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Abstract

We consider a general class of infinite dimensional reversible differential sys-
tems. Assuming a non resonance condition on the linear frequencies, we construct
for such systems almost invariant pseudo norms that are closed to Sobolev-like
norms. This allows us to prove that if the Sobolev norm of index s of the initial
data zg is sufficiently small (of order €) then the Sobolev norm of the solution is
bounded by 2¢ during very long time (of order e~" with r arbitrary). It turns out
that this theorem applies to a large class of reversible semi linear PDEs including
the non linear Schrodinger equation on the d-dimensional torus. We also apply
our method to a system of coupled NLS equations which is reversible but not
Hamiltonian.

We also notice that for the same class of reversible systems we can prove
a Birkhoff normal form theorem that in turn implies the same bounds on the
Sobolev norms. Nevertheless the technics that we use to prove the existence of
quasi invariant pseudo norms is much more simple and direct.
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1 Introduction

The control of the high index Sobolev norms of the solution of nonlinear partial
differential equations during long time is a difficult and interesting problem, in
particular on compact manifolds where there is no dispersion effects and thus no
time decay of the solutions of the linear part. Recently a series of works gave a
solution to this problem by using the Birkhoff normal form theory applied to some
Hamiltonian nonlinear PDEs including in particular the nonlinear Schrédinger
equation on a d-dimensional torus and the nonlinear wave equation on the circle
(see [7],[2],[6],[10] and [4]), the Klein Gordon equation on Zoll manifolds (see
[5]) or the nonlinear quantum oscillator on R? (see [11]). The method consists
in obtaining a normal form for the corresponding Hamiltonian function H in
convenient Sobolev type phase spaces P in such a way that in the new variables
H decomposes into the sum of a Hamiltonian N (the normal form), whose flow
preserves the Sobolev norms, and a remainder Hamiltonian R whose vector field,
Xr satisfies (here r is an arbitrary integer and ||-||s denotes the standart Sobolev
norm)

[Xr(2)|, < CHzH:H, for z € Pg small enough.

Then a standard bootstrap procedure shows that if the initial data, zg, is suffi-
ciently small, say [|zo]| | < € = €(r, s), then the solution remains under control,

1
[2(t)]l, < 2€ during very long time [t| < -

The aim of this paper is to obtain the same dynamical result for reversible PDEs
that are not necessarily Hamiltonian by a more direct and simple method. Actu-
ally we generalize to the infinite dimension the classical algorithm of construction
of approximate integrals of motion (see [9] and also [3] section 4). In [3] this
generalization is already done for reversible Hamiltonian systems, constructing
almost invariant actions but not almost invariant pseudo norms. In this short
article we want to stress out that the construction actually works for reversible
systems that are not Hamiltonian and that this construction leads directly to
bounds on Sobolev norms for a large class of semi linear reversible PDEs. We
also mention that our approach is totally self contained.



As already remarked in [9] for finite dimensional systems, the reversibility

property allows to solve exactly the so called homological equation. Here exactly
means that we do not solve it modulo terms in normal form (i.e. corresponding
to resonant monomials which are actually absent in the reversible context, see
Lemma 4.4).
At the same time the simplification in the resolution of the homological equation
has a cost: we can consider only non resonant cases (see Definition 2.3), whereas
the Birkhoff normal form technics (see [6] [5] [11]) allows to deal with resonant
cases. Notice that a similar approach, mimicking for instance [10], would provide
a Birkhoff normal form result for infinite dimensional reversible system and thus
would allow to consider resonant reversible system.

2 Setting of the problem

2.1 Abstract formalism

We denote N = Z¢ or N? (depending on the concrete application) for some d > 1.
For a = (ay,...,aq) € N, we set

la|* = max (1,a] + - + a3).

We define the set Z =N x {£1}. For j = (a,d) € Z, we define |j| = |a| and we
denote by j the index (a, —¢&). By a slight abuse of notation we will also denote
by N the set {j = (a,+1), a € N'}.

For z = (2j);ez € C* we define the involution p via the formula

p(2)j = 7

We will say that z is real if p(2) = Z where Z = (Z;) jez and where for any ¢ € C,
¢ denotes the complex conjugate of (.

For a given real number s > 0, we consider the Hilbert space Ps = ¢5(Z,C)
made of elements z € CZ such that

2 .
=115 = >~ 13112517 < oo
JEZ

Let U be a an open set of Py, let w = (w;)jez € RZ and let F be a continuous
vector field from U to P

F(z) = (Fj(2))jez-

We consider the following differential system on P

12j = w;zj + F}(Z) , JEZ. (2.1)



2.2 Hypothesis
We first describe the hypothesis needed on the vector field F

(H1)

(H2)

Regularity condition: for all s > d/2 the map
Ps — P
z = (Fj(2))jez

is continuous and has a zero of order at least 2 at the origin, in such a way
that )

IE (), < Cll=l[
for z sufficiently small (here C' is a constant depending on s).

Reality condition:
Fi(z) = —Fj(2) for all real z, i.e. when p(z) =%

in such a way that equation (2.1)3 is the complex conjugate of equation
equation (2.1) ; (provided the vector w; satisfies a similar condition, see
(2.6) below) and that the flow ®! associated to the differential system (2.1)
preserves the reality of the initial datum: ®%(2) is real for all t when 2 is
real.

Reversibility condition: for all z,
p(Fj(2)) = =Fj(p(2)), Vj € Z and for all real z

in such a way that the flow ®' associated with the differential system (2.1)
satisfies

p(®'(2)) = 27 (p(2))

for all real z.

We now translate these hypothesis on the coefficients of the Taylor polyno-
mials of F.. We first need some more notations:

Let ¢ > 3 be a given integer. For j = (j1,...,7,) € Z7, we define u(j) as
the third largest integer between [j1], ..., |jr|. Then we set S(3) = |7i.| — |7i,_, |
where |j;.| and |7;. ,| denote the largest and the second largest integer between

l71] -

s |del-

In the following, for £ = (¢1,...,¢,,), we use the notation

20 = 24y - R

m*



Definition 2.1 Letk >2, M >0 and v € [0,+0), and let

k

Fi(z) =Y Y ajeze, jE€2Z, (2.2)

m=2LcZm

where ajy are complex numbers.
We say that F € ’Z;CM’V if there exist a constant C depending on M such that

(G, )M+
(5, 2) + S5, )M

Vm=2,.. k VLEZ™ VjcZ, l|ajy<C (2.3)

Notice that this definition is the analog of the polynomial spaces used in
[10, 4]. We learn from [10] that if F' € ’Z}QM’V then F satisfies the regularity
hypothesis (H1) for s > v+d/2 and ||z[| | < 1. The best constant in the inequality

(2.3) defines a norm Q| for which ’Z;QM’V is a Banach space. We set
k
oo,V M,v
=71
MeN

which is a Frechet space.
One easily verifies that a polynomial vector field F' of the form (2.2) satisfies
the reality condition (H2) if and only if

Vm=2,....k VELEZ" VjEZ, ap=—a (2.4)
and that F satisfies the reversibility condition (H3) if and only if

Vm=2,....k, VLe€Z" VjeZ, ajp = —aje. (2.5)
Note that (H2) and (H3) imply that a;e € R.

Definition 2.2 A wvector field F' is in the class T if

e There exists syg > 0 such that for any s > so, F € C(U,Ps) for some
neighborhood U of the origin in Ps.

o [ exhibits a zero of order at least 2 at the origin.

e Forall k > 1, there exists v > 0 such that the Taylor expansion of degree k
of F around the origin belongs to T,.>".

e The coefficients of the Taylor expansion of F satisfy (2.4) and (2.5).

We now describe the hypothesis on the frequencies vector.
First we assume the symmetry

wj=-wj, JEZ (2.6)

bt



which ensures the reversibility of the linear part of (2.1). We also assume an
upper bound of the frequencies of the form

VaeN, |ws| <Cla™ (2.7)

for some constants C' > 0 and m > 0.
The most important assumption is a non resonances condition which is exactly
the same as the condition used in [6, 10, 4]:
Let 7 = (j1,.--,7r) € 27, and denote by j; = (a;,0;) € N x {£1} for
i=1,...,7. We set
QF) = hwa, + -+ + drwa,.

Definition 2.3 A frequencies vector w € R? is non resonant if for any integer
r > 3, there exists two constants v > 0 and « > 0 such that for any 3 € Z* with
1<¢<r, one has

2(5)| > M(’;)a (2.8)

except if j =7.

Note that the condition j = j is equivalent to the fact that zj only depends on
the actions, Iy = zpz5, £ € N.

2.3 The case of Hamiltonian system

Our setting is very close to the Hamiltonian case. Actually we can endow the
phase space P with the canonical symplectic structure iy JeN dzj A dz;. Then
the linear part of (2.1) corresponds to the Hamilton equations associated with
the harmonic oscillator

Hy = Z W;jZj 25

JEN
The nonlinear part of (2.1) is also Hamiltonian if and only if there exists a regular
function P such that

oP
Fj = % j S N,
8?3 (2.9)
Fr =——— 4j4eN.
J 8Zj J N
In this case the total Hamiltonian function reads
H(z) = Hol2) + P(2), (2.10)



and the system (2.1) can hence be written

P
j (2.11)
oP
J

Writing down the Taylor polynomial of order k > 2 of the function P as

k
P(z) = Z Z apzy,

m=3 LczZm

the reversibility condition (H2) is equivalent to' P(p(z)) = P(z), which is actu-
ally true for Hy, while the reality condition equivalent to P(z) € R for real z (i.e.
p(z) = z), which again is true for Hj.

3 Statement of the result and applications

3.1 Main result

Theorem 3.1 For any r > 3, there exists so(r) > 0 and for each s > s there
exist e > 0, Cs > 0 and a continuous function

N B(0,e,) — RT

where B(0, €5) denotes the ball of radius €5 centered at the origin in Ps, such that
(i) |N(2) = II202 | < Callzl? or all = € B(0, )
(ii) if t — z(t) is a solution of the reversible system (2.1) then
d
_N(T) t
END ()

for all time t such that z(t) € B(0,¢€s).

r+1
s

< Gsllz(@)]]

The proof is postponed to section 4. The dynamical consequences are given in
the following

Corollary 3.2 For any r > 3 there exists so(r) > 0 and for each s > so(r)
there exist es > 0, Cs > 0 such that if zg € Ps satisties HZQHS =€ < 5 then the

solution z(t) of (2.1) with initial datum zo is a function in C*([~T., .|, Ps) with

1
T.> .

'Remark that, in the position-momentum variables, ¢; = 1/v2(z; + z;) and p; = i/v2(z; — z;),
j € N, the reversibility hypothesis reads H(q,p) = H(q, —p), i.e. H even in the momenta (cf. [9]).
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Furthermore
Hz(t)Hs <2, Vtel-T.,T].

Proof. We follow the standard bootstrap argument. Let ¢ — z(¢) be the local
solution to (2.1) with initial datum zg. This solution is defined and of class C*
in an interval (=7,T) for some 7' > 0 and we have to prove that 7" > Ei, Take
€s given by Theorem 3.1 but corresponding to r 4+ 2 instead of r. Let Ty be the
supremum of the times 0 < ¢ < T such that ||z(t')[| < 2e for all ¢’ € [¢,t]. As
2e < €5 we can apply assertion (ii) of Theorem 3.1 to get for t € (=T, 1),

t
d

=N (2())dt!| < Clt|(2€)F

o dt

Then using assertion (i) of the same theorem we deduce that for ¢ € (—Tp,Tp),

12)]12 < lz0)1 + Cs(2€)® + Cylt](2¢) 2.

NI (2(1)) = N (=0)| <

s

Therefore, reducing eventually es, we obtain that for ¢t € (=T, Tp) and |¢| < Ei,
(@)l < 3/2€.

Hence by definition of Ty and continuity of ¢ — |[2(t)|| | we conclude that 7" >
Ty > ELT |

3.2 Examples
3.2.1 Nonlinear Schrodinger equation on the torus

We first consider Hamiltonian non linear Schrodinger equations of the form
100 = —AY +V ¢ + Osg(,0,9), €T (3.1)

where V' € C°°(T%,C) has real Fourier coefficients, and g € C®(T¢ x U, C)
where U is a neighborhood of the origin in C?. We assume that for all z € C,
we have g(z,z,2) = g(x,%,2), and that g(x,2,2) = O(|zi|®). Notice that for
such a semi linear Schrédinger equation (i.e. with a nonlinear term that depends
only on x and on ¢(x) but not on the derivative of 1), the reality condition,
g(x,z,z) € R, yields naturally to Hamiltonian equations (i.e. with a nonlinear
term that can be written ds3g(x,,1)). In other words, the reversible setting is
here more restrictive than the Hamiltonian setting. The Hamiltonian functional
is given by

H(,¢) = /w (VY| + (V%) + g(, 1, ) da.

Let ¢q(z) = (%)d/z % q € 79 be the Fourier basis on L?(T9). With the



notation N = Z? and ¢;(z) = ¢,(£x) for j = (a,%1) € Z we write

IS Z zi¢i(x) and ¢ = Z zi(b;(x).

JEN JEN
Further we set op
F; =-— jeEN,
az;
oP
Fr=— 4€
; 9z 7 N,

where
P) = [ oY 2565(0), 3 505(a)da.
T JEN JEN
Then equation (3.1) can (formally) be written
iz =wjzj + Fi(2), jeZ (3.2)

where the frequency vector w; defined by w, = |a* + V, for a € N and the
relation w; = —w; for all j € Z, satisfies (2.7) with m = 2. Now the hypothesis?

g(':U? ¢7 QZ) = g(':U? 1;7 ¢)7

ensures that P(p(z)) = P(z) and thus implies the reversibility condition (H2).
The reality condition is also satisfied since g(x, z, Z) is real. The fact that the
nonlinearity £ belongs to 7 can be verified using the regularity of g and the
properties of the basis functions ¢, see [10, 6]. In this situation, it can be shown
that the non resonance condition is fulfilled for a large set of potential V' (see [6]
or [10]).

3.2.2 Coupled NLS on the torus

To generate a reversible PDE that is not Hamiltonian, we have to consider sys-
tems of coupled PDEs. As example of a system of coupled partial differential
equations we consider a pair of NLS equations coupled via the nonlinear terms.
This kind of system is used in nonlinear optics (see for instance [1, 12] and refer-
ences quoted therein). From the mathematical point of view the interest of this
example is that the reversible context is much more rich than the Hamiltonian
one. We consider the system for (i, ¢) given by

iy = —thee + Vix Y+ Opg1(z,0, 0, 6, 9), (3.3)
i = —Ggu+ Vaxd+ 0302z, 0,0, 0,0). (3.4)

2This hypothesis is for instance satisfied when g only depends on the modulus of ||? like in the
Gross-Pitaevskii equation. Notice that this condition is not necessary in the Hamiltonian case.




Assume as in the previous section that Vi, Vo € C°°(T¢,C) have real Fourier
coefficients, and that g1, g» € C®(T¢ x U,C) where U is a neighborhood of
the origin in C2. We assume that g;(x,2,2,(,() = gi(z,2,2,(,(), and that
gi(x,2,2,(,0) = O(|z]® + [¢|?) for i = 1,2. Thus the system fulfills the three
conditions : reality, reversibility and regularity. Nevertheless, in general this
system is Hamiltonian only if g; = go. For instance take g1 (¥, 1, ¢, ) = [10[*|¢]?
and g2 (1,1, ¢, @) = |¢|*|¢|? to obtain a reversible but non Hamiltonian system.
The frequencies are given by

wli=la +Vi(a), w?:=la®+Va(a), acZ?

We can adapt results of [10] to prove that the non resonances condition is fulfilled
for a large set of potential (V7,V2) (see also [6] section 3.4).

4 Proof of the main theorem

We adapt the classical algorithm of construction of the approximate integrals of
motion (see for instance [3, 8]). We Taylor expand the vector field F as

F=> F® 4 pt+l (4.1)
k=2
where i
F® = (F®) ez e T (4.2)

Here, each F](k) is a homogeneous polynomial of degree k and F("t1) is a remain-
der term satisfying
IFC @, < G2l
S S

for some constant Cs depending on s. We search the almost invariant pseudo

norm NS(T) under the same form:

NI(z) =Y No(2) (4.3)
k=2

where for all £ > 2 N, ;,(2) is an even (i.e. satisfying Ny ,(p(2)) = N x(2) for all
z) continuous homogeneous polynomial of degree k with in particular

2
Nio(z) = 2l -
More precisely we will search the polynomials N ;(z) in the class T’} that we

now define:

10



Definition 4.1 Let v > 0 and k € N. A formal homogeneous polynomial of

degree k on Ps
Q(z) = Y bz
jezk

1s in the class Fz if there exists a constant C' > 0 such that

BG)°

|bj] < C'M(J')VW

for all j € ZF where p(3) and S(3) are defined in section 2 and (3(j) is the
product of the two largest index between |ji|,. .., |jk|.
Furthermore we say that Q is even (resp. odd) when

bj=b;, (resp. bj=-bs) jeZ

Notice that z — HzHi is in TY (in that case we have always j; = j2 and by
convention u(j) = 1). Remark also that even polynomials are real valued for
real z, provided the coefficients b; are all real. The proof of the following lemma
is postponed to the Appendix

Lemma 4.2 (i) If 0 <~ < s—1/2, then for all k > 3 the space T} is included
in the space of continuous polynomials from Py to R and in particular if Q € T/,
there exists a constant C > 0 (depending on s and k) such that

Q=) < ="

(i) Let Q € T with 0 < v < s —1/2 and k > 3, then the map z — VQ is
continuous from Ps into P_s and in particular, if QQ € I‘Z, there exists a constant
C > 0 such that

IVQ@II_, < Cllzl} "

The second technical lemma whose proof is again postponed to the appendix
linkgs the two classes of polynomials defined above. For a vector field F' and
functional G defined on Ps let us define (formally) the Lie derivative of G along
F by

0G

LpG = ZFZM.

ez
Then the following result holds true:
Lemma 4.3 Let v,v > 0 be given real numbers and m,n > 2 two integers.
For a given s, let G € T, and F € T,;"", and assume s > max(y,v + 4) then

LrG € FZiVer_A‘l. Moreover if F' satisfies the Hypothesis (H2) and (HS3), then if
G is even LrpG 18 odd.

11



For Q € I‘Z for some v > 0 and k& > 2 we define the w-derivative d,, by the
formula

0Q
9uQ(z) = Zwézza—-
2
ez
The key to prove Theorem 3.1 relies on the construction of iterative solutions of
homological equations. The next Lemma shows how it is possible to solve them.

Lemma 4.4 Let k be an integer, let G € FZ be an odd homogeneous polynomial
of degree k and let w be a non resonant vector of frequencies satisfying (2.8).
The homological equation

o,N =G

has a unique solution N & FZJFO‘ which is furthermore an even polynomial.

Proof. Write
G(z) = ) ajz

jezk
and search

N(Z) = Z ijj

jezk
satisfying the homological equation 0,N = G. With these notations, the last
equation is equivalent to

Q(j)bj = aj, jeZ~ (4.4)
Notice that, since G is odd, ag = —ap and thus ay = 0 when £ = £. But, as w is
non resonant, B
Q) =0 < j=17.
Therefore equation (4.4) is always solvable by setting
bj = Q(j)_laj, Je€ zk.
Then, the fact that N belongs to I Z+a is a consequence of (2.8). Furthermore,
since Q(j) = —Q(J) and G is odd, we deduce that N is even. ]

Remark 4.5 In the Hamiltonian case, this miracle does not occur: the homo-
logical equation cannot be solve exactly and we have to add so called normal
terms which correspond to the resonant monomials z; with 7 = j. (see for in-
stance [10]) [ ]

Remark 4.6 In the previous Lemma, if the coefficients of G are real, then as
the frequencies w; are real, the coefficients of N remain real. [ |
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Now we have the tools to prove Theorem 3.1.
Proof of Theorem 3.1.
We have

d. . , N
ENé = —ZZ (wjzj + Fj(2)) 7
JjeZ

Inserting the Taylor expansions (4.1) and (4.3) and equating the terms of the
same degree we get the recursive homological equations, k =2,...,r — 1,

O0uwNs k1 = Grq1

where G}, is determined by

k
Gk—l—l = — Z ﬁF(kJrzfm)N&m, k= 2, ey T — 1. (45)

m=2
Now by Lemma 4.3 and Lemma 4.4 these formal equations can be solved verifying
at each step that G € F}gk—s)a is odd and that Ny} € I‘,(f_ma is even. Moreover
as the coefficients of the vector fields F(™) m = 2,... r are real, we see that the
coefficients of the polynomials N, ; remain real at each step.
We then verify estimate (i) by using Lemma 4.2. To verify (ii) we remark that

by construction

d . oN{"
Bl V(O R — ZTs
dthT = Qr1—i Z £ 0z;j
jeZ
where Q41 is a polynomial of degree r + 1 in Fg:__lz)a. Thus using again Lemma

4.3 we have [|Qr41(2)]|, < CHZHZH. On the other hand

~ () ~
ZFJ(Z)aNs ()| S IEEIIVND @)

82. —5
JEZ J

and we conclude using (4.2) and Lemma 4.2 that

> Fi(z)

JjEZ

8N5(T) r—+1
5 ()| <Cl=l]

“j

5 Appendix: Proof of the two technical lem-
mas

Proof of Lemma 4.2.
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i) Let Q(2) = > czr bjzj be in I') with v < s —1/2. We have
JjeZ J

() <C > u Tz))g’g’

jezk
B)* koo
<C Y It [ |2 |
27Tk . g m=1lJm Im 1>
2 M TS G
where we used the notation j = (ji,...,ji) for a generic multi-index in Z*.

By symmetry of the right hand side of the last inequality, we can reduce the sum
to the indices j that are ordered in the sense that |ji| > |j2| > ... > |jk| so that

B(I) = lll72l.
First remark that by Cauchy-Schwarz inequality, for any sg > 1/2, one has
D1z < O], (5.1)
4
Then we obtain using Cauchy-Schwarz inequality for each index jq4, ..., ji
1
1Q(z)] < C —— — 1y [ ] 2|
jeZZ:k (1+ S(]))zlj?»’s_yﬂfnzﬂjm‘s "
(k—3) 1 3 s
< C|l2| > . — s 1 m * 25 |-
= s 1+ . 2 s—ry M= Im
stz (41l = 12Dl

Now as s — v > 1/2, and using again the Cauchy-Schwarz inequality and (5.1),
we have that il |
J317 1%
Z = = Cll,-
VE

Eventually, as j — (1+]j])72 is a £! sequence and as the convolution product of
a ¢! sequence with a ¢? sequence gives rise to a £% sequence, we obtain

1 2
) . —5 |d21%[ 25 | 72] %[ 25| < C|2]|
= (1 + 1] — |g2])? s
l711>]72]

which concludes the proof of assertion (i).

14



(i) Let Q(z) = Zjezkﬂ bjz; be in I') with v < s — 1/2. We have

IVQEIZ, =D 107>

ez
2
SCZM_% Z |bé,j||zj1|---|zjk|
ez jeZk
2
SCHEY | D0 lbegllzil 12

lez jezk

where Z% denotes the set of ordered k-uples (ji, . . . , ji) such that [ji]| > ... > |jk].
Then we use again (5.1) to obtain

2 2(k—3)
IVQ)I*, <l
2
_9g M(gaj17j27j3)7/8(€7j17j27j3)8
X E |€] 2 E 1+ S, 1, o j3))2 |zj1||zj2||zj3|

tez [711>]721>173]

We have to decompose the last sum depending on whether |[¢| < |ja| or not.
First case |[(| < |jo]
In that case we can write

2

_ /J(E)jlvj27j3)’yﬁ(€7j17j27j3)8
ol > oo i llzpllzsl | - (5:2)
1+S€, , , 2 1 ]2 73
tez sty S 5200))

For a fixed ¢, the sum in j3 can be bounded by
Y v Y
D szl + D Ol < Oz
7s[>¢ 75 <¢

using (5.1), provided s —~ > 1/2. Hence the expression (5.2) is bounded by

2
) e 1115125, 1521° 23]
Cllll23 2= |y e
*iez izl LT 17l = 12D

As the sequence b = (|j]*|z;|)jez belongs to £*(Z) and the sequence a = ((1 +
l7])72)jez belongs to ¢1(Z), the convolution axb belongs to ¢*(Z) and laxbll, <

Cllz - Therefore
2
| bilaxb);| < Cll=|]
J

15



which leads to

2‘6’_25 Z M(gaj17j27j3)7/8(€7j17j27j3)8

6
(1454, 41,72,73))? 121|252 11255 | < Cll=]l,

tez l71=72=173]1€]

as expected.
Second case |{| > |jo|
In this case we can write

—2s M(£>j17j27j3)’yﬁ(€7j17j27j3)8
Bl B SR I FAIEY

ez |711,1€|>]52] > 73]
2
4 _ 1|02
<ClAY 1= Y |2, |
>~ 1 L= 1¢ 217
= w( + [l71] = 1€1)
4 6
<Cllzll, > axb)l* < O],
ez

where we used (5.1) and the notations introduced in the previous case.

Proof of Lemma 4.3.
Let G(2) = > _jczn bjzj be in I} and F = (Fj)jez a homogeneous vector field
in 770" with
Fj(z) = Z ajezje, J € Z.
Lezm
One has

LpG(z Z Fi(z azk

=>. > > akabgl Jikiisndn

keZ bezZm jezZn
So in view of the symmetry in the estimates of the coefficients a or b, one has to

prove that, there exist an integer N and a constant C' > 0 such that, uniformly
with respect to £ € Z™ and j € Z", one has

pu(k, )N+ .y B(k,J)* o BJ)°
2. .0+ st o ) T ste e < e T s
(5.3)
To prove this relation, we will show that there exist an integer M and a constant
C > 0 such that, uniformly with respect to k € Z, £ € Z™ and 3 € Z", the

keZz
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following relation holds:

[ pke) M B 4 < N
u(k,£)+5(k,3)} (k)" plk,5)"B(k, 3)° < Cu(€, 3)*B(£,5)°.  (5.4)

Indeed, if this relation is satisfied, then taking N = M + 4, the relation (5.3)
reduces to

1

> < A
2 (k) + 5k, 0) (1 + 5k )%~ (1+5(€.9))?

Now as u(k,£€) > 1 and as for any £ € Z™ and j € Z", one has
(14 Sk, €)1+ S(k,5)) = (1+5(£,7))
we conclude using the fact that

d 1+ Sk e)2<C
keZ

where the constant is independent of £ € Z™.

The rest of the proof consists in showing (5.4).
We assume without lost of generality that £ and j are ordered (i.e.|¢;| > |ly] >
.. > |ly] and |71] > |j2] > ... > |jn| and we consider three different cases:

First case : u(k,) < ju(£.5) and (k. §) < u(£.5).

In this case it remains to prove (choosing o« = v + 7 + 4) that there exist M and
C such that uniformly with respect to £ € Z" and 5 € Z"

M
u(k 5)(]1?(1@ | PUn3) < COE) (5.5)

This is trivially true (with M = 0 and C = 1) if |ja| > |k| since then [(k,j) <
B(€,3). Now, if |jo| < |k[, then 3(k,7) = |k||j1] and

e either S(k,£) < |k|/2 and in that case [¢1| > |k|/2 and thus 3(¢,5) >
[01][j1] > $8(k, j) and (5.5) is satisfied with M = 0 and C = 2.

e or S(k,£) > |k|/2 and in that case

1) 1 500 k) = T il
k
< !61%!% < 26(¢,7)

and (5.5) is satisfied with M = s and C = 2°.

Second case : u(k,€) > p(€, 7).
In this case, u(k,£) = min(|ls|, |k|) and wp(€,7) > min(|l2|,|71]) and therefore
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min(|k|, [¢2]) > |j1]. This in turn implies
pu(k, €) < |baf, Bk, 3) = [nllkl and  u(k,5) < pE,5)
and in the other hand
n(£,3) = [ and  B(€ ) = |G|l
Thus
u(€,3)8(6,3) = [nllerlltz]  and — u(k, €)3(k,5) <[]l ][K|

and

e either S(k,£) < |k|/2 and in that case |¢1| > |k|/2 and thus
. . 1 . . 1 .
and (5.4) is satisfied with M =0, a« = v + v+ 2 and C = 2°(here we use
s>v+4).

e or S(k,€) > |k|/2 and in that case we still have as in the first case

pu(k, £)
1u(k, €) + S(k, £)

B(k,3) < 26(¢,5)

but furthermore

(. ) o 16kl
k . .
< 62l 1 s < 2006, d)ule. )

and (5.4) is satisfied with M = s, a = v + v+ 2 and C = 2° (here we use
again that s > v +4) .

Third case : u(k,j) > u(e, 7).
As in the second case, pu(k,7) > (£, 3) implies min(|k|, |j2|) > [¢1|. This in turn
implies

p(k,g) = min([k[,|72]),  B(k,5) = | max(|k], [72]) and  u(k, £) < u(€,3)
and in the other hand
n(£,3) = || and  B(€,5) = |ji]lj2]-
Thus
u(€,3)8(€,3) = |Gzl and  pu(k,3)8(k,5) < |j2ll71]lk]

and
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e either S(k,£) < |k|/2 and in that case |¢1| > |k|/2 and thus

W6 )BEG) 2 Julh §)B.)  and B(EG) 2 35(k.)

and (5.4) is satisfied with M = 0, « = v+ v+ 2 and C' = 2°(here we use
s>7).

or S(k,€) > k/2 and in that case we still have as in the first case

pu(k, €) , _
e 0) + S g ed) = 288 5)

but furthermore

u(k, £) o |ellg2llkl]1]
50 +S(k7£)u(k‘,€)ﬁ(k73) S T k)2

< lAllillinl o < 2006 (e, d)

and (5.4) is satisfied with M = s, a = v + v+ 2 and C = 2° (here we use
again that s > ) .
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