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Abstract. Consider the Kirchhoff equation

O — Au(l + ” |Vu|2) =0

on the d-dimensional torus T?¢. In a previous paper we proved that, after a first step of quasi-
linear normal form, the resonant cubic terms show an integrable behavior, namely they give no
contribution to the energy estimates. This leads to the question whether the same structure also
emerges at the next steps of normal form. In this paper, we perform the second step and give a
negative answer to the previous question: the quintic resonant terms give a nonzero contribution
to the energy estimates. This is not only a formal calculation, as we prove that the normal form
transformation is bounded between Sobolev spaces.
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1 Introduction

We consider the Kirchhoff equation on the d-dimensional torus T¢, T := R/27Z (periodic
boundary conditions)

Opu — Au(l + /d |Vul|? dx) = 0. (1.1)
T

Equation ({1.1)) is a quasilinear wave equation, and it has the structure of a Hamiltonian
system

{8tu = V’UH(U7U) =1, (12)

8tU — —qu(U,U) = AU(l + de ]Vu|2d:r>,

where the Hamiltonian is

1 1 1 2
H(u,v) = / v?dx + / \Vu|?dz + (/ |Vu|2dx) , (1.3)
2 Td 2 Td 2 Td
and V,H, V,H are the gradients with respect to the real scalar product
()= [ Fagta)da Vhg € TR, (1.4
namely H'(u,v)[f, 9] = (Vo H (u,v), f) + (V,H(u,v),g) for all u,v, f,g. More compactly,

s
oyw = JVH(w), (1.5)



where w = (u,v), VH = (V,H,V,H) and
0 1
(), o

The Cauchy problem for the Kirchhoff equation is given by with initial data at time
t=20
u(0,z) = a(x), wu(0,z)=p(z). (1.7)

Such a Cauchy problem is known to be locally well posed in time for initial data
(a, B) in the Sobolev space H%(’]I‘d) X H%(Td) (see the work of Dickey [18]). However, the
conserved Hamiltonian only controls the H' x L? norm of the couple (u,v). Since the
local well-posedness has only been established in regularity higher than the energy space
H' x L?, it is not trivial to determine whether the solutions are global in time. In fact,
the question of global well-posedness for the Cauchy problem — with periodic
boundary conditions (or with Dirichlet boundary conditions on bounded domains of RY)
has given rise to a long-standing open problem: while it has been known for eighty years,
since the pioneering work of Bernstein [7], that analytic initial data produce global-in-time
solutions, it is still unknown whether the same is true for C°° initial data, even of small
amplitude.

For initial data of amplitude €, the linear theory immediately gives existence of the
solution over a time interval of the order of ¢=2. In [4], we performed one step of quasilinear
normal form and established a longer existence time, of the order of e~4; indeed, all the
cubic terms giving a nontrivial contribution to the energy estimates are erased by the
normal form. One may wonder whether the same type of mechanism works also for (one
or more) subsequent steps of normal form.

In this paper, we give a negative answer to such a question, as we explicitly compute the
second step of normal form for the Kirchhoff equation on T¢, erasing all the nonresonant
terms of degree five. It turns out that, differently from what happens for cubic terms, the
contribution to the energy estimates of the resonant terms of degree five is different from
zero. This, of course, leaves open the question whether for small amplitude initial data
the time of existence can be extended beyond the lifespan ~ ¢~* (partial results in this
direction are in preparation [5]). The presence of resonant terms of degree five that give
a nontrivial contribution to the energy estimates can, however, be interpreted as a sign
of non-integrability of the equation. Another interesting open question is whether these
“non-integrable” terms in the normal form can somehow be used to construct “weakly
turbulent” solutions pushing energy from low to high Fourier modes, in the spirit of the
works [I1], [24], [25], [23], [22] for the semilinear Schrédinger equations on T2. Proving
existence of such solutions may be a very hard task, but one may at least hope to use the
normal form that we compute in this paper to detect some genuinely nonlinear behavior
of the flow, over long time-scales (as in [20], [27]) or even for all times (as in [26]).

1.1 Main result

To give a precise statement of our main result, we introduce here the functional setting.
Function space. On the torus T¢, it is not restrictive to set the problem in the space of
functions with zero average in space, for the following reason. Given initial data o(z), 5(x),
we split both them and the unknown u(¢, z) into the sum of a zero-mean function and the
average term,

a(z) = ap +a(x), B)=fo+Bz), wult,z)=uo(t) +a(t,),



where
/ a(z)dx =0, B(z)dx =0, / a(t,x)dx =0 V.
Td Td Td

Then the Cauchy problem (|1.1)-(1.7)) splits into two distinct, uncoupled Cauchy problems:
one is the problem for the average ug(t), which is

up(t) =0, uo(0) = ao, uy(0) = Bo
and has the unique solution ug(t) = ap+Bot; the other one is the problem for the zero-mean

component u(t, z), which is

iy — M(/w \va|2dx) =0, a(0,2)=a(z), @(0,z)=7().

Thus one has to study the Cauchy problem for the zero-mean unknown u(t,x) with zero-
mean initial data &(x), 3(z); this means to study (L.1)-(L.7) in the class of functions with
Zero average in x.

For any real s > 0, we consider the Sobolev space of zero-mean functions

HE(T?,C) := {u(m) = Z ujeV " s u; € C, |ulls < oo}, (1.8)
JEZN{0}
lall? = g P11, (1.9)
i#0

and its subspace
H(TYR) := {u € H{(T,C) : u(x) € R} (1.10)

of real-valued functions u, for which the complex conjugates of the Fourier coefficients
satisfy u; = u_;. For s = 0, we write L(Q) instead of Hg the space of square-integrable
functions with zero average.

Let mq := 1 if the dimension d = 1 and mq := 2 if d > 2. For s > m1, § > 0, denote

41 _1
BY(8) = {(u,v) € Hy *(T.R) x Hy *(T*.R) : max{[lull,,, 1. o], 1} <6},

BS L (0) := {(u,v) € H§(T4 C) x HS(T¢,C) : v =1, ||ullm, <6}

sym

In this paper we prove the following normal form result.

Theorem 1.1. There exists 6 > 0 and a map ® : BI'L (6) — B™(20), “close to identity”

sym

(see Remark , injective and conjugating system (1.2]) to a system of the form

O <U> = W(u,v) = D1(u,v) + T>3(u,v) + Ws(u,v) + Ws7(u,v). (1.11)

v

The transformation ® maps BS,,(8) to B*(26) for all s > my. The vector field Dy,
defined in , is linear. The vector field T>3 contains only terms of homogeneity > 3.
Moreover, D1 and T>3 give no contribution to the energy estimates, namely the Sobolev
norms of the solutions of the system O¢(u,v) = D1(u,v) + T>3(u,v) are constant. The
vector field Wy contains only terms of homogeneity 5, it commutes with Dy and it gives a
nonzero contribution to the energy estimates (see -). Finally, the vector field

W7 contains only terms of homogeneity > 7.



Remark 1.2. Notation warning: we are using the same notation (u,v) both for the
original coordinates (u,v) € B™(24) in system (|1.2) and for the final coordinates (u,v) €
B (9) in system (|1.11)), obtained after the normal form transformation &.

sym

Remark 1.3. In Section [2| we will introduce the transformations ®™) and ®®), which
symmetrize the system and introduce complex coordinates. These transformations are
not close to identity. By saying that the map ® is “close to identity” we mean that
d = dW o d? o drext where " is bounded from BS,1, () to Bgp,(20) for all s > my
and satisfies

(@ — 1) (u, v)ls < Cll(,0) 2, (s,

Remark 1.4. There is a certain similarity between our computation and the one per-
formed by Craig and Worfolk [14] for the normal form of gravity water waves. In both
cases one deals with an equation whose vector field is strongly unbounded (quasilinear
here, fully nonlinear in [14]) and in both cases the first steps of normal form show an
“integrable” behavior, while after few steps some genuinely non-integrable terms show up.

However, there is an important difference: while the normal form computed in [14] is
only the result of a formal computation, the transformation ® that we construct here to put
the Kirchhoff equation in normal form is a bounded transformation that is well defined
between Sobolev spaces. This is obtained thanks to the “quasilinear symmetrization”
performed in [4], following the strategy for quasilinear normal forms introduced by Delort
in the papers [16]-]17] on quasilinear Klein-Gordon equations on T.

1.2 Related literature

Equation was introduced by Kirchhoff [31] to model the transversal oscillations of
a clamped string or plate, taking into account nonlinear elastic effects. The first results
on the Cauchy problem — are due to Bernstein. In his 1940 pioneering paper [7],
he studied the Cauchy problem on an interval, with Dirichlet boundary conditions, and
proved global wellposedness for analytic initial data («a, ).

After that, the research on the Kirchhoff equation has been developed in various di-
rections, with a different kind of results on compact domains (bounded subsets of R4
with Dirichlet boundary conditions, or periodic boundary conditions T¢) or non compact
domains (R¢ or “exterior domains” Q = R?\ K, with K C R? compact domain).

On R?, Greenberg and Hu [2I] in dimension d = 1 and D’Ancona and Spagnolo [15]
in higher dimension proved global wellposedness with scattering for small initial data in
weighted Sobolev spaces.

On compact domains, dispersion, scattering and time-decay mechanisms are not avail-
able, and there are no results of global existence, nor of finite time blowup, for initial data
(a, B) of Sobolev, or C*°, or Gevrey regularity. The local wellposedness in the Sobolev
class H2 x H? has been proved by Dickey [18] (see also Arosio and Panizzi [2]), Beyond
the question about the global wellposedness for small data in Sobolev class, another open
question concerns the local wellposedness in the energy space H' x L? or in H® x H*™!
for 1 < s< %

We also mention the recent results [3], [34], [12], which prove the existence of time peri-
odic or quasi-periodic solutions of time periodically or quasi-periodically forced Kirchhoff
equations on T¢, using Nash-Moser and KAM techniques.



For more details, generalizations and other open questions, we refer to Lions [32], to
the surveys of Arosio [1], Spagnolo [35], Matsuyama and Ruzhansky [33], and to other
references in our previous paper [4].

Concerning the normal form theory, and limiting ourselves to quasilinear PDEs on
compact manifolds, we mention, in addition to the aforementioned papers of Delort [16]-
[17], the abstract result of Bambusi [6] the recent literature on water waves by Craig
and Sulem [13], Ifrim and Tataru [2§], Ionescu and Pusateri [29]-[30], Berti and Delort [§],
Berti, Feola and Pusateri [9]-[10], and the work by Feola and Iandoli [19] on the quasilinear
NLS on T.

Acknowledgements. We thank Roberto Feola for fruitful discussions on this subject. We
also thank the anonymous referee for his/her useful comments. This research is supported
by the INAAM-GNAMPA Project 2019.

2 Linear transformations

We start by recalling the first standard transformations in [4], which transform system
into another one (see ) where the linear part is diagonal, preserving both the
real and the Hamiltonian structure of the problem. These standard transformations are
the symmetrization of the highest order and then the diagonalization of the linear terms.

Symmetrization of the highest order. In the Sobolev spaces (|1.8)) of zero-mean func-
tions, the Fourier multiplier

A:=|D,|: H — Hgil, eIy |j|eij'x

is invertible. System (|1.2]) writes

Ou=v
{8,51} = —(1 + (Au, Au))A%u, 21)

where (-, -) is defined in (1.4); the Hamiltonian (1.3]) is
1 1 1 )
H(u,v) = §<U’ v) + §<Au, Au) + Z(Au, Au)®.

To symmetrize the system at the highest order, we consider the linear, symplectic trans-
formation

(u,v) = @D (g,p) = (A~2q,A2p), (22)
System becomes
da=teo (23)
Op = —(1+ (A2q,A2q))Aq,

which is the Hamiltonian system 8y (¢, p) = JVHW(q, p) with Hamiltonian H(") = Ho®®),
namely

1,1 1 1,1 1 1,1 1 0o I
H(l)(q,p)=§<A2P7A2p>+§<A2q,A2q>+Z<A2q,A2q>2, J = (_I 0)- (2.4)



The original problem requires the “physical” variables (u,v) to be real-valued; this corre-
sponds to (g, p) being real-valued, too. Also, note that <A%p,A%p> = (Ap,p).

Diagonalization of the highest order: complex variables. To diagonalize the linear part
0rq = Ap, O,p = —Aq of system , we introduce complex variables.

System and the Hamiltonian H™M(¢,p) in are also meaningful, without
any change, for complex functions ¢,p. Thus we define the change of complex variables

(¢,p) = @2 (f,g) as

_ a2 _(ftg f—g _q+ip _q—ip
(q,p)_(I) (fag)_< \/§ I Z\/i)’ f_ ﬁ ’ g= \/Q ) (25)
so that system becomes
{Btf = —iMf — i3 (A(f +9), [+ 9)A(f + 9) (2.6)
Ohg = ihg + i (A(f +9), [+ 9)A(f +9)

where the pairing (-, -) denotes the integral of the product of any two complex functions

(w, h) ::/ w(z)h(x)de = Z wih_j, w,h € L*(T% C). (2.7)
e JEZA\{0}

The map ®@ : (f,g) — (¢,p) in (2.5) is a C-linear isomorphism of the space L(T?,C) x
L%(T9, C) of pairs of complex functions. When (g, p) are real, (f, g) are complex conjugate.
The restriction of &2 to the space

L3(T?,c.c.) = {(f,9) € L§(T,C) x L{(T*,C) : g = [}

of pairs of complex conjugate functions is an R-linear isomorphism onto the space L%(']I‘d, R)x
LE(T? R) of pairs of real functions. For g = f, the second equation in (2.6) is redundant,
being the complex conjugate of the first equation. In other words, system (2.6) has the
following “real structure”: it is of the form

o (y) =0 = (Z50)

where the vector field F(f, g) satisfies

Under the transformation 2, the Hamiltonian system ([2.3]) for complex variables (g, p)
becomes (2.6)), which is the Hamiltonian system 8;(f, g) = iJVH®(f, g) with Hamiltonian
H® = HD 6 @ namely

HO(f,9) = (M, g) + 1A +9). + )%

where J is defined in , (-,-) is defined in , and VH® is the gradient with respect
to (-,-). System for real (¢, p) (which corresponds to the original Kirchhoff equation)
becomes system restricted to the subspace L3(T¢, c.c.) where g = f.

To complete the definition of the function spaces, for any real s > 0 we define

HE (T, c.c.) == {(f,9) € L&(T% c.c.) : f,g € HS(T C)}.



3 Diagonalization of the order one

In [4] (Section 3) the following global transformation ®(®) is constructed. Its effect is to
remove the unbounded operator A from the “off-diagonal” terms of the equation, namely
those terms coupling f and f.

Lemma 3.1 (Lemma 3.1 of []). Let ®®) be the map

29 0) =0 (1) (3.1
where N'(n,) is the matriz
— 1 1 p(P(n,4))
N 9) = V1= p2(P(n, ) (p(P(n,w)) 1 ) (3.2)
p s the function
)=y +_\$/1+72:1: ’ (3:3)
P is the functional
Pn,w) = 0@ 0)),  QUnw) = (A0 +)m+ ), (34)

and @ is the inverse of the function x — x+/1 + 2z, namely
Wl+2z=y & =Y. (3.5)

Then, for all real s > %, the nonlinear map ®®) : HE (T4, c.c.) — HE(T, c.c.) is invertible,
continuous, with continuous inverse

1

N o) oy "))

For all s > %, all (n,v) € H§(T? c.c.), one has

(@)1 (f,9) =

1@ (1, 0)s < C(llm, $ll3)lln, ¢ lls

for some increasing function C'. The same estimate is satisfied by (<I>(3))_1.

In [] it is proved that system (2.6)), under the change of variable (f,g) = ®®)(n, ),
becomes

0 = =i/ T 2P0 D) A + g (A ) = (A A o

O = i/TH 2P0, ) M+ s (A0 Ag) — (A, Am) )

Note that system (3.6)) is diagonal at the order one, i.e. the coupling of 7 and ) (except
for the coefficients) is confined to terms of order zero. Also note that the coefficients of

1
(3.6) are finite for n,+¢ € Hj, while the coefficients in (2.6) are finite for f,g € HZ: the
regularity threshold of the transformed system is % higher than before. The real structure

(3.6)

7



is preserved, namely the second equation in (3.6]) is the complex conjugate of the first one,
or, in other words, the vector field in (3.6|) satisfies property (2.8)).

Quintic terms. By Taylor’s expansion,

e(y) =y—y*+ 0" (y—0). (3.7)

Hence

1
TT 2P0y~ L 200 ) +6Q°(0¥) + 0@ (),
L+2P(n,¢) =1+ Q(n,¢) — gcf(n, V) + O(Q%(n,1)). (3.8)

The transformed Hamiltonian. Even if ®®) is not symplectic, nonetheless it could be
useful to calculate the transformed Hamiltonian, because it is still a prime integral of the
equation. By definition (3.3]), one has
- 1+ p? 1
p(x) x + p°(x) R Vo >0

1-p2(z) 2vi%2z  1-p2(x) Vitox
For (f,g) = ®®)(n, ), one has

_ p(P(n,7))
Afg) =17 p2(P(n,1))

1+ p*(P(n.¢))
1= p*(P(n,¢))

(¢Am,m) + (A, 0) ) + (A, )

and
1

Hence the new Hamiltonian H®) := H®) o &®) ig

—Pn,v)
TP A + (A0 0))

1+ P(n,7)
1+2P(n, )

H®) (n,¢) =

(A, ) + P*(n,1).

4 Normal form: first step

The next step is the cancellation of the cubic terms contributing to the energy estimate.
Following [4], we write (3.6]) as

) (Z) = X(n,¢) =Di(n,¥) + D=3(n, ¥) + Bs(n,v) + R>5(n, 1) (4.1)

where
D)= (G )+ Poalnd)i= WIF2PL0) ~ DPi0). (42)

Bs(n, ) is the cubic component of the bounded, off-diagonal term
i
Batn ) = § (140, 40) — n ) (V) (4.3

8



and R>5(7, 1) is the bounded remainder of higher homogeneity degree

(1+2P(n,v))

In [4] the term Bs (and not D>z, as it gives no contribution to the energy estimate) is
removed by the following normal form transformation. Let

Ros(n¥) = (A, A) — (A An)) (). (4.4)
2 n

oW (w,z) = (I + M(w, z)) <Z’> , (4.5)

M(w,z) :== 0 Arz[w, w] + 012[272]> 7

<A12[Z,Z] + C’lg[w,w] 0

where Ao, Cio are the bilinear maps

(4.6)

. 2 )
Ais[u,v]h := Z ujv,jJLhkeZk'z, (4.7)
= 8(l71 = [&I)
7,k#0,15|#k|
141? ik
Clg[u, v]h = Z ujv_j,ihke’ z (4.8)
2 IR TR
For d € N, let
mog=1 ifd=1, mozg if d > 2. (4.9)

Lemma 4.1 (Lemma 4.1 of [4]). Let Aj2,C12,mq be defined in (4.7)), (4.8]), (4.9). For all

complex functions u,v, h, all real s > 0,

3 1
lAwfu, v]hlls < Sllullmol[vllmolIolls, [ Crzlu, v]hlls < ellulliollLliA]s. (4.10)

The differential of ®*) at the point (w, z) is
(@YY (w,2) = (T + K(w,2)),  K(w,z) = M(w,2) + E(w,2), (4.11)

where M (w, z) is defined in (4.6)), and

a) [ 2Apw, o]z +2C12[z, Bz
Bl (§) = (e e ds). (4.12)

To estimate matrix operators and vectors in Hg(T9, c.c.), we define ||(w, 2)||s := ||w||s =
lz||s for every pair (w, z) = (w,w) of complex conjugate functions.

Lemma 4.2 (Lemma 4.2 of []). For all s > 0, all (w,2) € HJ"(T% c.c.), (a,B) €
HE (T4, c.c.) one has

Q 7

prwa) (5) ], = Il (4.13)
Q@ 7 7

w2 (5) ], < fglwlullal + glulmoliwlolm (4.14)




where mq is defined in (£9). For ||w|lm, < %, the operator (I + K(w,z)) : Hi" (T4, c.c.)
— HJ™ (T4, c.c.) is invertible, with inverse

T+ Kwz2) " =T-Kwz) +Kwz), Kwz:=>» (-K(w,z2)",

n=2
satisfying
_ o
[+ K2 (§)], < Clall + Halmglwlfaln),

for all s > 0, where C is a universal constant.
The nonlinear, continuous map ®® is invertible in a ball around the origin.

Lemma 4.3 (Lemma 4.3 of [4]). For all (n,v) € HJ"*(T%, c.c.) in the ball |n|jm, < 3. there
exists a unique (w, z) € HJ" (T4, c.c.) such that ® (w, 2) = (n,v), with |w|lme < 2[7llme -
If, in addition, n € H{ for some s > mg, then w also belongs to Hf, and |w|s <
2lnlls. This defines the continuous inverse map (®W)~1 = HE(T c.c.) N {|0llmy < 1
— H§(T, c.c.).

Lemma 4.4 (Lemma 4.4 of [4]). For all complex functions u,v,y, h, one has

(Arzlu,v]y, h) = (y, Arz[u,v]h),  (Crzlu,v]y, h) = (y, Cr2lu, v]h), (4.15)
Apalu, vy = Aia[u, vy, Cr2lu, vy = Ci2[u, vy, (4.16)
[Ara[u, v], A%] = 0, (Ciofu, o], A%] = 0 (4.17)

where U is the complex conjugate of u, and so on. Moreover, for all complex w, z,
M(’IU,Z)DI —i—DlM(w,z) =0. (418)

Under the change of variables (1,1)) = ®® (w, z), it is proved in [4] that system ([3.6)
becomes

O <w) = (I + K(w,2)) ' X (@D (w, 2)) = XH(w, 2)

2
= (1—|—73(w,z))D1(w,z)—I—X;r(w,z)—l—X;S(w,z) (4.19)
where

P(w, z) = \/1+2P(@")(w,2)) — 1, (4.20)

X7 (w, ) has components
(Xh(w.2)=—7 D, wjwgljfPape™, (4.21)

3:k#0, |k|=]3|
(XS )a(w, 2) = 1 Z zjz_j\j\2wkezk r (4.22)
3,k#0, |k|=|j]

and
X;E)(w,z) = K(w, 2) (I+ K(w,z))_l(Bg(w,z) — X;'(w,z)) + R;E](w,z)
—P(w,2)(I + K(w,2)) " (Bs(w, 2) — X{ (w,2)) (4.23)

10



with
REs(w,2) = (I + K(w,2)) " Ras(2W (w, 2)) + [B3 (@™ (w, 2)) — Bs(w, 2)]
+ (= K(w,2) + K(w, 2)) B3 (®W (w, 2)), (4.24)

R>5 defined in (4.4)).

Lemma 4.5 (Lemma 4.5 of [4]). The maps M(w,w), K(w,w), and the transformation
dW preserve the structure of real vector field (2.8). Hence X+t defined in ([A.19) satisfies

3.

The terms (1 + P)D; and X5 in (4.19) give no contributions to the energy estimate,
because, as one can check directly,

(AS(1 4 P)(—ifw), A*2) + (A*w, A*(1 + P)iAz) = 0

and

(A°(X)1, A2) + (ASw, A(XS)9) = 0. (4.25)
Similarly, also PX?TL gives no contribution to the energy estimate, because
(N (PX3 )1, A%2) + (Nw, A*(PXS)a) = P(A* (X5 )1, A%2) + P(A*w, A°(X5)2) = 0.

Lemma 4.6 (Lemma 4.6 of [4]). For all s > 0, all pairs of complex conjugate functions
(w, z), one has

1 1
1Bs(w, 2)[ls < gllwlilwlls, X5 (w, 2)lls < lwllF]wls, (4.26)
and, for ||wllm, < %, for all complex functions h,
IP(w, 2)hlls = P(w, 2)[|hlls, 0 < P(w,z) < Clwlli, (4.27)
IR>5(w, 2)lls < 2P(w, 2)[|Bs(w, 2)]ls < Cllw][3 w][F[|w]s (4.28)

where R>5 is defined in (4.4) and C is a universal constant.
Lemma 4.7 (Lemma 4.7 of [d]). For all s > 0, all (w,z) € H§(T% c.c.) N HY" (T4, c.c.)
with ||wl|m, < %, one has

1X35(w, 2)||s < Cllwll[[w|7 llw]ls (4.29)

where C is a universal constant.

Quintic terms. Now we extract the terms of quintic homogeneity order from X g s(w, 2).
Using (£23), (E29), 38, (34), (&3), we calculate
X§5(w, 2) = P(w,2) X{ (w,2) + X (w,2) + X;(w, z) (4.30)

where
XF(w,2) = —K(w,2) X5 (w, 2) — 3Q(w, 2)Bs(w, 2) + By(w, 2) M (w, 2) <Qg> (4.31)

and X3 (w, 2) is defined in (4.30)) by difference. As already observed, the term P (w, z) X3 (w, 2)
in (4.30) gives no contributions to the energy estimate. By (4.19)), (4.30]), the complete

vector field is
Xt (w,2) = (14 P(w,2)(Di(w, 2) + X5 (w,2)) + X5 (w,2) + X;(w, ). (4.32)

Moreover, adapting the proof of Lemma [4.7] we obtain the following bounds.
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Lemma 4.8. For all s > 0, all (w,z) € H{(T?, c.c.) N HY(T?, c.c.) with ||w|[m, < 5, one
has
165" (w, 2)ls < Cllwllmllwlls, 11X (w, 2)||s < Cllwllgy,llwlls,

where C is a universal constant.

We analyze the terms in (£31)). By (&11)), (4.12), the first component of K (w, 2) X3 (w, z)

(K (w, 2) X5 (w, 2))1 = Azfw, w](X5 )2 (w, 2) + Cr2z, 2] (X5 )2(w, 2)
+ 2410w, (X3)1(w, 2)]z + 2C12[2, (X7 )2(w, 2)]z,

and its second component is the conjugate of the first one. Recalling (4.3, the first
component of the last term in (4.31)) is

(Bg(w, 2)M (w, 2) (Z’))l = %((Az, AB) — (Aw, Aa>>z + %((Az,Az) — (Aw, Aw))ﬁ

with
a = Apfw,w|z + Cia[z, 2]z, B = A12]z, zJw + Cra|w, wjw

namely
(Bg(w,z)M(w,z) (f))l <Az Agglz, z]Aw)z + — (Az Chro[w, wlAw)z

<Aw Ap[w, w|Az)z — 7<Aw Cialz, z]Az)z

M\N

(Az Az)Agolz, zJw + — <Az Az)Cha|w, ww

.,.[k\&

1

1<Aw Aw)Aqa]z, z]w — Z(Aw Aw)Ciz[w, wiw.
In Fourier series, with all indices in Z¢\ {0}, one has

-12 Y 2 )
|j| ‘ | ij—jzfz—fwkelk.x

7
Al (X (w2 = 55 >
Skt

\j\#ki 4
C12[Z,z](X§' )o(w, 2 Z 317142 2oz e
32 Jl+ [kl
\k\ |5|
Avpw, (X3 )1 (w, 2)]z = —i 3 1512]¢1? Wiz wpw_ e’
’ 32 4= [jl- kT
J,k.L
[€]=17|7k|
Cialz, (X3 )2(w, 2)] Z i wz w_zgr_ezpel,
32 HESEE
\J\ \f|

1 .
Q(w,z) = 1 Z lil(wjw—; + 2wjz_; + zjz_j),
J

(Bs(w,2))1 = D il (22— — wijw_j) 2™,
j7k

12



(Q(w, z)B3(w, 2)), = 16Z|ZH]| (wew_g + 2wez_g + 202_4) (2j2—j — wjw_;) 2™,

3,k
0)? -
(Az, A1a]z, z|Aw)z = < Jz: H’ | “ ‘ _jzgz,gzke’k‘x
€151
0)? o
(Az, Cro|w, w]Aw)z Z ||Z||+| ’| ]wgw_gzkem ,
2
(Aw, Ajo[w, w]Az)z Z ”J’ [ w] —jwew_ vzpe T,
If\#]l
02 -
(Aw, C12[z, z]Az)z Z ’ZM ” ‘wjz_jz'gz,gzkelk”,
1 )? "
(Az, Az) A1a]z, z|w Z ‘]‘7“ | ‘k‘ij_ngZ_gwkelkz
Ik\#\y\
1412 |€|2 .
Az, Az)Cro|w, ww _izpz_pwpe” T,
e A Z eI

(Aw, Aw) Ays]z, z|Jw = = 3 Z ZjzZ_jwpw_gwpe™ ",

2 T~ A
k| #15]
(Aw, Aw)Crao[w, w]w Z f* MQ ,]wgw_gwkeik'x.
\JHW

Thus the first component of the quintic term X3 (w, 2) is
(X5 (w, 2)1 = —Arzfw, w](X3)2(w, 2) — Cia[z, 2] (X3 )2(w, 2)
— 241w, (X5 )1(w, )]z — 2012[z, (X5 )2(w, 2)]2
_3(Q )83 wvz))l
+ —(Az, Ay2]z, z]Aw)z +

~.

<Az, Cr2|w, w]Aw)z

B\

%(Aw Apg[w, wlAz)z — <Aw Cha(z, z]Az)z
%(Az Az) Az, zJw + — <Az Az)Cra|w, ww
%(Aw Aw)Aja)z, z]w — i(Aw Aw)Crao|w, wjw

13



and, in Fourier series,

. 2
+ i 131714 k-
(X3 (w,z))1——3f2 ;4 ’J’ "] wjw_j2pz_gwie™ "
|J|¢|k\ Il
- — —jZeZ— gwke + — Wi 2 jWW_pZLe
» \y|+\k| 6 2 -
IkIZIZ\ [e1=[51#1k
i 1917 1€1? ik
ZiW_ 3 20Z_gZL€
16Z [+ TR 7
|j|=|f\
31 ) ik
T Z \EH]]Q(wgw,g + 2wpz_g + 2e2—¢)(2j2—5 — ij_j)zke’k *
gkt
e E2 ~
Z ‘Z‘_’” izer zzke’kaer ‘\J\ 14 jwﬁw_ezkezkm
Ifl#\j\
i 7l?1)? il21€)?
Sy BRI et Z"" R
16 2~ 16~ 5
j7 ki
[eI#l5]
222y W ¢ + — W_j2pZ_pWEE
2 |J| k] 75 Z|y|+\k| J
Iklsﬁljl
i 1912 1€1? ik 11214 ik
— iz _swpw_pwie” T — — W W—_jWeW_gWe
82 2 Jj [k 77 Z AT
|’f|¢|]|

Notation. In the coefficients of the vector field X ; there appear several denominators,
which imply the corresponding restrictions on the indices j, k, £ to prevent the denomina-
tors from vanishing. From now on, we will stop indicating explicitly the restrictions on
the indices in summations and adopt instead the convention 0/0 = 0 in the coefficients.
For instance, instead of

12|y 2 )
Z |]| ’ | z]z_ngw_gwkelk'“
2 Jj1=1H]
Iklim

we will write
2162 (1 — 8t

|1 ikx
— k|

Zje—jWeW_pWge

D

e W

In this example, when |j| = |k| the denominator of the coefficient vanishes; the numerator
ERORC)

also vanishes because of the factor (1 — 5#5“); this has to be interpreted as GT=TRT

being zero when |j| = |k|.

We collect similar monomials, and we get that (X: (w, 2)); is the sum of the following
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eight terms:

1917 [€1? ik
Yl(1 [w, w, w, w]w : _ﬁ % T ‘k|ij_]wgw wie’
|k’|( 5|k|)
1
Y(2)[w w, 2, Z 1 | ¢ | ( W |1 + —
H 32%‘; 71 = [k] 191 =+ [k
k|
- .
T ),

s -

o) f AV it
Y[z, 2, 2, 2w 322]3] 10? <‘]H“k| HEE )z]z_JZgz,gwke ,

7.4,k

3i '
Y1(24) [wa ’LU’ wa w]z = Té Z ’]’2‘£’w]w_‘7w£w,£2kelkx’
JA:k
) £|5|J|( _5|k|)
V.l = 1o SRl (e
16 ~= €] — [K|
¥l
4] (1 =) "
1) + 4] 1 =[] )ij—jwzz—gzkel v
Yl(g)[w,w,z,z]z = me 5] = ) wjw_zez_ezpe™,
]Zk
é ; ]
;o] FIIEE=E
Y(l)[w7z,z,z]z = 7] |¢ | ( 1] 6+ .|j|
; 16;% FE3Z €] — 1]
7] ) o
- —w;z_izpz_pzre” ",
|g’_|_m Jr—JAe—L7k
}/'1(20)[2 Z, 2, z Zm ‘€|Z] Zgz_gzkeik'$,
jék

Symmetrizing in j <> ¢ when it is possible, we also have

: 12112 12112
(1) b 717 1] 1 W
Yy lw, w, w, ww = ol 2 <|j| T |k’>w]w_3wgw,gwke
sl |K|
+ 0,
0 f
JZk
|K| |K|
(1—(5||) (1_5lf\

+ + ik-x

gl =1kl el = k]

3t ) . ik
= 25 2 Ll + D jwan—gzre™,
j7£7k

)zjz,ngz_gwke

Y1(24) [w7 w,w, w]

N

0 3i . . k-
Vip lz,2 2,202 i= = S LIS+ 1E) 22—z ezne™
j7£7k“
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(4.37)

(4.38)
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(4.42)

(4.43)
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5 Normal form: second step

We consider a transformation of the form
(Z’) = (I + M(u,v)) <z> =: &) (u, ), (5.1)
where M (u,v) is a matrix operator of homogeneity degree 4. In particular,
M(u,v) = Alu, u, u, u] + Blu, u, u,v] + Clu, u,v,v] + D[u,v,v,v] + Flv,v,v,v], (5.2)
where Au, u, u, u] is of the form

Alu, u,u,u] = (An[u,u,u, u]  Aralu,u,u, u])

Aoy [u, u,u,u] Agglu, u, u, ul

and similarly for the other terms and for M(u,v). We assume the following symmetries
on the multilinearity of the maps A, B,C, D, F:

= Au® 0™ u® @] = Afu® @ @ O],

for all u,v, u™, 0™ n =1,2 3,4. We also assume that

Cu1[u™, 0@, oM @ h = Z ug-l)u(_zj)»vél)v(fé)hk c11(4, ¢, k) etk
j,bk

for some coefficient ¢11(j, ¢, k) to be determined, and similarly for all the other terms. One
has

o (1,:) = I+ M(u,v)) @ﬁ) +{0:M(u,0)} Cf) — (I +K(u,0)) (gﬁ)

where

K(u,v) := (@)Y (u,v) — I = M(u,v) + E(u,v) (5.3)

and, thanks to the previous assumptions,

E(u,v) <g> = {2A[u, o, u, u] + 2A[u, u, u, o] + 2B[u, a, u, v]
+ Blu, u, o, v] + Blu, u, u, ] + 2C[u, o, v, v] + 2Clu, u, v, 5] + D[a, v, v, v]

+ Dlu, B,v,v] + 2D[u,v,v, 5] + 2F v, B,v,v] + 2F[v,v,v, 8]} <Z> . (5.4)

The transformed equation is
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where
W (u,v) == (I + K(u, ) X (@O) (u, ). (5.5)

Recalling , we decompose
W (u,v) = (14 P(@5) (u,v))) (D1 (u,v) + X3 (u,v)) + Ws(u,v) + War(u,v),  (5.6)
where (14 P(®®)))(D; + X3) gives no contribution to the energy estimate,
W (u,v) = X (u,v) + D1 (M(u,v)[u,v]) — K(u,v)D; (u,v) (5.7)

and Wsr7(u,v) is defined by difference and contains only terms of homogeneity at least
seven in (u,v).
We calculate each term of the first component (W5); of W5. First, one has

(Ws)1(u,v) = (X5 )1(u, v) — ih (M1 (u, v)u + Mia(u, v)v)

_ (Mn(u, v)(—iAu) +M12(u,v)(iAv)) - (5(“’ v) (;1&“))1

. —iAu
= (X;')l(u,v) — 2iMio(u,v)Av — (5(u,v)< Ao >)1
Now
—iAu . , .

(E(u, v) iAw )1 = —2iA11[u, Au, u, ulu — 26411 [u, u, u, Auju — 2iB11 [u, Au, u, v]u
— iB11[u, w, Au, v]u + iB11 [u, u, u, Avju — 2iCqq[u, Au, v, v]u + 2iCi1 [u, u, v, Av]u
— iD11[Au, v, v, v]u + D11 [u, Av, v, v]u + 2iD11[u, v, v, Av]u + 2iF11[v, Av, v, v]u
+ 2iF11[v, v, v, Avju — 2iAro[u, Au, u, ulv — 2iA12[u, u, u, Aujv — 2iBio[u, Au, u, v]v
— iBiau, u, Au, v]v + iBia]u, u, u, Avlv — 2iCia[u, Au, v, v]v + 2iCia2[u, u, v, Avjv
— iD1o[Au, v, v,v]v 4+ D12[u, Av, v, v]v + 2iD12[u, v, v, Avlv + 2iFi2[v, Av, v, v]v
+ 2iFi2[v, v, v, Av]v.

Thus the terms in (Ws)1(u,v) containing the monomials uju_jupu_upe™® are

Yl(f) [u, u, u, ulu + 28411 [u, Au, u, uju + 2iA11 [u, w, u, Auju

i (o) , i PP PP
= UjU— jUpU—gURE 2i(|7] + [)a11(j, 4, k) — —( = + .
]Zj’k ( 64<m TR |;<;|>)

Hence we choose

| le? | |
,é,]{? = . : s 5.8
an ) = g e ) (5:8)

so that (Ws)1(u,v) does not contain monomials of the type uju_jupu_puge™*®.

Next, since (X7 )1(u,v) does not contain monomials uju_juev_puge* ™ we fix

By =0, (5.9)

so that (W5s)1(u,v) also does not contain such monomials.
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Next, the terms in (W5)1(u,v) containing the monomials uju,jvgv_gukeik‘x are

Y1(12) [, u, v, v]u + 2iC11 [u, Au, v, v]u — 2iCy1 [u, u, v, Avlu

sH (1 — gt 1 (1— gl

T R il )
= 3wy o™ { P (— P )
% ’ 32 5] — [K] )+ k] e — [&]

+ 2ien (7, 6 k)17 - 1)}

This term can be eliminated for |j| # |¢|, while for |j| = |¢| it cannot be eliminated, and
in that case we fix c11 = 0. Thus we choose

|| || || 1€]
O -0y) 1 (=g )> 1-9
17| — |K| 7]+ [k ] — |k / |e] —|5]

and the terms in (Wj3)1(u,v) containing the monomials wju_jvev_suge?** become

, 1.
en( 4 k) = g i1 ( (5.10)

. _5|k|(1 _ 5|k|) (1 _ 5|k|)
> ka [ L2021 l4] 1 14|
U U_ i VpU_gUp e —1j|%|¢ i + — _
PR G e T e TR T )
l71=lel

1 (1 -3y

7 kx| 121912 W)
= — uju_vpv_pure™ | j|°|¢| ( : - )
= ; it GEE T Tk

k-

Next, since (X5 )1(u,v) does not contain monomials ujv_;vev—_eure™®, we fix

Dy =0, (5.11)

so that (W5)1(u,v) also does not contain such monomials.

Next, the terms in (W5);(u,v) containing the monomials vjv_jvgv_gukeik“

are

Yl(lo) [v,v,v,v]u — 2iF11[v, Av, v, v]u — 2iF11[v, v, v, Av]u

: sl (=gt -4l
kx| 2192 1| ¥l 1] 1|
— VU il =
> vy gev-ense (g i1 = Sy T+ =)
754,

— 20 R+ 16D}

Hence we fix

Ty | |
O +0y (=05 (=)

- + —
gLl 1 =1k 16— [k

Y g )

. 1
fll(]?gvk) :77< \]H‘W’

128

so that (W5)1(u,v) does not contain monomials of the type vjv_jvv_suge*®,

Next, the terms in (Wj3)1(u,v) containing the monomials wju_jusu_pvge*®

are
Y1(24) [, u, u, ulv — 2iA12[u, u, u, u|Av + 2iA12[u, Au, u, ulv + 2iA12]u, u, u, Aujv

= > wujugu_pone™* { 51161151+ 1) = 2iara (i, £, k) (K] = 151 = 1) }-
Jl.k
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Hence we fix G

J
(1-— 5|k| )
|k — 1] = 1¢”

and the terms in (W3)1(u,v) containing the monomials wju_ jupu_gvie™® become

. 3. ,
a12(J, 6 k) := 7 11E1CL ]+ 1)) (5.13)

31 ik ;

5 d  wjujueu e’ |]]K].
Jtk

[k|=13]+1€]

Next, the terms in (W5)1(u, v) containing the monomials uju_ju@v,gvkeik'x are

Y1(23) [, u, u, v]v — 2iBia]u, u, u, vV]|Av + 2iBio[u, Au, u, v]v
+ iBi2[u, u, Au, vlv — iBio[u, u, u, Avjv

. €|5\j\(1 . 5|k|)
O a1 1
= wjujuo_pore® L P (T 6
Z {5610 = [+ 141
(1 — a2y
+ ———) = 2ibia (4, 4, k) (k| — |5]) ¢
)~ 2el Rk 1)}

Hence we fix

| i1 — g il 1 g
bus(s 0, k) i= 21 (W‘Sa(l ) g ldd 540) O s
- 32 ] = k] el + 150 =1l 1k =1l

and the terms in (Wj3)1(u,v) containing the monomials wju_jusv_svpe** become

. £|5|j|(1 _ 5\k‘|) 10|(1 — 5|j|)
ikx b2 | 1| 1| 4] 14l
Z uju—juev—_gvge™ " — | — g — + 6+ -+ —
2 16— @+t anl )
|71=1k]
. l4]
ikz) ;2 || |£\(1—5|£|)
= — U UpU_ 216
5 2 e (6 + g+ )
Jibk
|7]1=I|

Next, the terms in (W5)1(u,v) containing the monomials uju_jvv_pvie®® are

Yl(g)[u, u, v, v]v — 2iCrafu, u, v, vV]Av + 2iCi2[u, Au, v, v]v — 2iCi2[u, u, v, Avjv

= > ujujoev— o { i3] = 16) = 2iexs (i, €, k) (k| = |j] + 1€D)}.
gk
Hence we fix it
i
1-— 5|k|
[kl = 11+ 1

and the terms in (W;5);(u,v) containing the monomials uju_jvv_vge™® become

. 3. ,
c12(, 4, k) == oo lillel (151 = 1€1) (5.15)

31

BN g K,

Jibk
[k|=[3]—¢|
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Next, the terms in (W;)1(u,v) containing the monomials u;v_jvpv_sv,e*® are
) ’ 7%=

Y1(21)[u, v, v,v]v — 2iD1s[u, v, v, v]Av + iDia[Au, v, v, v]v
— iDy2[u, Av, v, v]v — 20Dy [u, v, v, Av]v

sl 4]

|7]0 171(1 = 6;)
ik-x |71 |71
= ujv_jopw_vpe’ Z\ 1612 6+
bt {16 <| |+ 1k 1] — 1
S .)—zid12<j,z,k><\k|+w|>}-
€] + 1]
Hence we fix
.y sl
. glle?  —lldy I =05) ]
di2(j, €, k) := . — 6+ — -, (5.16)
32(!k!+!€\)<m+!k! €] — 171 MHJ\)
1l~cx

so that (Ws)1(u,v) does not contain monomials of the type ujv_jvev_pvie
Next, the terms in (W) (u,v) containing the monomials vjv_jvpv_pve’®® are

Y1(20) [v,v,v,v]v — 2iF12[v, v, v, v]Av — 2iF12[v, Av, v, v]v — 2iF 2]V, v, v, Av]v
= 3 oo™ {257 51+ 16) — 202G € R)R 1]+ 1) )

j7ﬁ7k; j7£7k
Hence we fix 3151141(15] + 14))
. J Jl+
fr2(is 6 ) i= — T (5.17)
64 (k| + |51+ 1€])
so that (W5)1(u,v) does not contain monomials of the type UjvijKU—KUkeik.x'
Summarizing, it remains
|k
. . 1 (13,
W _ v U B zk-x'2£2( — | )
(Ws)1(u,v) 39 ng;g wju—ov_pupe™ | 51714 ]+ [&] 0] = |K|
il=lel
37 ik-x|
_|_3—2 Z uju—jupu—_gvge™ g |[¢||k|
Ji.bk
|k[=[7]-+l¢]
|
- o la-sh
Z uju—jugv—pvre™ || W( ; - )
b €] + 14 €] — 3]
|71=Ik|
N g el (5.18)
3,4,k
Ik|=]71—¢]

With similar calculations, or deducing the formula from the real structure, the second
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component (Ws)2 of Wi is

1 <1—6,§|>)

Ws)a(u,v) = —== v-v_-uzu_gvkeik'a’]jPM]Z( , -
(Ws)a 7= STF TR A=A

5 2 o™k

Jibk
|k[=[7]-+l¢]

141
i ik ;|2 4] 11— 6lf\)

- — VjU_jvpu_pupe | j| |€\(6+ - . )
6 2 [E RSN

l31=1k|

Z vjv_jupu_pupe ™| [1€||k|. (5.19)
itk
|k|=l3]—le|

_x
16

Lemma 5.1. For all s > 0, all (w,2) € H§(T4 c.c.) N H"(T?, c.c.), one has
W5 (1w, 0)ls < Cllullllulls,

where C is a universal constant.

Proof. The estimate is deduced from (5.18])-(5.19), using the following bound: if «, 8 €
24\ {0}, 0 < la] — |B]] < 1, then |af® — B2 is a nonzero integer, |a] < 2|8], 8] < 2la],

and
L o +8]

llal =181 [laf* — B[]

<lal+ 18] < Cla] < C'|B]. (5.20)
O

By (5.18))-(5.19)), the system for the Fourier coefficients becomes

. 1 .
Orup, = —i(1 +P) <\k\uk +3 Z Uju_j’j’2’l)k>

l71=1kl
7 120912 1 ( 1
+ — uju—jvev_gug|j|7[¢| ( - B >
T Zg U TR T =1
lil=lel
31 ;
+ = > wjujugu_gvg|jl|e) k|
il
|71+1¢1=]k|
141
; 5 |€] 14)(1 — 5|@|)
+ X it jugv_ vl W(GJr - j )
T ng: jU=j R
|7 1=1k|
31 ;
P2 v conljllAIR + (W) (o, )l (5-21)
i
71— 1¢1=]k|
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and

. 1 .
Orog = i1+ P)(Ikfor + 7 Y vjo5ifu)

1=k
, 14l
i (L 10
_ vjv_jugu_gg|j|7 1] ( - - )
3 2 NG
i1
3i :
-3 Z vjU—jv—gug|j|| €| [K|
7,0
il+lel=k]
i
. o A €11 = b))
— ST o 2160 (6 4+ i)
6 2 U e+l =il
1=K
3i :
~ 16 D vjojugupug|f||)|k| + [(War)2(u, )] (5.22)
7,0
i1-1el=1k|

where [(W>7)1(u, v)]; denotes the k-th Fourier coefficient of the first component of Wx7(u,v),
and similarly for the second component.

Now we prove that the transformation ®®) is bounded and invertible in a ball. Let us
begin with estimating the denominators |k| & |j| & [£].

Lemma 5.2. Let d > 2, and let k, j, ¢ € Z9\ {0}. If |k| — || + |€| is nonzero, then

1
%SC'QE. 5.23
’rk\—wm‘ 3121l (5.23)

If |k| — 14| — |€] is nonzero, then

1
—— | < C5|le|(IF] + |e]). 5.24
== < Claliadsl + e (5.24)

The constant C' is universal (C' = 27 is enough).

Proof. Let |k| — |j| + €| # 0. If ||k| — |7] + |¢|]| > 1, then (5.23) trivially holds. Thus,
assume that
0 <|lk| =71+ €] < 1. (5.25)

Since |j| > 1, it follows that
k| + €] <[]+ 1 < 2[j]. (5.26)

The product

p = (k[ + 15[ + [ED AR+ 7] = [ED Rl = 151+ 1D K] = 3] = 1))

= (k* + 157 = [61%)? — 4|k ]3] (5.27)
is an integer. If p # 0, then [p| > 1, and, using (/5.26)),
1

< J(EL+ 11+ [ED R+ 1] = [N (R = 1] = D]

< (31D BliNEIE) = Cli1el.

|kl =131+ 14]

22



If p =0, then |k|+|j]|—|¢| = 0 or |k|—|j|—|¢| = 0. If |k|+|j]| — |¢| = O, then |k|—|j|+ |¢] =
2|k| > 2, which contradicts (5.25)). If [k| —[j| —|¢| = 0, then |k| — |j| + || = 2|¢| > 2, which
also contradicts . This completes the proof of .
Now we prove (5.24). Let |k| — || — [¢] # 0. If ||k| — |j] — |[¢]| > 1, then trivially
holds. Thus, assume that
0 <[k = [4] = €] < 1. (5.28)

Then
[kl < 17] + €] + 1 < 2(|5] + [€])-

Recalling (5.27)), if p # 0, then |p| > 1, and

1 . . . , :
’m‘ < [(IK[ + 151+ [ED R+ 171 = 1D Rl = 51+ D] < C 5]+ €D ]l
It p = 0, then |k[+[j]| = €] = 0 or |k|—[j]+|¢] = 0. If |k[+|j] —|¢] = O, then |[k|—[j]—|¢]| =
2|j| > 2, which contradicts (5.28). If |k| — [j| + |¢| = 0, then ||k| — |j] — |¢]| = 2|¢] > 2,
which also contradicts (5.28]). O

Remark 5.3. The bound |p| > 1 in the proof of Lemma[5.2is sharp. Indeed, it is enough
to show that there are infinitely many choices of k,j,¢ € Z¢\ {0} such that the triple
(1|2, 1512, |€)?) is of the form (n,n + 1,4n + 2) for some n € N. In dimension d > 3, this is
trivial.

In dimension d = 2, recall that the set of integers that can be written as the sum of
two squares is closed under multiplication, by Brahmagupta’s identity

(2% 4+ ) (2% + w?) = (2 +yw)? + (2w — y2)*

Then, it is enough to observe that for n = 4 the triple (n,n + 1,4n + 2) = (4,5,18) =
(22 +02,22 412, 3% + 32) contains only numbers that are the sum of two squares, and that,
given any triple (n,n + 1,4n + 2) that contains only numbers that are the sum of two
squares, the triple (2n2 4 2n, 2n% 4+ 2n 4+ 1,4(2n% +2n) +2) has the same property. Indeed,
2n2 +2n+1=n2+ (n+1)% and 4(2n? +2n) +2 = (2n +1)2 + (2n + 1)? are sums of two
squares for any n € N, while 2n? +2n = 2n(n + 1) is the sum of two squares since it is the
product of numbers that are the sum of two squares (n,n + 1 are sums of two squares by
assumption, and 2 = 12 4 12).

Lemma 5.4. For d > 2, the coefficients ai1,ci1, fi1,a12, b12, c12, d12, fi2 in (5.8)-(5.17)
all satisfy the bound

|coefficient(k, j, )] < C(l]*¢1* + |i[*1e1*)
for some universal constant C'. For d =1, they satisfy
|coefficient(k, j, 0)] < C|j|*|¢.

Proof. Let d > 2. The denominators estimated in Lemma [5.2] appear only in a2 and
c12. The estimate for |ajs| directly follows from and . To estimate |cq2|, for
0 < [|k| = 1j] + 14l] < 1 use (5.23) and (5.26)), otherwise |c12| < C|j||¢|(|j] + |¢|). The
estimate of aq1, fi2 is trivial. To estimate c11, f11, b12, d12, use repeatedly bound . In
dimension d = 1 all the estimates are trivial. ]
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Lemma 5.5. Let

1 if d =
my = d=1, (5.29)
2 ifd>2.

All the operators G € {A11,C11, Fi1,A12, B12,Ci12, D12, Fi2} satisfy

1Gu, v, w, z]hl[s < Cllwllm, ([0l (W]l [ 2]l [[2]]s (5.30)
for all complex functions u,v,w, z, h, all real s > 0, where C' is a universal constant.
Proof. It is an immediate consequence of Lemma O

We recall the definition [|(w,z)||s = |lw||s = ||z||s for all pairs (w,z) = (w,w) €

HE (T4, c.c.) of complex conjugate functions. By (5.2), (5.3)), (5.4)), we deduce the following
estimates.

Lemma 5.6. For all s >0, all (u,v) € Hy" (T4, c.c.), (o, B) € H§(T%, c.c.) one has
a
Mt (5)], < ettt (5.31)

(6]
Jrccuo) (5)], = el Gl + el ), (5.32)

where my is defined in (5.29) and C is a universal constant. There exists a universal § > 0
such that, for ||ullm, < 6, the operator (I + K(u,v)) : HJ" (T c.c.) — HJ" (T4 c.c.) is
invertible, with inverse

(I+K(u,v) ' =T-K(u,v) +K(w,v), Ku,v):=> (=K(u,0))", (5.33)
n=2
satisfying
[ recwon (5) ], < Cllate+ i, Tull o),
for all s > 0.

The nonlinear, continuous map ®®) is invertible in a ball around the origin.

Lemma 5.7. There exists a universal constant § > 0 such that, for all (w, z) € Hy"" (T4, c.c.)
in the ball ||wl|m, < 6, there exists a unique (u,v) € Hy'" (T4, c.c.) such that ®®)(u,v) =
(w,2), with ||ullm, < 2||w||m,. If, in addition, w € H§ for some s > mq, then u also
belongs to HE, and ||lul|s < 2||wl||s. This defines the continuous inverse map (®O)~1
HE(TY c.c.) N {||wllm, <3} — H(TY, c.c.).

Proof. Using the estimates of Lemma the proof of Lemma is a straightforward
adaptation of the proof of Lemma 4.3 in [4]. O
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We estimate the remainder W>7(u,v). By (which is the definition of W>7(u,v))
and , , , , we calculate
W (u,v) = K(u, v)[1 + P2 (u, v))] D1 (u, U)
+ (=K (u,v) + K(u,v))[1 + P(@P) (w, v))] D1 (M (u, ) [u, v])
— K(u, U)P( &) (u, v)) D1 (u, v)

+ P2 (u, v)) Dy (M(u, v)[u, v])

+ (=K (u,v) + K(u, ))[1 + P (@O (u, v))] X5 (u, v)

+ (=K (u,0) + K(u, 0)) X5 (u,0)

+ (1 + K(u,0) " [1 4 P@P (u, 0))][X5 (P (u, 0)) — X5 (u,v)]

+ (I + K(u,0) 7 [X5 (@O (u,0)) — X5 (u,0)]

+ (4 K(u, ) X3 (25 (u,0)), (5.34)

where K(u,v) is defined in . The only unbounded operator appearing in @ is D1.
We rewrite the terms containing D; by using the “homological equation” @ (which is,
in short, Dy M — KDy = W5 — X7) and the fact that the multiplication by P(®®)(u,v))
commutes with X(u, v), because P(®®)(u,v)) is a real scalar function of time only. Thus,
omitting to write (u,v) everywhere, the first two terms in become

K1 +P@®)D; + (=K + K)(1 + P(8®))Dy M

e}

= (1+P@®) (Y (=K)"D1 + Y (~K)"DiM)
n=1

Therefore ([5.34)) becomes

War(u,v) = [1+ 7’( & (u, v))](—K(u, v) + K(u, 0)) (W5 (u, v) = X5 (u,v))

+ P2 (u, 0)) (Ws(u,v) — X5 (u,v))
+ (=K (u,0) + K(u,0))[1 + P2 (u, 0))] XS (u, v)
+ (=K (u,0) + K(u, 0)) X5 (u,0)
+ (L + K(u,v))” [+7’( O (u, 0))][ X5 (@) (u,v)) = X7 (u, v)]
+ (I + K(u,0) 7 X5 (@O (u,0)) = X5 ()]
+ (I 4 K(u,v))” 1X+ (@0 (u, ). (5.35)

Lemma 5.8. There exist universal constants 6 > 0, C' > 0 such that, for all s > 0, for
all (u,v) € HY" (T4, c.c.) N HE (T4, c.c.) in the ball ||ul|m, <8, one has

IWor (u, )]s < Cllully, [[ulls-

Proof. Use formula and Lemmas O
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Energy estimate. By (j5.6)), the energy estimate for the system 0;(u,v) = W (u,v) on the
real subspace {v = 4} becomes

Ar(|[ul)?) = (A%, A%v) + (ASu, A*Opw) = Zg(u) + Z>s(u) (5.36)
where
Zg(u) == (A5 (Ws)1(u,v), A*v) + (ASu, A*(Ws)a(u,v)),
Z>g(u) = (A (W>7)1(u, v), A%v) + (Au, A*(W>7)2(u, v)),
because the term (1 + P(®O)(u,v)))(D1(u,v) + X35 (u,v)) gives zero contribution. By

Lemma [5.8] one has
| Z>s(u)| < Cllullf,, lull?.

By (5.18])-(5.19)), we calculate
31

Ze(u) = 55 > (wju—jugugogv_y, — vjujoev_pugu_g)| 1€ kT (5.37)
j7£7k
kl=l3+1¢l
31 )
+ E Z (uju_jvgv_gvkv_k — Ujv_juZu_guku_k)Lﬂ‘EH/C‘IJJS, (538)
j1£7k
k=171l

which is the sum of the second and the fourth sums in both (W5); and (Ws)2, because
the first and third sums in (W5); and (W5)2 cancel out. Then, we note that the sum over
k| = |j] — |¢] in (5.38), namely |j| = |k| + |¢|, becomes, after renaming the indices, a sum
over the same set of indices as the sum in (5.37)). Hence

31 . .
Zg(u) = 32 > (ujujugu_pvgo_g — vjv_jov_guru_g) 510K (B> = 205%),
J.bk
|k|=[7]-+]¢]

namely, symmetrizing j <> /¢,

3t . .
Zow) = 5 D7 (oo — vjo-go—eup ) IR (P = 15 - 1),
Jilsk
|k[=151+[£]

(5.39)

For s = £, one has |k[** — |j|?* —|¢|** = |k| — |j| — || = 0 over the sum, and therefore Zg(u)

vanishes for s = 1. Hence (Au,v) is a prime integral up to homogeneity order 8, namel
5 , p gral up geneity y

0(lull)] = 10e(Au, v)] < Cllully, [lulli-

This is not surprising, since s = % in corresponds to the norm in the energy space
H' x L? of the original variables, and that norm is controlled by the Hamiltonian.

For s # %, in general the term Zg(u) is not zero. For example, for s = 1 one has
[BI?* = 152 = 1€ = (lj] + 1€)* = 151> = [€* = 2[][¢].

Spheres in Fourier space. We observe that the system (or some relevant aspects of it
concerning the evolution of Sobolev norms) can be described by taking sums over all
frequencies k € Z¢ with a fixed (Euclidean) length |k| = \. For each X in the set

D= {|k|: kezi k+#0}C[l,o00), (5.40)
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let

Syi= Y lukl?= D> wvok, Bai= > upu_g,

ez | k| =X ezl k| =\ ez | k| =X

Bx= > wvo ull2 =D IS\

ksl k| =\ el

For each A € I', S\ > 0 and B) € C. By (5.21))-(5.22)), neglecting the terms from W7,
one has

so that

3i S 3i -
Sy = o5 > (BaBsBx — BaBgBy)aSA + 6 > (BaBsBx — BaBsBy)aBA
a,Bel a,BE
a+pB=\ a—fB=X
(5.41)
and
8By = 21(1+P)<)\+ = SA)BNL 16%\5@\ Bya (a+)\ a_A)
3i i a a(l —62)
= B.B - By\? a
+16 Z o 55,\)\0454‘825&5)\ )\/\a<6—|—a+)\+ o — \ >
CE,BEF acl’
a+pB=A
+% > BaBgSrapA. (5.42)
a,Bel
a—pB=\

Equations (5.41))-(5.42)) form a closed system in the variables (Sy, By)aer- They play the
role of an “effective equation” for the dynamics of the Kirchhoff equation. This will be
the starting point for further analysis in the forthcoming paper [5].
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