set
(X r := (Y)r — tL(X*)g. This is a solution of (48). It is elementary to
see from the argument that such solution is unique and that it satisfies the
properties of the statement. O

With the proof of Lemma 3.6, the proof of Lemma 3.4 is completed. O

Turning to coordinates (7,11, R) and by Lemma 2.11 we conclude what
follows.

LEMMA 3.7. Consider the coordinate system (7,11, R). For G any of the A;,
D in Lemma 8.6, we have G = G(IL,II(R), R), with G(II, o, R) smooth w.r.t.
(I, 0, R) € Ug, with Uy formed by the (11, o, R) € R?"0 x (EdﬂN;‘(HPO)) defined
by the inequalities ||R||x_, <e¢, |o| <€ and [II—pg| < & fore > 0 small enough.
3.2. Flows

The following lemma is repeatedly used in the sequel, see [2, Lemma 3.24].

LEMMA 3.8. Below we pick v, M, My, s,s',k,l € NU{0} with 1 <1 < M.
Consider a system

#; = T;(t,ILTI(R),R) , 1I;=0,

R = A;(t,II,TI(R), R)JC; R + D(t, I, TI(R), R), (55)

where we assume what follows.
* P,y(py)(A;JO; R+ D) =0.
o At Il = pg, dropping the dependence on I1 and for U_, a neighborhood of
0 in P~", we have A(t, 0, R) € CM((=3,3) x U_,.,R™) and D(t, 0, R) €
CM((-3,3) xU_,,%,)
e In (—3,3) xU_, for a fized i in {0,1}, and a fixed C,, we have:

|A(t, 0, R)| < C||R| ",
ID(t, 0. R)|lss. < C(lol + [|Rlls:_, )| Rll5" -
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Let k€ ZN[0,r — (I +1)d] and set for s > d (ors”" > d/2 if d/2 € N)
Uy =A{rILR) € P s M=po, |Blls., +|0(R) <&} (57)
Then for ey > 0 small enough, the initial value problem associated to (55) for
II = pg defines a flow §* = (FL,FY%) fort € [-2,2] in L{E‘il)k. In particular for
IT = po, for R in a neighborhood Bs,_, of 0 in ¥_, and II(R) in a neighborhood

Bgrno of 0 in R™, we have
Fr(I(R), R) = M1 (R + St T1(R), R)), (58)

with § € C'((=2,2) x Bgno X By, %r_(141)d)

. (59)
q € C*((—2,2) x Brno X By, ,R"™).
For fized C > 0 we have
Mo+1
a(t,0.R)| < CIRIMH w
”S(ta o, R)H£r—(l+l)d < C(|Q| + ||R||Z(l+l)d77‘)l||R||EM((Z]+1)d7T'
Furthermore we have S = S + Sy with
t
Syt I(R). R) = [ D(EI(R(), R()de o
0

1S2(t, 0, R)lls. < CIRIET (

S41)d—r

ol + ||R|‘Z(l+l)d7r)i'

Forr—(I+1)d>s >s+Ild>1ld and k € ZN[0,r — (I +1)d] and fore; >0
sufficiently small, we have

§'e Cl(~2.2) x UZ, . PP). (62)

€1

Furthermore, there exists es > 0 such that

FHU ) CUE , forall |t <2 . (63)
We have
gt(eJTvoU) = eJT'OSt(U). (64)

Proof. It is enough to focus on the equation for R. Set S = e /7°R for
q € R™. Then consider the following system:
S =eTT°D(t, 0,e77°8) ,
G=A(t,0,e’"°S) , q¢(0)=0, (65)
0j = <S,ef‘]q'<><>jD(t, 0,e77°8)) .
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For I < M and k, 8" € [0,7— (I+1)d] the field in (65) is C'((—3,3) xU_g, g X
R?10) withU_j, C ¥_j x R?™ a neighborhood of the equilibrium 0. This follows
from the fact that (g, X) — e/9°X is in CY(R™ x 2y, ¥y_;q) for all £ € Z and
from the hypotheses on A and D. For example

(t,q, 0, S)—>67Jq‘<><>jD(t, 0,e77°8) € CY((—3,3) x R?™ x Zyq_,, Y (+1)d);

(more precisely for (g, 0,5) in a neighborhood of the origin). So
(t.q,0,5)—(S,e™77°0;D(t, 0,e’"°S)),

isin C!((=3,3) x R?"0 x ¥, R) for k < 7 — (I+1)d (for (g, 0, S) near origin).

For I > 1 we can apply to (65) standard theory of ODE’s to conclude that there

are neighborhoods of the origin Brzn, C R?™ and By, , C X_j such that the
flow is of the form

S(t)=R+S(t o0 R), S(0,0,R)=0,
q(t) =q(t,0,R), q(0,0,R)=0, (66)
o(t)=o+o(t e R), 00,0 R) =0,

with S € C!((=2,2) x Bgno X Bs_,, % _(141)a)

l (67)
Q7Q(t7 o, R) € C ((_2’2) X BR"O X BE,kann)'

For S € ¥4 N By_, and S(0) = S, choosing s” > d we have S(t) € X4 with
II(S(t)) = o(t) for p(0) = o =II(S). Then (67) yields (59) (we can replace 3q
with 4 if § € N). (58) and (59) yield (62).

We have for R(0) = R

t

R(t) = " O°(R + / eI CD(H! ot'), R(E'))dF'). (68)
0

By (A6), for e = 0, and by (56), for |s”| < r — (I + 1)d we have
t
IR®)|x,, < ClIRlx,, +C / ID(, ot), R(t'))]|s:, dt

0
t

< C|Rls,, +C / IR@)IY® (o)) + IRE)|s_)'de'  (69)

< C|Rls,, +C / IREIZS (o] + IR |5, )'dt'

with the caveat that the second line is purely formal and is used to get the third
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line, where the integrand is continuous. Proceeding similarly, for o(0) = o

lo(t) — ol < /\ ), OD(t', R(t), o(t')))|dt’

IN

/0 IRE) 210, 1D, 0(t), R(E)) I, 1 dt’ (70)

IN

t
C [ RIS, (o) + 1RO gm0Vt

So for |s”| <7 — (I + 1)d, using the continuity in ¢’ of the integrals in the last
lines of (69) and (70), by the Gronwall inequality there is a fixed C' such that
for all |t| <2 we have

[ R(2)
lo(t) — ol < CIRI.T,, (el + 1 Rllz e )" (72)

Yas+1)d—r

By (71) for s" = 5’ and 5" = —k and by |o(t)— ol < C|RI¥* (o] + | Rl5_, )",

we get &t(U;;k) C Z/P  for all [t] <2 for £1 > 5, that is (63).
We have

t
S(t.0.R) = / IO (), R(E))dH),
0
Proceeding as for (69) and using (71)—(72) we get the estimate for S in (60).
The estimate on ¢ is obtained similarly integrating the second equation in (66).
We have
1 t 1" ’
Solt, o) = [t [0 0q(e) oD o) RENAY ()
0 0

Then by (71)-(72) we get

1S (t, R, o), ., < C" / () IDE ot), RW)) s, _,dt’

i 74
< c% IREYIEST (o) +IRE 2, )de ™)
< CIRIZS (ol + 1Rl

This yields (61). (62) follows by (58)—(59). Finally, (64) follows immediately
from (58). O

LEMMA 3.9. Assume hypotheses and conclusions of Lemma 3.8. Consider the
flow of system (65) for Il = py . Denote the flow in the space with variables
{(e,R)} by §* = (8%, SR). Then we have

Fn(o, R) = e‘]q(t’g’R)'O(R + S(t, 0, R))

_ (75)
5,(0,R) = 0+ 0(t, 0, R).



220 SCIPIO CUCCAGNA

Furthermore, the following facts hold.

(1) Let k € ZN[0,r — (I + 1)d] and h > max{k + Id, (2l + 1)d — r}. Then
we have F¢ € CY((=2,2) x U_k, P~") for a neighborhood of the origin
U_ C Pk,

(2) Let h and k be like above with h < r — (I + 1)d. Then given a func-
tion RZ:?(Q, R), we have Rzll’ oFt = RZi?(t, 0, R) and given a function
Si)(0, R), we have 8377 0§t = Sp7)(t, 0, R).

Proof. (75) follows by (66). By (67) we have
S e CH(-2,2) xU_p, Sy—s1ya) , ¢ and F € C1((—2,2) x Ui, R™).

By the above formulas we have %, € CY((-2,2) x U_y, Y (24+1)d N Y _k—1d)-
This yields §% € C'((—2,2) x U_g, X _1,) and yields Claim (1).
By Claim (1), R} 0§t € C'((—2,2) xU_p, R™). Let (o', R*) = §(o, R). Then

a,b a,b
RyY 0 50, B)| = [RY2(e!, B < C'IR G, (IR s, + "))

< CIRI_, (1Blls_, + o) < CIRIS_ (IR]s_, + o),
where the first inequality uses Definition (32), the second uses (71)—(72) for
s = —h and the last is obvious. Similarly by Claim (1), SZ’}ZOSt € CY((—2,2) x
U_y, Eh) C Cl((—Q, 2) X U_, X) and
a,b a,b a
8380t B, < 853" B s, < IR, (1R, + le'])
< CIRIS_, (IRl=_, +leh)®* < CIRIS_, (IRls_, + o)

O
To prove Theorem 6.4 we will need more information on (II(R(1)), R(1)).
This is provided by the following lemma.

LeEMMA 3.10. Consider, for D the function in (55) at Il = pg, the system
S(t) = D(t,TI(Ry),S(t),  S(0) = Ry. (76)

Then for S = S(1) and for R' = R(1) with R(t) the solution of (55) with
R(0) = Ry, we have (same indexes of Lemma 3.8)

IR = S'|s_,, < CllRoliz"?,

v

I(R') — II(S") = RLZMT (TI(Ry), Ro).

s,l

(77)
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Proof. Recall that for ¢ = II(R) we have ¢ = (R, OD(t, o, R)). Similarly, for
o =TI(S) we have ¢ = (S, OD(t, 09, 5)), where go = II(Rg). So we have

Q_ o= <R7 <>D(ta o, R)> - <S’ <>D(t7 00, S)>
= (R —5,0D(t, 0, R)) + (S, O(D(t; 00, 5) = D(t, 0, R)))-

By (56) for fixed constants and using s’ < r — d, we have

lo— 6| SIR-Sls_,|ID(E, 0, R)lls, + [IS|ls_., ID(t, 00, S) — D(t, 0, R)|x,
SR = S|ls_ IRIX (Jo + |Rlls_ )" + lo — ool |Sls_., |I(R, S)|| ¥

HIR =Sz ISl 1RSI (e, 00) + (R, S)lls )"

a —s

We have R — S = D(t, 0, R) — D(t, 00, S) + JA(t, 0, R)(t, 0, R) - ©R and hence
for fixed constants we have, using s < s’ —d,

t
IR—S|ls_, < / [ID(e. R) — D00, S)x__, + |Al|R]lx_.]d¢"

t
< / IR - S,

+lo = ool I(R,S)IF°, + | RIE°H?]at’.

(R, S) 157 12y 00)| + (R, S) 2, )!

s

Recall that |o — go| < C||R0||g/[(‘l):1)dﬂ_( o0l + | Rolls 1 1a_,)" by (72), that s <
r—(l+1)d and that we have (71) for s” = —s, —s’. Then by Gronwall inequality,

the above inequalities yield

IR(t) = S(®)lls_, < CllRollg > 78)
lo(t) = o ()] < ClIRol5" (o] + | Roll_.)"-

This yields the bounds implicit in (77). The regularity follows from Lemma 3.8.
O

3.3. Darboux Theorem: end of the proof

Formally the proof should follow by iyt = —«, where Q; = (1 — t)Qq + £,
and by

d d .
T (Fiw) =35 (LXtQt + dtQt) =5} (dixtQ: + da) = 0. (79)

But while for [4, 8] the above formal computation falls within the classical
framework of flows, fields and differential forms, in the case of [2, 10] this is
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not rigorous. In order to justify rigorously this computation, we will consider
first a regularization of system (55).

LEMMA 3.11. Consider the system

#j = T;(t, I, TI(R),R) , T, =0,

R = A;(t,TLTI(R), R)J(e0) 2O R + D, (t, 1, TI(R), R), (80)

where De = D 4 A;j Py, () JO5(1 — (€0)7?)R.

(1) For |e| <1 system (80) satisfies all the conclusions of Lemma 80, if we
replace < in (58) with (e0)~2O (resp. D in (61) with D), with a fived
choice of constants €1, €2, C, and with a fized choice of sets Brno, Bs_,.

(2) For X' the vector field of (55), denote by X! the vector field of (80). Let
n' >n+ d with n,n’ € N. Then for k € ZN[0,r] we have
Hn% XP= X" in CM((=3,3) x U ., P™) uniformly locally, (81)

€0,k

that is uniformly on subsets of (—3,3) X L{E":k bounded in (—3,3) X P

0

(3) Denote by §t = (FL,,FLp) the flow associated to (80) at II = py. Let §',s
and k as in the statement of Lemma 3.8. Then there is a pair 0 < e1 < &g

such that

g

iii% =5 inC(-1,1] x us;,c,u;mk) uniformly locally. (82)

Proof. For claim (1), it is enough to check that D, satisfies an estimate like
the one of D in (60) for a fixed C for all |e] < 1. Indeed, after this has been
checked, the proof of Lemma 55 can be repeated verbatim, exploiting (A6) for
€ # 0 and with < replaced by (e0)™20.

The estimate on D, needed for Claim (1) follows by the definition of D, , by the
estimate on D, by Py, (p,) = €4(€};, ) (sum on repeated indexes) for Schwartz
functions e, and e} and, for n € N with n —1 > s+ d, and by

1PN, (p0) Qi (1 = ()" Bm_, 2
< llea(JOi(1 = (@) )es, MIps_,.2,) (83)
< llealls, (1= (€2))esllsa < Cl@)llealls, lleslls,,
Cle) = |01 = (e0))|lB(s,, 3, ,q) is bounded by (4) for |¢] < 1 for any pair

(r',r) with 7' > r + d.
We consider now Claim (2). We have
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X' = X! = Aj(t,0,R) (J(1 = (€0)"?)O;R — P, () JOj(1 — (e0)*)R) .

e—0

We have Py, (y)J (1 — (€0)7?)R "= 0 for R € X,/ for any n’ € Z because

e—0

in fact C(e) "= 0 by (5), with C(e) defined like above for any pair (+/,r) with
' >r+d.
Still by (5), for n > n’ 4+ d and for R € X,,; we have by (A5)

[JO(L = (€)™ Rz, < 101 = (e0) Bz, 20l Rlls,, . (84)
<O = () B, 2ra Bz, = 0.

These facts yield (81).

We turn now to Claim (3) and to (82). By the Rellich criterion, the embedding
Y, « ¥ for a > b is compact. Hence also P% — PP is compact. Then (82)
follows by the Ascoli-Arzela Theorem by a standard argument. O

COROLLARY 3.12. Consider (55) defined by the field Xt and consider indexes
and notation of Lemma 3.8 (in particular we have My =1 and i = 1 in (56)
and elsewhere; v and M can be arbitrary). Consider s',s and k as in 3.8. Then
for the map Ft € CY( ;;k,ﬁs) derived from (62), we have F*Q = Q.

Proof. Qg is constant in the coordinate system (7,11, R) where R € NgL (H;,),
with Qo = dr; AdIl; + (J7! , ), where we apply (J~!, ) only to vectors in
the R space. Hence 2y is C* in R € L%, 7 and II, with values in B%(L?R).
From Lemma 3.3 we have that do, so also Q by Q = €y + da, belongs to
C=(US, 1, B*(P,R)) for an € > 0, and so also to C*(U ., B*(P*,R)). Let
nowr—(I+1)d>s >s+1ldand k € ZN[0,r — (I 4+ 1)d]. Then for a fixed
0 < e < g1 and for all |e] < 1 we have

L€ ON((=2.2) X UG 1 U2 1)y Sl 1) CUS  forall (] <2 (8D)
by Lemma 3.8, for a fixed [ > 2. By Lemma 3.11 we have uniformly locally
lim § = § in C'([=1,1) x UZ, 1, UE, 1)- (86)

Let us take 0 < e3 < ey s.t. FLUS ) C L[;;k for all |t] <2 and |¢] < 1.

Eg,k
In Ll;s/ . the following computation is valid because X! is a standard vector field

in L{ES; . and similarly €2, is a regular differential form therein:

1 1
d d
FerQ— Qo =/ pn (Fe Q) dt = / S (LXth + dtQt> dt
0 0

1
:d/ T (iU + ) dt
0
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where we recall Q; = Qp + t(Q — Qo).
If we consider a ball B in UZ, 1, in the notation of Lemma 3.1, for some function
e € CY(B,R) we can write

1
S (By + @) — By + dyp. = / T (i U + ) d, (87)
0
By (85)—-(86) we have

€3,k

lim (3, (Bo + ) = Bo) = §"(Bo + ) — By in ' Uz, 1, B(P* | ).

The set I := {FL(B) : |t| < 2,|e|] < 1} is a bounded subset in L{;;k because of
(71)—(72). Then by (81) we have

lim X7 = X" in C°((~2,2) x I, P*) uniformly .
Hence by ix:; = —a we get

lim (i + @) = izt Q +a=0in C((-2,2) x T, B(P*,R)) uniformly.

This implies

1
lim I / T (iU + ) dtl| oo (B, (P R))
€E— 0
< Cli_I}(l) 7262 + aHLoc([o,l]xr,B(ﬁs,R)) =0,

for C' an upper bound to the norms ||(F%) 5t () : B(P*,R) — B(P*,R)| as v
varies in B. Notice that C' < co by (82).
By (87) we conclude that uniformly

lim die = By — §"*(Bo + ) in C°(B, B(P*,R)).

Normalizing ¥.(vg) = 0 at some given vy € B, it follows that also 1. converges
locally uniformly to a function 1y with diy = By — F**(Bo + ). Taking the
exterior differential, we conclude that F*Q = Qg in C°( ES;’k,BQ(PS’,R)).

O

4. Pullback of the Hamiltonian

In the somewhat abstract set up of this paper it is particularly important to
have a general description of the pullbacks of the Hamiltonian K. Our main
goal in this section is formula (101). This formula and its related expansion in
Lemma 5.4 obtained splitting R in discrete and continuous modes, play a key
role in the Birkhoff normal forms argument.

The first and quite general result is the following consequence of Lemma 3.8.
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LeMMA 4.1. Consider § = §10--- 0§ with §; = S;-zl transformations as
of Lemma 3.8. Suppose that for j we have My = m;, with given numbers
1 <my < .. < myp. Suppose also that all the j we have the same pair r and
M, which we assume sufficiently large. Leti; =1 ifmj=1. Fiz0<m/ < M

(1) Let r > 2L(m' 4+ 1)d + s}, > 4L(m’ + 1)d + s1, s1 > d. Then, for any

e > 0 there exists a 6 > 0 such that § € Cm’(u;’g,u;jh) for0<a<h
and 0 < h <r—(m' +1)d.

(2) Letr >2L(m'+1))d+h > 4L(m/+1)d+a, a > 0. The above composition,
interpreting the §;’s as maps in the (o, R) variables as in Lemma 3.9,
yields also § € C™ (U_q, P~ for U_q a sufficiently small neighborhood
of the origin in P~°.

(8) For U_, C P~ like above and for functions R%7 , € C™ (U_q,R) and

. a,m’
SZJ

€ C™ (U_q,34), the following formulas hold:

I(R') :=TI(R) o § = II(R) + Ry " (I(R), R),
pli=poF=p+R; T II(R),R), (88)
Py = Pp + SZ{;Z?IH(H(R), R).

(4) For a function F such that F(e’"°U) = F(U) we have

Fo§(U) = F (@ + Pp)(R+Sm) + S ™) LK =r = 7L + 1)d.
Proof. Recall that by (62) we have §; € C" (uj;yh,uj;’h) for r — (m' +1)d >
8% > sj +m'd and appropriate choice of the 0 < ¢’ < ¢; and for h € ZN[0,7 —
(m/ 4+ 1)d]. So for the composition we have § € C™ (U Uz ,) for a < h.

er,a’

The inequalities » > 2L(m/ 4+ 1)d + s}, > 4L(m' + 1)d 46 s1, s1 > d can be
accommodated since r is assumed sufficiently large. This yields claim (1).
By Lemma 3.9 we have §; € cm (Z/Lhﬂ-m/mP*h*(j’l)m'd) with U_p4jmra C
Pphtim’d g neighborhood of the origin. So for the composition we have § €
C™ (U_q, P~ for a < h — Lm'/d. The conditions r > 2L(m’ + 1)d + h,
h > 4L(m’ +1)d + a and a > 0, can be accommodated since r is assumed
sufficiently large. This yields claim (2).
We now prove (88). Let first L = 1. By (58) we have R’ := (F1)r(II(R),R) =
e? (R + Silf(nyi/ﬂ)d,mf)’ where we use M > m/. Here we will omit the
variables (II(R), R) in the S’s and R’s. Then we have for ' =r — (m' + 1)d

I(R') = II(R+Sym) = II(R) + RA™ . (89)

a’,m’
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Here we have used

(R, 0S| < 1Rlls_ . 4 I1Se i s, -

—a’+d a’,m’

By p; = 1II; — II;(R) + R"*(II(R), R) we get

Py = I —IG(R) + R™M(II(R), R') 0
= II; - I;(R) + RO*(II(R), R) + RU™ 1 = pj + R

This yields (88) for L = 1 since a < r —4(m’ + 1)d < o’ —d. We extend the
proof to the case L > 1. We write here and below F =Fio0o--0Fr_1. We
suppose that §'(II(R), R) = e’ °(R + Sfll£7j117m,) fora}, _; <r—2(L-1)m'd,
which is true for L — 1 = 1. Then

r_ J(qoF L)< [ ,JqL-© iL,mrL 11,my
R = ¢’ (a°5e (e FORA SN ) ST o SL)
_ J(qoFL+qL)-© iL,mr —Jqr -0 Qi1,m1
=e€ L (R + S'r‘—(m’-ﬁ-l)d,m’) te ‘ Sa/Lil—m’d,m’> ’
where q;, = Rgf’éﬁjil)dw, and where we used the last claim in Lemma 3.9.

: —Jqr -0 Qi1,m1 _ Qti,my
Since e Sa/Lilfm’d,m’ - Sa’L7172m’d7m

pansion R’ = ¢’% (R +8""™,) for a/, < a),_, —2m’d. Then

’
ap,m

, we conclude that there is an ex-

Fr(I(R),R) = ¢’ (R+ S, ™), a) :=r —2Lm'd. (91)

a’,m’
For a’ = o/, formulas (89)—(90) continue to hold. By a < a’, —d this yields (88).
We consider the last statement of Lemma 58. For a’ = r — (m/ + 1)d we have
F(§1(U)) = F(@y + P(p)e’™ (R +S7)
= F(®, + P(p)e’ ™ (R+ S ) + S5 )

—F (/1 (0, + PO)(R+SUTH) +Y))

with
Y = (e — 1)@, + [P(p), e’ " C|(R+ 8L m) + e 08 h Mt
We claim
i1,m1+1
Y = Sal’—21m+’d,m/' (92)
To prove (92) we use (/% —1)®, = Siﬂ?%trll)d,m, = Sfjﬂ}“. This follows

from ®, € C>*(0,S) and

1
(710 1)@y, < |Q1j|/ |10 @, | dt < Cilay| |05y, - (93)
0
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Schematically we have, summing over repeated indexes and for e;,e; € S,

[P(p), e’ ] =[e’°, Py, (p)] = e’ ejle], ) —e;(e” 7], )
= (/% —1ejle}, ) —e;{(e™/"° —1)ej, )

0,mi1+1 * 0,mi1+1
=S, i yam (€5 ) € (S 0 s )
This yields for any o”” < da' =r — (m’ + 1)d

[P(p), e” ™ YR +8,700) = ST

We have e~/ OS“T(;# = Sfll,’nzijil)d ... Then (92) is proved. Then
FE1(U)) = F (@ + P(0) (R + S ) + S5t ) (94)

for a’ =r — (m’ + 1)d. This proves the last sentence of our lemma for L = 1.
For L > 1 set once more §' := F10---0Fr_1. We assume by induction that

F(§(U)) equals the rhs of (94) for o’ = a};_; :=r —2(L —1)m’d. Then using
S;lﬁ” o¥rL = S?l_’z;f}dm, from Lemma 3.9, by (88) for § = §1, and by (92) with

the index 1 replaced by index L, we get

FEU)) = F(@p, + P(p)e O (R4 S )

+ P(p )szlir_nll—m’d m’ + SthlJrl m’d,m’ )

;—2m’d,m’

= F (799 @y 4+ PR+ ™ g ) + 50" v ]) -

We conclude that F(F(U)) equals the rhs of (94) for o}, = r — 2Lm/d. In
particular this proves the last sentence of our lemma for any L. O

LEMMA 4.2. For fized vectors u and v and for B sufficiently regular with
B(0) =0, we have

B(lu+vlf) = B(lulf )+B(|V| )
+Z/O i j' & )jt=00s[B(|su + tv|})] dtds
_ )3
+/ dtds/ 020,[B(|su + 7v[3)] (¢ 'T) dr.
[0,1]2 3!

(95)

Proof. Follows by Taylor expansion in ¢ of
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Bllu v =B (uf) + [ 0080w+ v
:B(|u|1)+B(|v|1)+/ dtds 9,0,[B(|su + tv[2)].
0,12

O

LEMMA 4.3. Consider a transformation § = F10---o§ like in Lemma 4.1 and
with my = 1, with same notations, hypotheses and conclusions. In particular we
suppose r and M sufficiently large that the conclusions of Lemma 4.1 hold for
preassigned sufficiently large s = s, k' and m’. Let k < k' — max{d, ord(D)}
and m < m’. Then there are a ¥(9) € C* with (o) = O(|o|?) near 0 and a
small e > 0 such that in U7, we have the expansion

Kof = %(H(R)) + %Q(HPP(]D)R7P(p)R) _|_'R 2+ Ep(P(p)R) + R" (96)
4
R =Y (B(RI(R)), (P()R)") + | Bs(a, R R(x). 1(R))(P(p)R)° (x)dx

d=2 RS
with:
¢ Ry = Ri’i(H(R), R);
(0,0) =
e (P(p)R)%(x) represent d—products of components of P(p)R;
(-

e By(,R,0) € C"™(U_p, Xr(R3, B(R?M)®4 R))) for2 < d < 4 withU_y, C
P~k a neighborhood of the origin;

.BQ

o for ¢ € R?N with |¢| < e and (0, R) € U_y, we have fori <m
[V%.c.oB5(R, ¢, 0I5, &2, B(R2N )25 R) < Ci. (97)

Proof. Here we will omit the variables (II(R), R) in the S’s and R’s.
By Lemma 4.1 for m < m/ < M, k+ max{d,ord(D)} < k' <r — L(m' + 2)d,
we have
K(FU)) = E(®,+P@p)R+P(p)Sy., +S:) — E(®p,)
~(\(p) +REZ) (nj(cpp +P(p)R) + Ry2, — 11, (cppo)) :
(98)
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where, by (88), we have used p’ :=poF=p—+ R,lcfn and where by kK < k' —d
IL;(®, + P(p)R+ P(p)S;;t, +S1°) = L (®, + P(p)R) + R,

Set now ¥ = &, + P(p )S e T Sk, ,. By (95) foru= ¥ and v= P(p)R
Ep(¥+P(p)R) = Ep(¥)+ Ep(P(p)R)
1 .
oo
" Z / da / ﬁwi“)\t:oas (B(Is¥ + tP(p) RI) dtds
3 0 1]2

) (99)
/ o [ O o0 B+ PR
R3 0,1]2 J

/Rs dx/o 2 dtds/ 020,[B(|s¥ + TP(p)RJ} )]( 3|T)3d7.

The last two lines can be incorporated in R”. For example, schematically we
have

020,B(|s®, + TP(p)RI}) ~ B(s®, + TP(p)R) ¥, (P(D)R)’,

for some B(Y) € C°°(R2N, BS(R2N,R)). This produces a term which can be
absorbed in the Bs term of R”. In particular, (97) follows from (2). The terms
in the third line of (99) can be treated similarly yielding terms which end in
the By term of R” with d = j + 1.

The second line of (99) equals

/ do / dtds Y2 5 07 od { Bs@, + PR +
R o1 5 0; (100)

+ / drd,[B(|s(®, + T(PR)SE + Sk +PORS)] |-
0

The contribution from the last line of (100) can be incorporated in R” —i—R,lcfn
By k < k' — ord(D) we have

Ex(V+ P(p)R) = Ex(¥) + (D%, P(p)R)

1,2
Rim

+(D(P(p)Sy s + S )s P(D)R) +Ex (P(p)R).

Notice that from the j = 0 term in the first line of (100) we get

2 [ do [ asol B (50,50, POIR) =2 [ deB (2,810, PR
= (VEp(3,), P()F).
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By (6) and (16), that is VE(®,) = A(p) - ©®, € Ny(H}), and by P(p)R €

N, (Hp), we have

(D®y, P(p)R) + (VEp(®p), P(p)R) = (VE(®), P(p)RR) = 0.

The j = 1 term in the first line of (100) is 3(V?Ep(®,)P(p)R, P(p)R) which
summed to the Ex (P(p)R) in (4) yields the 1Q(H,P(p)R, P(p)R) in (96).
We have Ex(¥) + Ep(¥) = E(V) and

1,2
0 Rk,m

E(U) = E(®,) + (VE(®,), P(p)S};! ) + (VE(®,), 807 ) +Ry .

’
,m

The last term we need to analyze, for for d(p) := E(®p) — A(p) - IL(P)), is

E(®,) — E(®y,) — Z Aj (p)(IL (@) — I (@p,))

= d(p) — d(po) = >_(Ai(po) — X (p))poj =: ¥ (p, o),

J
where 9(p,po) = O((p — po)?) by Op,d(p) = —p - Op, A(p). Notice that 1) €
C*(0?,R). Now recall that in the initial system of coordinates we have p’ =
I — TI(R") + R“2(II(R'), R'). Substituting p’ and II(R') by means of (88),
and R’ by means of (91) we conclude that p = py — II(R) + Rg}?m/. Then

¥(p,po) = YII(R)) + Rllffn with ¥ (o) = q’/;(PO — 0,p0) & C* function with
1h(0) = O(|o]?) for o near 0. O

LEMMA 4.4. Under the hypotheses and notation of Lemma 4.3, for an R’ like
R, for a ¢ € C* with ¥ (o) = O(|o|?) near 0, we have

K o3 =¢(II(R)) + %Q(HPOR R)+ Ry > (Il(R),R) + Ep(R) + R/, (101)

R = (BuRTI(R)), RY) + /R By, R, R(@), TI(R) B (r)ds,
d=2

the By for d =2,...,5 with similar properties of the functions in Lemma 4.3.

Proof. We have
P(p)R =R+ (P(p) — P(po))R = R+S"'(p — po, R) = R+ S"'(II(R), R).

Substituting P(p)R = R+ S“*(II(R), R) in (96) we obtain that Rifn + R is
absorbed in Rifn(H(R), R) + R/. This is elementary to see for the terms with
d < 4. We consider the case d = 5.
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Bs(x, R, R(x), II(R)) R’ ()(8")*™"

5—
- Z]l )e—olBs(x, R, tR(x), TI(R)) R ()(S™1)>~
7=0

1 (1—t)4 i - i 1,1\5—4
+/O Saar O Bsle RARG@), TR (@)(™)

The last term can be absorbed in the d = 5 term of R’. Similarly, all the other
terms either are absorbed in R’ or, like for instance the ¢ = 7 = 0 term, they
are R12.

We write Ep(P(p)R) = Ep(R — Py, R) and use (95) for u = R and v =
—Pn,(»R. We get the sum of Ep(R) with a term which can be absorbed in
Rifn(H(R), R) + R’. We finally focus on

(J7'HyP(p)R,P(p)R) = <DP( )R, P(p)R) — \;(p)IL;(P(p)R)
<V2Ep( »)P(p)R, P(p)R).

DN =

(102)
We have

(DP(p)R, P(p)R) = (DR, R) + Ry;7, (II(R), R)
(V2Ep(®,)P(p)R, P(n)R) = (V’Ep(®,,)R. R) + R};;, (IL(R). R)
+((V*Ep(®p) — V2Ep(®y,))R, R)
Aj(p) = Aj(po) + RM(IL(R)) + Ry, (I(R), R)
I (P(p)R) = TL;(R) + Ry, (T(R), R).
Then we conclude that the right hand side of (102) is

(I "Hpo R,R)

(D= Apo) - © + V2 Ep(®p,)) R, R) +R**(II(R)) + Ry (I(R), R) (103)

[N

<(V2Ep( ») = V2Ep(®p,))R, R)

where the last term can be absorbed in the d = 2 term of R’ by (34). Setting
¥(0) = ¥(0) + R*%(p) with the R?? in (103), we get the desired result. O

We have completed the part of this paper devoted to the Darboux Theorem.
The next step consists in the decomposition of R into discrete and continuous
modes, and the search of a new coordinate system by an appropriate Birkhoff
normal forms argument.
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5. Spectral coordinates associated to H,,

We will consider the operator H,,,, which will be central in our analysis hence-
forth. We will list now various hypotheses, starting with the spectrum of
‘H,, thought as an operator in the natural complexification L2(R3,C?N) of
L?(R3 R2V).

(L1) 0c(Hp,) is a union of intervals in iR with 0 & o.(H,,) and is symmetric
with respect to 0.

(L2) 0,(H,p,) is finite.

(L3) For any eigenvalue e € 0,(Hp,)\{0} the algebraic and geometric dimen-
sions coincide and are finite.

(L4) There is a number n > 1 and positive numbers 0 < €] < e}, < ... < el
such that oy, (H,, ) consists exactly of the numbers +ie’; and 0. We assume
that there are fixed integers np = 0 < n; < ... < n;;, = n such that
e; = €] exactly for ¢ and j both in (n;,n;11] for some [ < ly. In this case
dim ker(H,, — €) = n;11 — n;. We assume there exist N; € N such that
N;j +1=inf{n € N:nej € 0.(Hp,)}. We set N =sup; N;. We assume
that e & 0,,(Hp,) for all j.

(L5) If e}, <..<e¢j areidistinct X's, and p € ZF satisfies [u| < 2N +3, then
we have
pi€), + -+ upe; =0 <= p=0.

The following hypothesis holds quite generally.
(L6) If p € ker(H,, — ie) for ie € 0, (H,,) then ¢ € S(R3,C2V).

By (15), Hp,& = e implies Hj J ¢ = —eJ €. Then o0,(Hy,) = 0,(H,).
We denote it by op,.
By general argument we have:

LEMMA 5.1. The following spectral decomposition remains determined:
NgL(H;;O) RrC = ( Deco,\{0} ker(’HpO - e)) @ Xc(po) (104)
* * 1
Xe(po) = {Ny(H},) & (Seco,\(0) ker(H, —e€))} .

We denote by P. the projection on X.(pg) associated to (104). Set H :=
Hpo Pe.
The following hypothesis is important to solve the homological equations in the
Birkhoff normal forms argument.
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(L7) We have Ry 0 <! € C¥(p(H), B(X,,%,)) for any n € N, any j = 1,...,ng
and for any ¢ = 0,1, where p(H) = C\o.(Hyp,)-

For the examples in Section 7, (L7) can be checked with standard arguments.
We discuss now the choice of a good frame of eigenfunctions.

LEMMA 5.2. It is possible to choose eigenfunctions £ € ker(H,, — ie}) so that
Q( ;,E;) =0 for j # k and Q(f},g;) = —is; with s; € {1,—1} . We have
Q(&5,€,) =0 for all j and k. We have Q(&, f) = 0 for any eigenfunction § and
any f € Xc(po)-

Proof. First of all, if A\, u € o,(H,,) are two eigenvalues with A # 0 and given
two associated eigenfunctions £, and &y

T E) = ST b0 E) = —— (15 60 E,)
o A ) (105)
= _X<J71£)\7Hpog,u> = _§<J71§>\a€u>7

where for the second equality we used (15) and for the last one the fact that
Hpo& = p€ implies H, & = 7i€. Then, for e; # e, and associated eigenfunctions
& and & we get Q(&;,€,) = 0. Notice that by a similar argument we have
QEn, u) = —5Q(6x,€,) and so Q 3‘752) =0.

Since Hy,& = e§ implies Hy J71¢ = —eJ7IE, for any eigenfunction & of H,,
then J~'¢ is an eigenfunction of 3 . By the definition of X.(po) in (104), we
conclude Q(&, f) = (J71E, f) = 0 for any f € X.(po).

Let ie € iR\{0} be an eigenvalue. By the above discussion, the Hermitian form
(iJ71&,m) is non degenerate in ker(H,, — ie). Then we can find a basis such
that (iJ~'n;,7,) = —|a;|sign(a;)d,, for appropriate non zero numbers a; € R.

Then set {' = v/|aj|n;. O

We set §; = ¢ and e; = e if s; = 1.
We set Ej =¢) and e; = —e if 5; = —1.
Notice that if f € X.(po) then also f € X.(po). This implies that for R €

N, (H;,) @r C with real entries, that is if R = R, then we have

n

R(z) = 2&(@) + Y %& () + f(2),  f € Xe(po)- (106)
j=1 j=1
with f = f.

By Lemma 5.2 we have, for the s; of Lemma 5.2,

1 - 1
5 M R, R) = > ejlzil® + 3 UM £, [) =: Ho. (107)

j=1
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Consider the map R — (z, f) obtained from (106). In terms of the pair (z, f),
the Fréchet derivative R’ can be expressed as

n

R = Z(dzjfj + dfjgj> + f.
=1

We have

QR R = —1Zdz] ANdzZ; +Q(f', f). (108)
Jj=1
For a function F' independent of 7 and II let us decompose X as of spectral
decomposition (106):

Xp = (Xp)s&(@) + 3 (Xp)z, (@) + (Xp)y,  (Xp)s € Xe(po)-
j=1 j=1

By ix,Q = dF and by
dF = 0., Fdz; 4+ 0z, Fdz; + (V4F, ')
ixpQ = —U(Xp)s,dZ; +i(Xp)z,dz + (TN (Xp)p 1),
we get
(XF)., =105, F , (Xp)z;, = —i0,,F, (Xp)y=JV,F.
This implies
{F,G} :=dF(Xg) =i0,,F0:,G =105, F0.,G + (V;F, JV;G). (109)

Hence, for Hy defined in (107), for z = (21, ...., 2n), using standard multi index
notation and by (15), we have:

{Hz, 22"} = —ie- (u—v)2'z"; {Ha,(J7'0, f)} = (J7"He, ). (110)

5.1. Flows in spectral coordinates

We restate Lemma 3.8 for a special class of transformations.
LEMMA 5.3. Consider

X= > b+ > (B, f) (111

|ptv|=Mo+1 |[ptv|=Mo

with b, (0) = Ri?\/[(g) and B,,, (o) = S:q?w( ) withi € {0,1} fized andr, M € N
sufficiently large and with

By = b
(so that x is real valued for f = f). Then we have what follows.

v s Euu = Buuv (112)
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(1) Consider the vectorfield X, defined with respect to Qy. Then, summing
on repeated indexes (with the equalities defining the field X;t), we have:

(XX)ZJ' = i&ZjX = (X;t)zj ) (XX)EJ = _iasz = (X;t)zj ’
(XX)f = aH,-(f)X Pc*(po)Jij + (X;t)f where (X;t)f = Z“?VB#,,(H(f)).

(2) Denote by ¢' the flow of X, provided by Lemma 3.8 and set (', f*) =
(2, f) o . Then we have

dmzt 2 f =100 (F 4 S() (113)

where, for (k,m) with k € ZN[0,r — (m+ 1)d] and 1 < m < M, for
Bs, . a sufficiently small neighborhood of 0 in ¥_; N X.(pg) and for Bgna
(resp.Bgno ) a neighborhood of 0 in C™ (resp.R™ )

S e C™((-2,2) x Ben X By_, X Bgno, 2k)
q € C™((=2,2) X Ben X Bs_, X Bpno,R™) (114)
Z € C™((—2,2) x Ben X By_, X Bgno,C?),

with for fized C

la(t, z, f,0)l < C(z] + [ flls_ )™

(115)
1Z(t,2, £, 0l + 18t 2, f,0)l[m < Oz + [ flls_ )™
We have S(t, z, f, 0) = S1(t, 2, f, 0) + Sa(t, 2, f, 0) with
t ’
Sit.xf.0) = [ (X300t -

182(t, 2, f, )20 < Ozl + Il ) (2l + I e, + lel)'.

(3) The flow @' is canonical: for s,s',k as in Lemma 3.8, the map ¢' €
CY( jll,k,Ps) satisfies * Qo = Qo in C>( ;27k,BQ(PS/,R)) fores >0

sufficiently small.

Proof. First of all notice that x does not depend on 7 and II so that the only
nonzero component of X, is (X, )r = JVrx. The latter is of the form indicated
in claim (1) by a direct computation. Claim (2) follows now by Lemma 3.8.

To prove Claim (3) we need to make rigorous the following formal computation

d * * * 7. *
%W Qo = ¢ Lx Qo = ¢"*dix, Qo = ¢"*d*x = 0.
To make sense of this we can proceed as in Corollary 3.12. We skip the proof.

O
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LEMMA 5.4. Consider a transformation § = §1 0--- 0§ like in Lemma 4.1
and with my; = 2 and for fixed r and M sufficiently large. Denote by (k',m’)
the pair (k,m) of Lemma 4.4 and consider a pair (k,m) with k < k' and
m<m'—(2N+5). Set H := KoF. Consider decomposition (106). Then on
a domain UZ ; like (57) we have

H' =4(1(f)) + Hy + R, (117)
for a v € C™ with ¥(0) = O(|0]?) near 0 and with what follows.
(1) We have

Hi= S a0 + 50 Ml ) (119

|ptv]=2
e (u—v)=0

(2) We have R= R_1 + Ro+ Ry + Ry + Ry, (TI(f), f) + Rs + Ry, with:

Roy= > au(f)Fz"+ > 2 Cu (), )
|/(A+u|):i0 |p+rv|=1
e (p—v

For N as in (L4) of this section,

2N+1
Ry= Y z'%a,,(I1(f));

lptv|=3

2N

R, = Z Z“§D<J_1GMV(H(f))vf>§

lptv]=2
Ry = (Bo(T1(f)), f*) with B(0) =0

where f%(x) represents schematically d—products of components of f;

Ry= Y 2'Zau(z fI(N))+ Y 227 Gulz £11(f), )

lptvi= lptv|=
—oN+2 =2N+1

4

Ri= 3 (Bale ST £+ [ Baler 2. f@) T (@)da

d=2
+ Ry(z, £,1I(f)) + Ep(f) with B2(0,0, ) = 0.
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(3) For 5]' = (51]‘, ~~;5mj);

a,,(0) =0 for |+ v| = 2 with (p,v) # (05,0;) for all j,
as;5;(0) = Aj(wo), (119)
Gu(0) =0 for |p+v|=1.
These a,,(0) and G (z,0) are C™ in all variables with G, (-, 0) €
C™(U, 34 (R3,C?N)), for a small neighborhood U of (0,0,0) in C® x

(X_k N Xc(po)) x R™ (the space of the (z, f,0)), and they satisfy sym-
metries analogous to (112).

(4) We have a,,(z,0) € C™(U,C) .
(5) G (-2, 0) € C™(U, T (R3, C2N))).

(6) Ba(:2, f,0) € C™(U,Tk(R? B((C*N)®4,R))), for 2 < d < 4. Ba(-,0)
satisfies the same property.

(7) Let ¢ € C*N. Then for Bs(-, z, f,(, 0) we have (the derivatives are not in
the holomorphic sense)

for |lf <m , VL 5 ,Bs(2, f,¢,0)lls, w2, 5(®2n)95 1) < Cl.

(s) i
Ry, € C™(U,C),
% € OT(U,C) , (120)
[Ra(z, f,0)] < Cllz] + [ flls- I II5
Proof. We need to express R in terms of (z, f) using (106) inside (101).
We have II(R) = TI(f) + R%2(R). Then, succinctly,
aNH1
R,ta?mmH(R),R) = Y i (VeVERL  (I1(),0), (RV2(R)“R"®)
a+b=2
(1—¢)2N+L 1,2 0,2 0,2 py\a Pb®
+ D | e (VeVRRY () + tR*(R), tR), (R™(R))* R*®)dt,
_aths

with (k',m’) the pair (k,m) of Lemma 4.4. We substitute (106), that is R =
2426+ f. Form < m/—(2N+2) and k < k’, the terms from the R*® of degree
in f at most 1, go into R; with i = —1 O, 1,3 and H). For m < m/ — (2N +4),
the remaining terms are absorbed in ’Rk, m+2(H(f), f)+ Ra(z, £,II(f)).

We focus now on the d = 5 term in (101). We substitute R = z - £ + % - £ + f.
This schematically yields, for a B satisfying claim (7) with the pair (m’, k),
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S [ Bolea f @ 64787 e, (o)
j=0"R?

For j = 5 we get a term that can be absorbed in the Bs term in Ry. Expand
the j < 5 terms in (121) as

Z~/]RJ %(ati)\t=OB5(xa Z, fv tf(l'), H(f))(Z : g +z- 5)5*jf’b+.7(x)dx
=0 ’

+f #/ 0} Bale, 2 £t (@) (D)) (= - € +2- 87 (x)da
s (4—7)!

go into the By term in R4 The last term fits in the By term in Ry by m < m/—5.
The terms in the first line go into the Bd of Ry for d =i+ j > 2. The terms
with ¢ 4+ j < 2 can be treated like the Rk/ m,( (R),R) for m <m/ — (2N +5)
and k < k'.

We focus on Ep(R) = Ep(z-£+7%- &+ f). We use Lemma 4.2 for v = f and
u=z-£+7%-£ Then

Ep(R) =Ep(f)+ Ep(z-£+7%-§)

+ [ de/”]zj (O umodulB(Is(= - € +7-8) + t1[2)dtds

5 ) . € 2y (= 7)°
+/R$dx/[o7l]2dtds/0 O20,[B(ls(z - ¢ +7 &) + TSR - dr.

By B(0) = B'(0) = 0, we have Ep(z-£+%-£) = RY*(R). It is easy to conclude
that this term easily fits into Rg+R3. Similarly, the 7 = 0 term fits in R +R3.
The j > 1 terms fit in the B;; term in R4. The last line fits in the Bs term
in R4.

The symmetries (112) for the coefficients in H5 + R_; + Ry + Ry are an
elementary consequence of the fact that H' is real valued. O

REMARK 5.5. Given a Hamiltonian H' expanded as in Lemma 5.4 and given
a transformation §, we cannot obtain the expansion of Lemma 5.4 for H o F
analysing one by one the terms of the expansion of H'. This works in the set
up of [8, 10] but not here (see in particular the discussion on the exponential
under formula (152) later).

6. Birkhoff normal forms

In this section we arrive at the main result of the paper.
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6.1. Homological equations

We consider afﬁz(g) € C™(U,C) for ko € N a fixed number and U a neighbor-
hood of 0 in R™. Then we set

B0 = Y a0 + S (THE ). (122)
o,
ej(0) = a’} (o). e(0) = (Mi(2),-+ » Am(0))- (123)

We assume e;(0) = e; and a%,)(O) = 0if (u,v) # (9;,0;) for all j, with d;
defined in (119).

DEFINITION 6.1. A function Z(z, f, 0) is in normal form if Z = Zy+ Z1 where
Zy and Zy are finite sums of the following type:

Zi= Y UGl ) (124)

e(0)-(v—p)€oe(Hpy)

with G, (z,0) € C™(U,S,(R3,CY)) for fited k,m € N and U C R™ q
neighborhood of 0;
Zo= Y gu(o)zz (125)
e(0)-(j—)=0
and g,,(0) € C™(U,C). We assume furthermore that the above coefficients
satisfy the symmetries in (112): that is g, = guyu and Gy = Gy

LEMMA 6.2. We consider x = x(b, B) with

X,B)= > bu+ > (T 'Bu,f) (126)

|ptv|=Mo+1 |[ptv|=Mo

forb,, € Cand B, € E@(RS, C*MYNX.(po) with ke N, satisfying the symme-
tries in (112). Here we interpret the polynomial x as a function with parameters
b= (bu) and B = (By,). Denote by X3 the space of the pairs (b, B). Let us
also consider given polynomials with K = K (9) and K = K (p,b, B) where:

K@= Y hw(@2+ Y #UKule)f).  (127)

|ptv|=Mo+1 [ptv|=Mo

with k., (0) € C™U,C) and K, (o) € c™(U, EE(R:‘,(CQN) N Xe(po)) for U a
neighborhood of 0 in R™ | satisfying the symmetries in (112);
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K(0.b,B):= > kuwl(ob B)z'z"
|pu+v|=Mo+1

1 no
+3°3 S (0K, (0.0, B). ),

=0 j=1 |u+v|=My

(128)

with k., € C™(U x X3, R) and K, € C™(U x X3, 57(R?, C*V )N X.(po)), sat-

isfying the symmetries in (112). Suppose also that the sums (127) and (128) do

not contain terms in normal form and that IN((O, b, B) = 0. Then there exists a
neighborhood V-C U of 0 in R™ and a unique choice of functions (b(), B(o)) €

gm(V,Xg) such that for x(e) = x(b(0), B(0)), K(e) = K(o.b(0), B(0)) we
(0. 5 ()} = K(o) + () + 2(0 (120)

where {-- -}t is the bracket (109) for o fixred and where Z () is in normal form
and homogeneous of degree Mo+ 1 in (z, f).

Proof. Summing on repeated indexes, by (110) we get

(HY, X} = —ie(0) - (1 — v)2"Z b (0)

. (130)
— 2"z (f, J ' (ie(o) - (u — v) — H)B,w(0)) + K (0,b(0), B(0)),
I?(Qv ba B) = Z a’%)(g) Z {Zﬂzu’zulzul}bu/’/
|ptv|=2 |w v’ [=Mo+1
(1) (63,6;) ¥ j (131)

+ Z {Z#EV, Z”’Z”’}«]ilBH/y’, f>

|40/ |=Mo

K is a_homogeneous polynomial of the same type of the above ones and we
have K(0,b, B) = 0. In particular, K satisfies the symmetries (112) by (for

f=1r
(@{bur {27 22 1) = al)byr {277, 27 7}
(@ (T B, {2,227 )" = al(T ™ B, {23, 22)

which follow by (i0., F'0z,G—i0z, F0.,G)* = i0., F* 0z, G* —i0z, [0, G*, where
in these formulas a* = @, and by the symmetries (112) for x and for HQ(Z) .
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Denote by A (0,b, B) the sum of monomials in normal form of K and set K :=
K+ K — Z. We look at

—ie(o) - (u— V)2 by, — 227 (f, T (ie(0) - (1 — v) — H) Buy)

+K (0,0,B)+ K(0) =0 (132)

that is at

kuy(Q) + k;uz(ga b7 B) - buu(Q)ie(Q) ’ (M - V) =0
B/.LV(Q) = _RH(ie(Q) : (/14 - V)) [K;LI/(Q) + Kul/(@v b7B)] 9
with k,,,, and K,,,, the coefficients of K. Notice that when k,,,(0,b, B) = 0 and
K, (0,b, B) = 0, for ¢ = 0 there is a unique solution (b, B) € X3 given by
k.., (0)

by (0) = o (i_1)’ By (0) = —Ry(ie - (1 — 1)) K (0). (134)

(133)

Lemma 6.2 is then a consequence of the Implicit Function Theorem by Hy-
pothesis (L7) in Section 5. O

In the particular case My = 1 we need a slight variation of Lemma 6.2.

LEMMA 6.3. Suppose now My = 1 and assume the notation of Lemma 6.2,
assuming K(0) = 0, K(O 0,0) = 0 and V, pK(0,0,0) = 0. We furthermore
consider function aﬁJ’ € C™(U x X;,C) with lali,” (0,0, B)| < CI(b, B)| x,
and we set

{x(@)ﬂéf)(g)}“ = {X(Q)aH(Z)(Q)}S
+ > alt (0,b(0), B(0))#"2 (B (0), f). (139)

|p+v|=1
|+ |=1

t

Then, the same conclusions of Lemma 6.2 hold for

st

{x(0.8(0)}" = K(o) + K(o) + Z(0). (136)
Proof. Like above we get to

k(o) + kv (0,0, B) — buie(o) - (n—v) =0
By, = —Ry(ie(o) - (1 — v))[Kpu(0) + Ky (0,0, B) + > alty (0.b, BYHB,u].

iz

For (p,b, B) = (0,0,0) both sides are 0. Then Lemma 6.3 follows by Implicit
Function Theorem. O



242 SCIPIO CUCCAGNA

6.2. The Birkhoff normal forms

Our goal in this section is to prove the following result where N is as of (L4)
in Section 5.

THEOREM 6.4. For any integer 2 < £ < 2N+ 1 we have transformations ) =
S10 @2 0...0 ¢, with §1 the transformation in Corollary 3.12 the ¢;’s like in
Lemma 5.3, such that the conclusions of Lemma 5.4 hold, that is such that we
have the following expansion

HO = Ko g = o(1(f) + B + RE2, (00, )+ 3 RY,

j=—1
with H2(€) of the form (118) and with the following additional properties:
. J4
(i) RY =0,
(0)

(i1) all the nonzero terms in Ry’ with |p + v| < £ are in normal form, that
is A (u—v)=0;

(iit) all the nonzero terms in Rge) with |+ v| < € —1 are in normal form,
that is A - (11— v) € oe(Hp,).

Proof. The proof of Theorem 6.4 is by induction. There are two distinct parts
in the proof, [2, 8, 10]. Here we follow the ordering of [2]. In the first part we
assume that for some ¢ > 2 the statement of the theorem is true, and we show
that it continues to be true for £ + 1. The proof of case ¢ = 2, which presents
some additional complications, is dealt in the second part.

In the proof we will get polynomials (111) with My = 1,..., 2N with decreas-
ing (r, M) as My increases. Nonetheless, in view of the fact that in Lemma 3.7
the n is arbitrarily large and that (r, M) decreases by a fixed amount at each
step, these (r, M) are arbitrarily large. This is exploited in Theorem 6.5 later.

The step £ +1 > 2. We can assume that H® have the desired properties for
indexes (k', m') (instead of (k,m)) arbitrarily large. We consider the represen-
tation (117) for H®) and we set h = H®)(z, f, o) replacing TI(f) with g in (117).
Then h = H®)(z, f, 0) is C?N*2 near 0 in P*° = {(g, R)} for m’ > 2N + 2 for
so > max{ord(H,,),3/2} by Lemma 5.4. So we have equalities

1 v
auw(0) = Waé‘azhuz,f,g):(o,o,e) , lpt v <2N+1, (137)

— 1 L QU
J IGH,,(Q) = W@é &zvfh\(z,f,g):(o,o,g) R |/i + V‘ < 2N. (138)
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We consider now a yet unknown x as in (111) with My = ¢, i =0, M = m/’
and r = k’. Set ¢ := ¢!, where ¢! is the flow of Lemma 5.3. We are seeking
such that H® o ¢ satisfies the conclusions of Theorem 6.4 for ¢ + 1.

We know that H®) o ¢ satisfies the conclusions of Lemma 5.4. Therefore, to
prove the induction step, all we need to do is to check that the expansion of
H® o ¢ satisfies R_; = 0 and that the only terms in Ry and Ry of degree
< ¢+ 1 are in normal form. We have

1
o = HY + / {H" Xy 0 ¢'dt
Y (139)
4 [ @2 (1,(0) ) 0 o
0
By (130)—(131) we have for o = II(f)
(B 3yt == Y e0) (n—1)2"Zbu o)
lptv|=t+1
- > 22 (e (o) (n—v) = H)Bu(0). f)
|utv|=£
+ > o) ST {2z, 7 Y (o) (140)
|ptv|=2 [w/+v|=6+1

(1) #(65,65) ¥V j
+ > {22 2 NI B (o), f)
| v’ =L

By Lemma 5.3 for My =¢,i =0, M =m’ and r = &k’ for first and last formula
and by the proof of Lemma 3.8, in particular by (72), we have

zo¢t =z + Ry (LI(f),R), II(f) 0 ¢ = TI(f) + Ryt (L1II(f), R)
Roe+1

fogt= e CHIINC (18l (1 TI(), B)) (141)
for £ < k' — (m’ 4+ 1)d. Then, substituting (141) in (140) we get, if k < k" —
ord(Hp, ), Where ord(Hp,) < max{ord(D),d}, for 1 < m < m’ and exploiting
that an R 1S also an RO 2 for ¢ > 2,

/ (Y Xt o ot = {17 X} + R, B, (142)
0

We have

fix}t = Z{H (Do nx+ Y. 22 (P (po)O; f, Bu)-

| v’ |=£
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We have, for Py(po) = 1 — P:(po) the projection on the direct sum of Ny(Hp,)
and the complement of X.(pg) in (104), and using JP*(pg) = P.(po)J which
follows from (15),

{IL(),1;()} = (PZ(po)®if, TP (po) ;)

= (0uf, Palp)IOs ) = RO p).

Notice also that, for By, € ¥j independent of II(f) and for |u + v| = ¢, we
have

{IL(f), 22" (T B, [)} = 2"2"(P}(po)Oif, Buw)
#Z(f, ©iBuy) — 2*27 (P (po)©if, Buw)
= R4 (R) +ROT(R).

(144)
By (143)-(144) we conclude that {IL;(f), x} = Ry“4 ., (I(f), R). By (141)
we get for m < m/

{09, X} o ¢t = RYEL, () + RYEL (4TI, R). ) |

for § 1= e/ Rurim CIC (R4 §01 (4, 11(F), B)) -

Then
{I(f),x}o o' = RUTEL g (LTI(S), R). (145)

By (141) and (145) the last term in (139) is R21ﬁ2(ﬂ(f)7 R) for k < k" —m/d.
This and (142) yield for £ = min{k’ — (2m’/ + 1)d, k¥’ — (m’ 4+ 1)d — ord(H,, )}

HYY 06 = HY + {H", X} + RYTA (L), R). (146)

k,m

A second observation is that h = (H®) 0 ¢)(z, f, o) is C?N*2 in P = {(p, R)}
for m > 2IN+2. We can compute again the corresponding coefficients in (137)—
(138). Because of (115), for |+ v| < £in (137) and for |p+v| < £—1in (138)
these coefficients are the same of h = H®(z, f, o).

A third observation is that for j = 3,4 we have for k = Rg.z) o¢

ILOZK|(0,0,0) = 0 for | +|v| < L+1

N (147)
agagik‘(Qo,Q) =0 for |,LL| + ‘V| </

By Lemma 3.10 for l = m, s = k and r = k’, we have for k <k — (2m + 1)d

I;(f) 0 ¢ = IL;(f) 0 do + Ry (II(f), R), (148)
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with ¢g = ¢} and ¢ the flow defined as in Lemma 3.10 using the field X;t.
Then we have

I (f) o do = T;(f) + / (03X (IU(f). Ro db), fodhydr.  (149)

By the definition of X3* and by formulas (141) for ¢, which are simpler because
there are no phase factors, by |u + v| = ¢ the integrand in (149) is

(= + R T, R))” (24 R (6 11), R)) '
x (03B ((F)),  + S, (LTI(f), R) )
= 2'27(0; By, (TI(f)), f) + RY7, (4, T1(f), R).

Then for k < k" we have

I (f) 0 do = I;(f) + (05 (X5 s, f) + RYZA(TI(f), R). (150)

By £ > 2 we have 2¢ > { + 2 and so R%2 s an R%ﬁ?.

k,m

By %(0) = O(|o|?) near 0, we conclude that

YI(f) 0 ¢ = $IL(f)) + K + Ry, P (I(f). R), (151)

with K’ a polynomial as in (128) with M, = ¢, with K’(0,b,B) = 0 and
(E, m) = (k',m’) satisfying. Notice that it was to get the last equality, which
follows from (150), that we introduced the flow ¢f.

We now focus on Ry. We have by (141)

Ry 0 ¢ = (B2 (I1(f)). (f)?)
= <B2 (H(f) + Rijf;fl(ﬂ(f),R)) ; (152)

0,0+1 . 2
(eJRk//ym/(H(f))R) O(f + Sg’f,m,(ﬂ(f), R))) >

0,6+1
In our present set up the exponential e’ R m " cannot be moved to the B,

by a change of variables in the integral as in [10]. Fortunately we know already
that H® o ¢ has the expansion of Lemma 5.4 and that all we need to do is to
compute some derivatives of Ry o ¢.
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Using the expansion in (152) and formula (116), for ¢ = 0 now, we set
Ry = (Bo(11(f)), (f + Sph . (I(f), R))?)
L 2

— (B (11(f)), ) +2 / Ba(T1(1)), (X3 06t f)dt +REZ (T1(f), R).

We have that k = Ry 0 ¢ — Ry is C**! and satisfies (147). Hence the analysis
of Ry o ¢ reduces to that of Ry. By (141), for kK < k", m <m’—1 and £ > 1
we have

1
/0 Xtogtdt = X3H+ 807 L (T(f), R) = X3t + St H (TI(f), R).  (154)

This implies

My = (Bo(II(f)), f2) + K" + RyVFP(I(F),R)

R (155)
K" = 2(Ba(I1(f)), F(X5M)y).

~

Then K" is a polynomial like in (128) for the pair (k,m) = (k',m’) satisfying
K"(0,b, B) = 0 by By(p) =0 for o = 0.

By (141) and for the pullback of the term Rk, mro(IL(f), f) in Lemma 5.4 we
have for o = TI(f)

R w2 M) ) = R alon )
1
+ / (VR )0+ tRU, (0. f), ) - Ryt (0, f)dt— (156)
=Ry a0 ) + Ry (0, R)

for k < k” —md and m < m/, by elementary analysis of the second line.
Applying again (141) we have

0,641
Rllc”?m’+2(97f) Rk’m-i—? <Q7 JRk” (efe (fJFS% ( R)>)

1,2 1,042 (157)
= R rys (01 + 8%l i (0, B)) + R (0 R)

for k < k" —md and m < m’ — 1. Next, by Lemma 5.3, (116) and by (154),
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we have Sg’fﬂn,(g, R) = (X" + S%fnl, (0, R) and
RiZmsz (00f + (X35 + P03 (0, R))
1,2 ! 1,2 0,0+1
=Ry m’ +2(97 f) +/0 <VRRk3,m/+2 (,Q,f + t(X;t) Sk”+ (o, R)) )
(X305 + S0 (o, R)> dt
= Ry (0, f) + (ViR (0, 1), (X3 1) + Ry (0, R)

where we have used £ > 2, k < k” < k' and m < m’ — 1. Notice that we have
that R,lc’,?m,ﬂ(g, f) is an R,lc’fn_s_z(g7 f). Finally we have

<vak’ ,m’ +2(Q7f), (X;t)f> = R'/” +ﬁ27

" 2 t (158)
K" = <v Rk/ m’ +2(9; 0)f, (X; )f)s

with Ry a term we can absorb in Ry and with K like in (128) for the pair
(74;\, m) = (k',m’) satisfying K"(0,b, B) = 0.
We set

R{" +RY = 7+ K + Roy, (159)

where: Z’ is the sum of the monomials in normal form of degree < ¢+ 1; K,
which is like in (127), is the sum of the the monomials of degree equal to ¢+ 1
not in normal form; Rgp is the sum of the monomials of degree > ¢ + 1. By
induction there are no monomials not in normal form of degree < ¢ so that
each of the monomials of the lhs of (159) go into exactly one of the three terms
of the rhs. B

We define Z” and K by setting

I’;v/ + [?// _’_[?/// _ Z// + ]? (160)
collecting in 7" all monomials of the lhs in normal form (all of degree £ + 1)
and in K all monomials of the Ihs not in normal form. Here K is like in (128)
for (k,m) = (K',m’) with K(0,b, B) = 0.
Applying Lemma 6.2 for (E, m) = (k',m') we can choose y such that for Z =
7'+ Z" we have

(HP 3"+ Z+ K+ K =0. (161)

Then HUHD := H® o ¢ satisfies the conclusions of Theorem 6.4 for £ + 1.
The step £ +1 = 2. Set HV) = K o F,. We are seeking a transformation

¢ as in the previous part such that H® := H® o ¢ has term R(_? = 0 in its
expansion in Lemma 5.4. The argument is similar to the previous one, but this
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time y has degree ¢ + 1 with ¢ = 1. So the steps in the previous argument
where we exploited ¢ > 2 need to be reframed. We know that H (1) gatisfies
Lemma 5.4 for L = 1 for some pair that we denote by (k’,m’) rather than
(k,m).

The proof of (142) is different from the previous one. By (77) we have for some
(k,m) appropriately smaller than (&', m’)

{3} 0 6! = (LY X} 0 6 + R (). R). (162)

The following linear transformation

;0,0 (1)) 257~ + i 252 (77 B (T(F), F)

1z
(2,2, F) = | =iptsbyu (W) 2= — iy 22 (T By (1)), F)
By (T1(£)) 242"

depends linearly on (b(), B(p)), for o = II(f). Then

zjo ¢ = zj+a;j(t,b, B)-2+bj(t,b, B)Z+ >  ¢ju(t,b,B)(J "By, f) (163)
n%
for a;,b; € C*°([0,1] x X/, C?) with |a;| + [b;] < C|[(b, B)||x,, and c;j.., €
C*>([0,1] x X}, C). Similarly

fodh=f+a(t,b,B)-z+ b(t,b,B)Z+> cu(t,b,B)(J "B, f) (164)
pv
with a,b € C*°([0,1] x X, X}) with [al[sr, + [[b[lzn, < C||(b, B)||x,, and
¢ € C([0,1] x Xjs,Xp). These coefficients satisfy appropriate symmetries
that ensure f o ¢f = f o ¢h.
We have
{(HY, X} o ¢ = {HS", x}(T(f), Ro 6h) + Ry, (6 T(f), R).  (165)

To compute {HS", X}t (TI(f), R o ¢}) we replace the R in (140) with R o ¢}.
The coordinates of Rog} can be expressed in terms of R by (163)—(164). When
we substitute (z, f) in (140) using (163)—(164), by an elementary computation
we obtain

{HV, X} (0, Ro ¢4) = {H{" , x}* (0. R)
+ Z ali (t, 0,b(0), B(0))#"Z" (HByw(0), f) + A" + R".

Here:
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o altV (t,0,b,B) € C™ with /" (£,0,0,0) = 0;
ny

e we have

+ZZ S 2z (oAl (L 0,b(0), Blo)), f),

1=0 j=1 |putv|=1
a,u(t, 0,b, B) and AlW(t, 0,b, B) are C"™ with for i = 2

oy (t, 0,6, B)| + | AL (t, 0,0, B) |, < Cl(b, B)|,,; (166)

e R'(0,2,f) is C™ in (t, 0,2, f) € R™tl x C® x ¥_; with (g, 2, f) near
(0,0,0), with for ¢ = 2

R < Cll(b, B)I%,, £, - (167)

Then, in the notation of Lemma 6.3
1 ~
/ {Hy" X} o gt = {Hy" x}' + A+ R+ Ry, (I(R), R), (168
0

with A = fol Atdt and R = fol R!dt are like A* and R'. Then, using also (162),
we get the following analogue of (146):

HEY 0 ¢ = HY + {HEY X} + A+ R+ RS, (1(f), R). (169)
(148) remains true also for £ = 1. We consider (149) and expand
(05 (X s (I(f), R o ¢p), f o dp) = (O;(X3); (1(f), R), f) + A' + R,

with A* and R like the previous ones but such that (166)—(167) hold for i = 1.
This yields

Hj(f)0¢0:Hj(f)+A/+E/. (170)
Here R’ is like R' such that (167) holds for i = 1. A’ is like A" such that (166)

holds for ¢ = 1.
By %(0) = O(|o|?) near 0 and (148) we get the first equality in

G(I(f)) 0 ¢ = p(II(f)) 0 go + Ry, (11(f), R)

y (171)
= O(I(f)) + K' + Ry, (I(f), f) + Ry, ((f), R),
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where K’ = R,lg’,?m, (I(f), R) is a polynomial in R as in (128) with K’(0,b, B) =
0. The second line in (171) follows by v¥(0) = O(|o?), by the fact that
1/)(92 is smooth and by (170). Notice that by choosing m < m’ — 2 we have

Ry (1), £) = Ry (), ).
The discussion of R o ¢ is similar to the previous one after (152) . This time,
though, by (77) we write

1 1
/O X3t o gl = /0 X5t o ghdr + S (T1(/), R). (172)
By (163)—(164) we get

1
/0 Xitoghdt = X'+ A in PV, (173)

with (z, f) — A(p, z, f) linear, with C™" dependence in o and with

1A (0, 2, [llpw < Cll(b(e), B())lIx, (2] + I flls_,)- (174)
This yields, for Ry defined as in (153),

1 2
Ry = <B2(H(f))7 [f+ / (X3, o¢adt} > + Ry (I(f), R)
0
= (Bo(T1(f)), £2)+2(B2(IL(f)), fA)+(Ba(11(f)), A%)+ R} % (11(f), R),

where we have used B2(0) = 0 for the reminder.
We have B
2(Bo(11(f)), fA) + (Bo(11(f)), A?) = K" + R”,

with R” like R and with K" like (128) with K" (0,b, B) = 0, by By(0) = 0,
and with (k,m) = (kK’,m'). Summing up, we have

R = (Bo(11(f)), f2) + K" + R + RS (II(f), R). (175)

Notice that the reductlon of Ry 0o ¢ to 9‘{2 continues to hold also for £ = 1.
We consider Rk/ mit2 00 from the Rk, “mr+o term in the expansion of R in
Lemma 5.4. Then, by (156) and by (172)—(173), for o = II(f) we have

Rllc"?’rn’+2(ﬂ(f/)v f/) Rl 2m +2(Q7 f + (XSt)f + A+ SO . ) + Rg A’rln< R)
The first term in the rhs can be expanded for o = II(f) as
th;%m’+2(97 f + (XSt)f + A) + Rk m(gv R)
We have for o = II(f)
Ry rsa (00 f + (X35 + A) = Ba(0)(f + (XP)s + A + R (0, R),
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with Bs(0) a C™ function with values in B2(X_z, %) with B5(0) = 0.
Considering the binomial expansion we get for o = II(f)

R 2 (), f1) = Ba(0) f2 + K" + R" + RS (0. R),

with R” like R and with K" like (128) with K”/(0,b, B) = 0 and (k,m) =
(K',m').
We now set K = R(_ll) and with the A of (168) we write

K+K'+K"+A=2"+K, (176)

where in Z" we collect the null terms of the lhs and in K the other terms. Now
we have K (0) = 0, K(0,0,0) = 0 and V; pK(0,0,0) = 0. By Lemma 6.3 for
(k,m) = (k',m') we can choose x such that for we have

(HP 4+ 2"+ K+ K =0. (177)
Then H® := HM o ¢ satisfies the conclusions of Theorem 6.4 for £ =2. [

Summing up, we have proved the following result, whose proof we sketch
now.

THEOREM 6.5. For fixed pg € O and for sufficiently large | € N, there are a
fized k €N, ane>0, an 1 < s'<land ol k< k' such that for solutions
U(t) to (3) with TI(U) = poy with |H( R()| + [|R®)||s_, < € and R(t) € %,

there exists a C° map ® : L{E’k — Z/le,’k, such that

~ o~

R := p(I(R), R) = /110 (R 4+ S(I(R), R)), (178)

with 8§ € C*((—2,2) x Bgno x Bx_,, %)

) . (179)
q € C*((—2,2) X Bgro X By_,,R™)

such that || S(TII(R), )Hg , < Cé||R|s_ . and such that splitting R(t) in spectral

coordinates (z(t), f(t)) the latter satisfy

iy =1i0:,H , f[f=JV;H (180)
where H is a given function satisfying the properties of H?Nt1) in Theorem 6.4.

Proof. Since in Lemma 3.7 we can pick arbitrary n, we see by the proof of
Theorem 6.4 that we can suppose that the 2N + 1 transformations ¢, are
defined by flows (55) with pair (r, M) with » and M as large as needed.

Starting with an appropriate U, ,. , we know that there is a map § : Ush

Uz, ., as regular as needed which satisfies the conclusions of Theorem 6.4. In
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particular here we have s’ > s and 1 < k' < kg and in Z/lgl/ﬁ, we get the
system (180) by pulling back the system which exists in U

€0,K0°

We choose now I >> ¢', 1 < k < ' and sufficiently small € and § with U}, C

u:, ., and Mel’k - u:i,n" Here | and +’ can be as large as we want, thanks to
our freedom to choose (r, M).
By choosing § small we can assume Z/{ék C S(L{g;ﬁ,). This follows from (63)
which implies g*l(ug,k) - Z/lel’k. Finally we set ® = §~' where F ' : L{g’k —
S/
€1,k
Formula (178) and the information on S has been proved in the course of the
proof of Lemma 4.1. The information on the phase function ¢ can be proved

by a similar induction argument, which we skip here. O

REMARK 6.6. The paper [2] highlights in the Introduction and states in Theo-
rem 2.2, that it is able to treat all solutions of the NLS near ground states in
H'. But in fact, in [2] there is no explicit proof of this. While [2] does not
state the regularity properties of the maps in [2, Theorems 3.21 and 5.2/, from
the context they appear to be just continuous. FEven if we assume that they
are almost smooth transformations (but see Remark 2.10 above), nonetheless
an ezxplanation is required on why they preserve the structure needed to make
sense of the NLS. But while pullbacks of the Hamiltonian are analyzed, the
question on how in [2] it is possible to pullback differential forms with maps
which are continuous but non differentiable, is left unexplained in [2]. So, for
example, in the statement of [2, Theorem 3.21] it is claimed that F*Q = Qo. It
is then stated that this means that in the coordinates ¢’ the differential form €
is Qo. The meaning of this statement is unclear though, since the chart of ¢’
s not differentiable and differential forms are not topological invariants. The
proof of [2, Theorem 3.21] does not clarify this point since formulas such as [2,
(8.42)], i.e. (79) here, are treated on a purely formal basis, leaving unexplained
basic things such as, for example, the meaning of Ft* Q.

REMARK 6.7. In the 2nd version of [2] there is an incorrect effective Hamilto-
nian. If we use the correct definition of the symbols S which we give above,
the functions ®,,,, used in the normal form expansion in [2] are in Wi for some
large j, rather than in N;>oW?. In pp. 25-27 in the 2nd version of [2], the
W9I7s are defined using the classical pair of operators Ly, see [14], and are
closed subspaces of H'=1(R3) of finite codimension. This last fact seems to be
unnoticed in [2] and leads to the breakdown of the proof in the 2nd version of [2],
as we explain below. The space W2, for example, is defined by first considering
(Lyu,u) for u € ker™ L_ Nker™ Ly C L?. Notice that (Lyu,u) > 0, see [14,
Proposition 2.7] or [11, Lemma 11.12]. Proceeding like in [11, Lemma 11.15]
it can be shown that for u € ker™ L_ Nker™ L, C L? with u # 0 we have
|ul|2 == (Lyu,u) > 0. Then consider the completion of ker™ L_Nker" L, NCg®
by the norm ||u||r. This completion is exactly ker™ L_ Nker™ L, N H'(R?).
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Then W? is a closed subspace of finite codimension of the latter space. Specif-
ically, W? is in the continuous spectrum part in the spectral decomposition of
the operator L_L., which is selfadjoint for (u,v)r = (L= u,v) in ker™ L_.
Notice that, under hypotheses analogous to (L1)-(L6) in Section 5, L_L, has
finitely many eigenvalues and its eigenfunctions are Schwartz functions. Like-
wise, also the other W ’s are closed subspaces of H'~1(R®) of finite codimen-
sion. Later in the 2nd version of [2], at p.41, the Strichartz estimates hinge
on the false inclusion of W3, or of W, in L%(R?’,(C), Additional mistakes
appear in the justification of the Fermi Golden rule. While formulas R%O (p)®
in (St.2)-(St.3) on p. 38 of the 2nd version make sense because ® € H'*
for s > 0 appropriate, analogous formulas RE(p)® in (6.50) and elsewhere in
Section 6.2, are undefined when we know only that ® € W™>. In fact even
RTA(p)é is undefined for p > 0 for such ®’s. So in particular, in the 2nd
version of [2], the discussion of the Fermi Golden rule is purely formal. The
above ones are not simple oversights. Rather, they stem from the fact that, in
the 2nd version of [2], the homological equations are solved only in these W7 's,
while it is unclear if they can be solved in spaces with spacial weights like the
H®™ or the ¥, for n > 0, as we remarked in an early version of [10]. The
3rd version of [2] credits our remark for having stimulated changes in this part
of the paper. These changes are classified in the 3rd version of [2] as mere
simplifications, possibly leaving the wrong impression that the proof in the 2nd
version of [2], while more complicated than in the 3rd version, is still correct.

7. The NLS and the Nonlinear Dirac Equation

We give a sketchy discussion of few examples.
The Nonlinear Schrédinger equation. We consider the equation

iU; = —AU +2B'(|U*)U .

0 1

HereN—l,D——A,|1—|,J—<_1 0

>. There are four invariants:

Q(U) =T4(U) = %(U, U) and I1;(U) = %(U, J%U} for j < 3.
J

For fixed v € R® we have

Qe HU) = Q) L (e 37 U) = IL(U) — ZQ(U) for j < 3 and

3 2
E(eféJv-xU) _ E(U) — ZU]HJ(U) + %Q(U)
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There is well established theory guaranteeing under appropriate hypotheses
existence of open sets O C Rt and (¢,,,0) € C*(O, S(R?,R?)) such that

A¢y, — wdy, + 2B (¢2)p, =0 for z € R3.

More precisely it is possible to prove exponential decay to 0 of ¢, (x) as © — oo.
For v € R? arbitrary we get ®,(z) = e~ 277%(¢,,(x),0) where py = II4(¢,,) and

pj = —%vjp4 for j < 3. We have \y(p) = —w — % and Aj(p) = —v; for j < 3.

Notice that for -£Q(¢.,) # 0 this yields (7). Notice that

2
V2E(e”200) = 75T <v2E(U) —Jv V. + ”4> e/
and that v - VI o eféJv'I = eféJ'u-x [¢) (’U . v:r — J%) and
2
V2E(®,(2)) — A(p) - © = e~ 2707 (VQE((qﬁw,O)) —Jv-V, + 2) es /v
1 1 U2 1 1
+ Ju - Vwe—EJv'rngv'm_F <w T 4) e—EJv'zngv'z.

They imply
Hy=e 27" H,e2 7V H, = J(VE((¢s,0)) + w). (181)
The multiplier operator e~ 27V i an isomorphism in all spaces X, so all the

information on the spectrum of H, is obtained from the spectrum of H,,. We
have H,, = How + V where Hy, := J(—A + w) and

4 (~B(2) - 2B"(42)¢% 0
N LU

This yields 0c.(Hy) = 0(How) = (—00, —w] U [w, 00) and that o,(H,,) is finite
with finite multiplicities. The fact that o,(H,,) is in the complement of o.(H,,)
is expected to be true generically. Set H = H,,P.(w) for P.(w) the projection
on X.(Hy)-

LEMMA 7.1. The statement in (A5) is true.

Proof. Notice that 3, is invariant by Fourier transform so that (4) is equivalent
to the fact that for the following multiplier operator (that is an operator 1 (z)
which maps u — (Yu)(x) := ¥ (x)u(x)) we have

(14 €+ z]*) |, 5, < Cn <oVl <1andn € N. (182)
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Similarly (5) is equivalent to
strong — liH(l)(l + e+ Elr?) 2 =11in B(Z,, ) (183)
1111(1) [(1+ €+ e|z)?) 2 - g, s,y =0 forany n’ € N with n' <n.

Both (182)-(183) are elementary to check using the first definition of X, in
Section 2, computing commutators of the multiplier operators with 95 and
computing elementary bounds on the derivatives of the multipliers. O

LEMMA 7.2. The statement in (A6) is true.

Proof. Using the Fourier transformation like in Lemma 7.1, (A6) is equivalent
to the statement that for any n € N and ¢ > 0 there a C s.t. the following
multiplier operator satisfies

Qe+l =T wimiy| g o < C

for any |7| < ¢ and any |¢| < 1. This too is elementary to check. O

LEMMA 7.3. The statement in (L7) is true.

Proof. From o(H) = o.(H,) we have Ry € C¥(p(H), B(L?, L?)).

We have Ry, and Ry, 0y, are in C*(p(H), B(X,,3,)) for any n € N. By
conjugation by Fourier transform this is equivalent to the statement that for
z € p(How) and ¢ = 0,1, we have

i (6P +w—2)7" 0
5j ( 0 _(|§2+w+z)—1> € B(X,, ).

This is elementary, using the first definition of ¥,, in Section 2.
We have for i =0, 1

Ra(2)0: = Ryt () Po()O, — Ry (W Es(2)0 . (184)
From (184) we derive, for || || = || || B(z2,22)-
1R (2)05, | < (1 + Rao, (2)V) | Bt (2) Pe(w) 3, I, (185)

which yields the n = 0 case.
From (184) we derive

1B ()0, [ B(s,.5.) < CllRro. ()0, | Bs, 2.
+ Cl|[Ryto, () B2, 2.0 (@) " VIwn.ce || Ry (2) 05, | B 1y
The last factor is bounded. Indeed for v = Ry (z)@iju we have
ooV = RH(Z)ag‘E);ju + Ry (2)[V, 8;“]8;],u

and induction in n yields the desired bounds ||v||g» < C||lu||g=. O



256 SCIPIO CUCCAGNA

The Nonlinear Dirac Equation. Here the unknown U is C*-valued, u*
its complex conjugate and for m > 0

iU, — DU — Vu+ 2B'(U - BU*)BU = 0 (186)

where we assume for the moment V' = 0 and where D,,, = —i Z?:l a0y, +mp,

with for j =1,2,3
0 O’j I(C2 0 )
a; = ) = )
i (aj o) b ( 0 —Ie

0 1 0 i 1 0
=1 o) e (5 o) (o 5

Notice that the symmetry group (186) is not Abelian. In [4] there is a sym-

metry restriction on the solutions considered, by looking only at functions

such that for any x € R® we have U(—z) = BU(x) and U(—zy, —xq,23) =
g3 0

S3U (21, x9, x3) with S5 := 0 o) We need to redefine the spaces ¥, in
3

the proof, introducing these symmetries. This does not affect the proof.

There is a unique invariant Q(U) = 1||u||z2. In this case 01U = U for any w.

Hence all the changes of variables are diffeomorphism within each space pKE
(or PK).

(A5)—(A6) in this case are elementary. In fact (A5) is unnecessary, (A6) is
necessary only for ¢ = 0, in which case is trivial. (L7) is necessary only for
i = 0 (given that the only <; is the identity) and can be proved in a way
similar to Lemma 7.3.

Nonlinear Dirac Equation with a Potential. Pick V € S(R3, B(C%))
with V(x) selfadjoint for the scalar product in C* for any # € R3. Then
generically o,(D,, +V) C (—m,m). Suppose op(Dy, + V) = {eq, ..., en} with
€g < ... < en. Then bifurcation yields corresponding families of small standing
waves e ¢, (z) of (186). For generic V the e; have multiplicity 1. If we
focus on e, for generic smooth B’(r) there will be a smooth family w — ¢, in
C*(0,%,) for any n, with @ an open interval one of whose endpoints is e;.
Then it can be shown that for generic V' the hypotheses (L1)—(L6) in Section
are true, as well as all the previous hypotheses. Indeed in this case, taking w
sufficiently close to eg, we have eigenvalues with e} arbitrarily close to e; — eo.
Generically this yields (L4)-(L5). The multiplicity of the ie} is 1. We have
0c(Hy) = (—oo,—m + |w|] U [m — |w|,00). An eigenvalue A of H,, is either
A =0, or A\ = +ie} for some j. This in particular yields (L1)-(L3).
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