SUBELLIPTIC ESTIMATES FOR QUADRATIC DIFFERENTIAL
OPERATORS

KAREL PRAVDA-STAROV

ABsTrRACT. We prove global subelliptic estimates for quadratic differential op-
erators. Quadratic differential operators are operators defined in the Weyl quan-
tization by complex-valued quadratic symbols. In a previous joint work with
M. Hitrik, we pointed out the existence of a particular linear subvector space
in the phase space intrinsically associated to their Weyl symbols, called singular
space, which rules spectral properties of non-elliptic quadratic operators. The
purpose of the present paper is to prove that quadratic operators whose singular
spaces are reduced to zero, are subelliptic with a loss of “derivatives” depending
directly on particular algebraic properties of the Hamilton maps of their Weyl
symbols. More generally, when singular spaces are symplectic spaces, we prove
that quadratic operators are subelliptic in any direction of the symplectic orthog-
onal complements of their singular spaces.

1. INTRODUCTION

1.1. Miscellaneous facts about quadratic differential operators. Since the
classical work by J. Sjostrand [12], the study of spectral properties of quadratic
differential operators has played a basic role in the analysis of partial differential
operators with double characteristics. Roughly speaking, if we have, say, a clas-
sical pseudodifferential operator p(x,£)” on R™ with the Weyl symbol p(x,&) =
P (2,8) + pm_1(x,€) + ... of order m, and if Xy = (x¢,&) € R?" is a point where

pm(XO) = dpm(XO) =0,

then it is natural to consider the quadratic form g which begins the Taylor expansion
of p,, at Xy in order to investigate the properties of the pseudodifferential operator
p(x,&)*. For example, the study of a priori estimates such as hypoelliptic estimates
of the form

lullm—1 < Cx ([[p(z, ) ullo +[|wllm—2), weF(K), KCCR"

then often depends on the spectral analysis of the quadratic operator ¢(z,£)". See
also [6], as well as Chapter 22 of [7] together with further references given there.
In [12], the spectrum of a general quadratic differential operator has been determined,
under the basic assumption of global ellipticity for the associated quadratic form.

In a recent joint work with M. Hitrik, we investigated spectral properties of non-
elliptic quadratic operators. Quadratic operators are pseudodifferential operators
defined in the Weyl quantization,

w _ 1 (z—y). m
(1) oo, u(o) = e [ (S Julrhaude,
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by some symbols ¢(z, &), where (z,£) € R” x R™ and n € N*, which are complex-
valued quadratic forms. Since these symbols are quadratic forms, the corresponding
operators in (1.1) are in fact differential operators. Indeed, the Weyl quantization
of the quadratic symbol 2%¢8, with (a, 3) € N?" and |a + (| < 2, is the differential
operator

x*DB 4 DBy

2

One can also notice that quadratic differential operators are a priori formally non-
selfadjoint since their Weyl symbols in (1.1) are complex-valued.

, D, =i7'9,.

Considering quadratic operators whose Weyl symbols have real parts with a sign,
say here, Weyl symbols with non-negative real parts

(1.2) Re ¢ > 0,

we pointed out in [5] the existence of a particular linear subvector space S in the phase
space RZ x Ry intrinsically associated to their Weyl symbols q(z, ), called singular
space, which seems to play a basic role in the understanding of the properties of these
non-elliptic quadratic operators. We first proved in [5] (Theorem 1.2.1) that when
the singular space S has a symplectic structure then the associated heat equation

(1.3 { O t,2) + gl &) u(t, ) = 0
u(t, ) i=0 = uo € L*(R™),

is smoothing in every direction of the orthogonal complement S°* of S with respect
to the canonical symplectic form o on R??,

(1.4) o((x,€), (y,m) =&y —am, (x,€) €R™ (y,n) € R*",

that is, that, if (2/,&’) are some linear symplectic coordinates on the symplectic space
5o+ then we have for all t >0, N € N and u € L?(R"),

(1.5) (A4 |22+ [EP)N) e @0y € L2R™).

We also proved in [5] (See Section 1.4.1 and Theorem 1.2.2) that when the Weyl
symbol ¢ of a quadratic operator fulfills (1.2) and an assumption of partial ellipticity
on its singular space S in the sense that

(16) (Z‘,f) €5, Q($7£) =0= (x,f) =0,

then this singular space always has a symplectic structure and the spectrum of the
operator ¢(z,£)" is only composed of a countable number of eigenvalues of finite mul-
tiplicity, with a structure similar to the one known in the case of global ellipticity [12].

In the present paper, we are interested in investigating the role played by the
singular space when studying subelliptic properties of quadratic operators. We shall
first prove that quadratic operators whose singular spaces are reduced to zero, fulfill
global subelliptic estimates

(L.7) ({2 )°C ) | o S lla(, ) ull 2 + Jull 2,

where ((z,€)) = (1 + |z|? + [£]*)'/2, with a loss of “derivatives” § > 0 which can
be directly characterized by algebraic conditions on the Hamilton maps of their Weyl
symbols. More generally, when singular spaces S have a symplectic structure, we prove
that quadratic operators are subelliptic in any direction of the symplectic orthogonal
complements of their singular spaces S°*, in sense that, if (z/,¢’) are some linear
symplectic coordinates on S+ then

(1.8) (€920 0) ]| o S lla, &) ull iz + llull e,
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where again, the loss of “derivatives” ' > 0 can be directly characterized by algebraic
conditions on the Hamilton maps of their Weyl symbols.

Before giving the precise statement of our main result, we shall recall miscellaneous
facts and notations about quadratic differential operators. In all the following, we
consider

Ry xRy — C
(@,8) = a9,

a complex-valued quadratic form with a non-negative real part
(1.9) Re ¢(z,€) >0, (z,£) € R*" n € N*.

We know from [8] (p.425) that the maximal closed realization of the operator ¢(z, £)™,
i.e., the operator on L?(R") with the domain

D(q) = {u € L*(R") : q(w,€)"u € L*(R")},
coincides with the graph closure of its restriction to S(R"™),
q(z,6)" : S(R") — S(R™).

Associated to the quadratic symbol ¢ is the numerical range Y (¢q) defined as the
closure in the complex plane of all its values,

(1.10) E(q) = q(Ry x RY).

We also recall from |7] that the Hamilton map F € Ma,, (C) associated to the quadratic
form ¢ is the map uniquely defined by the identity

(1'11) q((x,§); (yﬂ?)) = U((x7€)’F(y’77))7 (Jf,f) € R2na (yﬂ?) € R2n,

where q(~; ) stands for the polarized form associated to the quadratic form ¢. It
directly follows from the definition of the Hamilton map F' that its real part and its
imaginary part
1 — 1 _
i

are the Hamilton maps associated to the quadratic forms Re ¢ and Im ¢, respectively.
One can notice from (1.11) that a Hamilton map is always skew-symmetric with
respect to o. This is just a consequence of the properties of skew-symmetry of the
symplectic form and symmetry of the polarized form,

(1.12) VX,Y €R?, o(X,FY) = q(X;Y) = q(V;X) = o(Y, FX) = —0(FX,Y).

Associated to the symbol ¢, we defined in [5] its singular space S as the following
intersection of kernels,

+oo
(1.13) S = ( () Ker[Re F(Im F)j]) nR2",

j=0
where the notations Re F' and Im F' stand respectively for the real part and the
imaginary part of the Hamilton map associated to q. Notice that the Cayley-Hamilton
theorem applied to Im F' shows that

(Im F)*X € Vect(X,...,(Im F)*"7'X), X e R*", k€N,

where Vect (X, ey (Im F)2”*1X) is the vector space spanned by the vectors X, ...,
(Im F)?"~1 X, and therefore the singular space is actually equal to the following finite
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intersection of the kernels,
2n—1 ]

(1.14) S = ( (M Ker[Re F(Im F)JD NR2".
§=0

1.2. Statement of the main results. In this paper, we shall first study the specific
case where the singular space S is reduced to {0}. By assuming that

(1.15) S = {0},

we can therefore consider the smallest integer 0 < kg < 2n — 1 such that

(1.16) ( ﬁ Ker[Re F(Im F)j]) AR = {0},

and state the following result:

Theorem 1.2.1. Consider a quadratic operator q(xz,&)" whose Weyl symbol
q: Ry xRy — C
(:I:) E) = q(m7 6)?

is a complez-valued quadratic form fulfilling (1.9) and (1.15) then the operator q(x,&)"
fulfills the following global subelliptic estimate

(1.17) 3C > 0,Yu € D(q), ||({(z,€))* D)y, < C(llg(x, &) ullz2 + [lull2),

where ko stands for the smallest integer 0 < kg < 2n — 1 such that (1.16) is fulfilled,
and ((z,€)) = (1 + |a|* + [¢]*)"/>.

We shall begin our few comments about the result of Theorem 1.2.1 by noticing
that the estimate (1.17) is easy to obtain in the case where ko = 0. Indeed, we shall
check in the following, that in this case the operator ¢(z,£)" is necessarily elliptic,
and we recall from [12] that, when ¢(z,£)™ is an elliptic quadratic operator whose
Weyl symbol fulfill (1.9) (one can actually only assume that 3(q) # C, when n = 1,
See Lemma 3.1 in [12]), that is, an operator whose Weyl symbol ¢(z, &) is globally
elliptic on the phase space R?",

(1.18) (z,€) €R*", g(2,6) = 0= (2,) =0,

then one can construct a parametrixe inducing that this elliptic quadratic operator
defines a Fredholm operator of index 0 with discrete spectrum (Theorem 3.5 in [12]),

(1.19) q(z,6)" : B — L*(R"),
where B is the Hilbert space
(1.20) B={ueL*R"):q(z,6)"ue L*(R")}
= {u € L*(R") : 2°Dlu € L*(R") if | + B3] < 2},

with the norm
lullz = > lla*Diulfs@n).

la+B|<2
We therefore have in this case the natural a priori estimate
(1.21) 3C > 0,Vu € B, H(((az,ﬁ)}z)wuHL2 < C(Hq(:c,f)wu||L2 + ||uHL2),

which gives the estimate (1.17) of Theorem 1.2.1 when ko = 0.
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A noticeable example of quadratic operator fulfilling the assumptions of Theo-
rem 1.2.1 is the Fokker-Planck operator

2

K= -8+ 5 - % 0.0, — (8,V(2)).0y, (x,0) € B2,

with a quadratic potential

1
V(z) = 5&;102, a € R*.

Here, we consider this non-elliptic operator only in the one-dimensional case, but it is
of course just for convenience reasons. Considering this example, our Theorem 1.2.1
allows to recover the global subelliptic estimate proved by B. Helffer and F. Nier in
[2] (Proposition 5.22),

(1.22) 3C > 0,Yu € D(K), |AZ3ul2, + |Avull2. < O(||Kulle + |Jull22),
where
Ay = (A, + 22/49)Y% and A, = (—A, + v?/4)Y2
The Fokker-Planck operator with a quadratic potential can indeed be expressed as
1
K= Q(%Uafzn)w - 57
with a Weyl symbol

1 )
ale,v,€m) = 7 + 70 +i(v — azn),

which is a non-elliptic complex-valued quadratic form whose real part is non-negative.
By checking that the associated Hamilton map

q(x7 v7 57 ’rl) = U((m7 U? é-? 77)7 F(aj? ’U, 67 77))7

is given by
0 %z 0 0
1 .
_ —3a1 0 0 1
F 0 0 0 %az’ ’
0 -1 —3i 0

and that the singular space

S = Ker(Re F) NKer(Re F Im F)NR*,
is equal to {0}, we therefore deduce from Theorem 1.2.1 the global subelliptic estimate
(123)  3C>0,Yu € D(K), |[({(z,0,&m)**) ul| . < C(|Kullz2 + [|u] ).

Notice that the improvement in the variables (v,7n) appearing in the estimate (1.22)
is easily obtained by using the Cauchy-Schwarz inequality in the following estimate

2 AvulZ = [lullZ> = 2Re(Ku, u) < 2| Kul 2 lull 2 < [[KullZs + [Jull7.

The work of B. Helffer and F. Nier in [2] about this particular example of the
Fokker-Planck operator with a quadratic potential has been the starting point of our
investigation of subelliptic properties for quadratic differential operators. Neverthe-
less, the reader will notice that our proof of Theorem 1.2.1 will not use the same
approach as the one followed by B. Helffer and F. Nier. Indeed, the proof of (1.22) in
[2] really takes advantage of the very specific structure of the Fokker-Planck operator
and seems difficult to adapt in a general setting. For our proof, we shall rather use a
multiplier method inspired from the work of F. Hérau, J. Sjostrand and C. Stolk in [4],
once we will have achieved the construction of a weight function (Proposition 2.0.1).

One can explain the loss of “derivatives” (See (1.7)), § = 2ko/(2ko+1) appearing in
the estimate (1.17) by the following informal discussion. There are two different types
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of points Xy = (79,&p) in the phase space R?": those for which Re q(Xy) > 0 and
those for which Re ¢(X() = 0. Difficulties will come from the presence of this second
type of points, and the fact that the set 0%(¢q) N X (g), where (See Theorem 1.4
in [1]),

Foola) = {Z €C:iz= jLiIfOOCI(mﬁfj)a |(z;,&)| — +oo when j — —l—oo},

may not be empty in general. In order to deal with that kind of points, we shall take
advantage from the noticeable property that the average of the real part of ¢,

1 T
(1.24) (Re ¢)7(X) = ﬁ/TRe q(etfma X)dt > | X2,

by the flow generated by the Hamilton vector field of its imaginary part
Olmgqg 0 Olmgq 9
o6 ox  Odx OE
is always a positive definite quadratic form when its singular space S = 0. This

particular property (See Section 1.3 in [5]) ensures that the operator ¢(x,&)" is of
principal-type

HImq =

dlm q(Xo) # 0,
in any non-zero point Xy € R*" for which Re ¢(Xo) = 0. We also noticed in [5] (See
Section 2) that the property (1.24) induces that one can find for any non-zero point
Xo € R?" such that Re ¢(Xy) = 0, a positive integer 1 < k < 2n — 1 such that

(1.25) VO0<j<2k—1, H_Req(Xo)=0and H? Re ¢(Xy) # 0.

Imgq Imgq
All the points are therefore of finite type. Since moreover the condition (P) holds
because of the sign property of Re ¢, one can microlocalize the operator g(x, &)™ in
a neighborhood of a point Xy € R?" such that (1.25) holds, to the subelliptic model
operator with large parameter A > 1,

Dy + iA*?F,
where roughly speaking, A ~ (22 + 52)1/ 2. for which the classical a priori estimate
(See for example Section 1.4 in [10]),

(1.26) | Dyu + iA%2% 0| 12 > (A2) 7% ||u| 1,

~

is fulfilled. This informal discussion allows to understand from (1.26) from where the
loss of “derivatives” appearing in (1.17) comes. Indeed, the integer kg in Theorem 1.2.1
that we characterize there by other algebraic properties on the Hamilton map, can
also be characterized as the smallest integer 0 < kg < 2n — 1 such that for any
X eR?, X #£0,

JO0<k<ky,VO0<j<2k—1, HJ

Imgq

Re ¢(X) =0 and HZ*

fmg € q(X) #£0.

Let us now consider the more general case where the singular space S defined in
(1.14) has a symplectic structure, that is, that the restriction of the symplectic form
o to S is non-degenerate. We recall (See Section 1.4.1 in [5]) that this assumption is
always fulfilled when the symbol ¢ fulfills an assumption of partial ellipticity on its
singular space S,

(%,f) €S, Q<x7§) =0= ($,§) =0.
By denoting now kg the smallest integer 0 < kg < 2n — 1, such that

ko
(1.27) S = ( () Ker[Re F(Im F)J'D nR2",
j=0
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one can generalize Theorem 1.2.1 as follows:

Theorem 1.2.2. Consider a quadratic operator q(x,&)” whose Weyl symbol
Ry xRy — C
(x,8) — a(=,9),
is a complex-valued quadratic form fulfilling (1.9). When its singular space S has a
symplectic structure then the operator q(x,€)™ is subelliptic in any direction of S+

in the sense that, if (z',&') are some linear symplectic coordinates on S°+ then we
have

(1.28) 3C > 0,Vu € D(q), ||(((a’,&))¥ oty , < C(lla(x, &) ullz2 + l|ullr2),

where ko stands for the smallest integer 0 < ko < 2n — 1 such that (1.27) is fulfilled,
and ((«',&')) = (L + || + [¢']?) /2.

As we will see in the following, Theorem 1.2.2 will be deduced from a simple
adaptation of the analysis led in the proof of Theorem 1.2.1.

1.3. Examples of subelliptic quadratic differential operators. The following
examples of subelliptic quadratic differential operators show that the integer

0<ko<2n—1,

which measures the loss of “derivatives”, § = 2kq/(2ko + 1), in the global subelliptic
estimate

[ (((, )2/ Rt D) |, < Nla(, €)ull g2 + [lull 2,
proved in Theorem 1.2.1, can actually take any value in the set {0, ...,2n — 1}, when
n > 1.

- Case kg = 0: According to the definition of Hamilton map, this is the case
for example for any quadratic symbol ¢ with a positive definite real part
Re ¢ > 0.

- Case ko = 1: Consider a Fokker-Plank operator with a non-degenerate qua-
dratic potentiel tensorized with an imaginary harmonic oscillator in other
symplectic variables

n
55 + .73% + i($2§1 — 1‘1§Q) + 7 Z(ﬁ? + 33?)
j=3
- Case kg = 2p, with 1 <p <n — 1: Consider
G +at +i(6 + 26 + G + 2o+ o+ A 201G+ )+ D (E + D).
Jj=p+2
- Case kg =2p+ 1, with 1 < p <n — 1: Consider
o (€] + 2006 + G + 250+ H A 2mpnGp + )+ D (& +a)).
Jj=p+2
The fact that, in each case, kg is the smallest integer 0 < k < 2n — 1 such that

k
( () Ker[Re F(Im F)j]) AR = {0},
j=0
can easily be checked from a direct computation on the explicit expressions of the
Hamilton maps of these symbols which are respectively given by
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- Case kg = 1:

(ylv"'vyn;nh“'vnn) = F(xlv'nvmn;glv'“ygn)a
with y1 = i22/2; yo = —iz1/2+ &5 y; = €5 for 3 < j < n; m = i€2/2;
Ny = —xg —i&1/2; n; = —iz; for 3 < j < n.
- Case kg =2p, with 1 <p<n-1:
(yl»~-~ayn;7717---777n) = F('rlw"vxn;flv"'vgn)a
with y1 = & + (& + 22); y; = (& + xj41) for 2 < j < p; ypr1 = i&pins
yj=§& forp+2<j<nym =—213m; = -1 for2<ji<p+1;n = —x;
forp+2<j<n.
- Case kg =2p+ 1, with 1 <p<n-—1:
(y17"'7yn;7717"'777n) = F(x17---7xn;£17---7§n),
with y1 = (&1 +x2); y; = i(§ +2j41) for 2 < < p; Ypi1 = 115 Y5 = &5
forp+2<j<nim=—-x1;n =—i§_1for2<j<p+1;n = —z; for
pt+2<j<n

Let us underline that the global subelliptic estimate
|| (<(.I‘, €)>2/(4n71))wu“[/2 5 HQ(xa §)wuHL2 =+ ||UHL27
fulfilled for example by the operator g(x, &)™ whose symbol
q(w,8) = 1 + (€] + 20281 + 3 + 2382 + o + 611 + 200bn1 +63),

has a very degenerate real part, emphasizes the non-trivial interaction phenomena
between the selfdjoint and skew-selfadjoint parts of the operator g(z, &)™ highlighted
by Theorem 1.2.1. Indeed, a naive approach based on the non-negativity of the real
part Re ¢ only allows to get a control in the direction of the variable z1,

lz1ulZe = Re(q(z, &) u,u) < [la(z, &) ullr2]|ullr2 < a(z, &) ull7z + ullZ..

Starting from any of the previous examples of quadratic forms ¢(z, &) with a non-
negative real part and a zero singular space, we may construct examples of quadratic
forms with non-negative real parts, for which their singular spaces S are non-trivial
symplectic spaces, and therefore fulfill the assumptions of Theorem 1.2.2, by adding
to ¢ a purely imaginary-valued quadratic form ig(z, 3 ) in other symplectic variables
(#,6), ]

q(x, ) +1iq(Z, €).

It is then easy to see that the singular space associated to this quadratic form is given
by S = {(z,%,£,€) : x =& =0}.

2. PROOF OF THEOREM 1.2.1

In the following, we shall use the notation Sq (m(X)",m(X)~2*dX?), where  is
an open set in R?", r,s € R and m € C*(,R%), to stand for the class of symbols a
verifying

a € C®(Q), Ya € N**,3C, >0, [0%a(X)| < Com(X) 1 X € Q.
In the case where Q = R?", we shall drop for simplicity the index  in the notation.
We shall also use the notations f < g and f ~ g, on €, for respectively the estimates
3C >0, f<Cgand, f <gand g < f, on Q.
The proof of Theorem 1.2.1 will rely on the following key proposition. Considering
Ry xRy — C
(x,8) — q(z,9),
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a complex-valued quadratic form with a non-negative real part
(2.1) Re ¢(z,6) >0, (z,&) € R*",n € N*,

we assume that there exist a positive integer m € N* and an open set )y in R?™ such
that the following sum of m + 1 non-negative quadratic forms satisfies

(2.2) Jeo > 0,¥X € Qo, > Re g((Im F)/X) > ¢o| X7,
j=0

where the notation Im F' stands for the imaginary part of the Hamilton map F' as-
sociated to the quadratic form ¢, then one can build a bounded weight function with
the following properties:

Proposition 2.0.1. If q is a complex-valued quadratic form on R*" verifying (2.1)
and (2.2) then there exists a real-valued weight function

g € So, (1, (X) " mr1dX?),
such that
(2.3) 3eq, ¢ > 0,¥X € Qo, Re q(X) + c1Himg 9(X) + 1> co(X) 771,

where the notation Hiymg stands for the Hamilton vector field of the imaginary part
of q.

The construction of this weight function will really be the core of this paper. Its
proof, which is technical, is given in Section 4. Let us mention that because of
its simple properties, this weight function may also be of further interest for future
studies of doubly characteristic pseudodifferential operators with principal symbols
whose Hessians at critical points fulfill (1.9) and (1.15).

Before proving this proposition, we shall explain how we can deduce Theorem 1.2.1
from it. In doing so, we shall use as previously mentioned a multiplier method in-
spired from the work [4] of F. Hérau, J. Sjostrand and C. Stolk about Fokker-Planck
operators. In their analysis, they are led to establish a similar estimate as (1.17) in
the case where the non-negative integer k¢ in Theorem 1.2.1 is equal to 1. One can
indeed check that their subelliptic assumption for their symbols at critical points, say
here Xy =0,

320 > 0, Re p(X) + eoHfy, Re p(X) ~ [ X7,

is equivalent to the fact that their Hessians in these points fulfill (2.2) with m = 1 and
Qo = R?", In order to define our multiplier, we shall use the Wick quantization of the
weight function given by Proposition 2.0.1. The definition of the Wick quantization
and some elements of Wick calculus, we need here, are recalled in the appendix
(Section 5.1).

To check that we can actually deduce Theorem 1.2.1 from Proposition 2.0.1, we
begin by considering a complex-valued quadratic form ¢ on R?", n > 1, with a non-
negative real part and a zero singular space S = {0}. We know from (1.16) that one
can find a smallest integer 0 < kg < 2n — 1 such that

ko
(2.4) ( () Ker[Re F(Im F)j]> AR = {0}.
5=0
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We then notice, as in [5] and [11], that (2.4) induces that the following sum of kg + 1
non-negative quadratic forms

ko
(2.5) e > 0,¥X € R*", r(X) = Re g((Im F)/X) > co| X[,

3=0

is a positive definite quadratic form. Let us indeed consider Xy € R?® such that
r(Xo) = 0. Then, the non-negativity of the quadratic form Re ¢ induces that for all
j = 07 ooy kO?

(2.6) Re ¢((Im F)’Xy) = 0.

By denoting by Re ¢(X;Y") the polar form associated to Re ¢, we deduce from the
Cauchy-Schwarz inequality, (1.11) and (2.6) that for all j =0, ..., kg and Y € R?",

IRe ¢(Y; (Im F) Xo)|* = |o(Y,Re F(Im F)’ X)
< Re ¢(Y) Re ¢((Im F)? X,) = 0.

| 2

It follows that for all j =0,...,ky and ¥ € R?",
o(Y,Re F(Im F)’X,) =0,

which implies that for all j =0, ..., ko,

(2.7) Re F(Im F)? Xy = 0,

since o is non-degenerate. We finally deduce (2.5) from (2.4).

In the case where ky = 0, the quadratic form Re ¢ is positive definite. This
implies that the quadratic form ¢ is elliptic. As previously mentioned, the result of
Theorem 1.2.1 is in this case a straightforward consequence of classical results about
elliptic quadratic differential operators recalled in (1.21).

We can therefore assume in the following that ky > 1 and find from Proposi-
tion 2.0.1 a real-valued weight function

(2.8) g€ S(1,(X) T dx?),
such that
(2.9) Jer,ea > 0,YX € R2", Re ¢(X) + ¢1Himg 9(X) + 1 > (X)) 707,

For 0 < ¢ < 1, we consider the multiplier defined in the Wick quantization by the
symbol 1 — eg. We recall that the definition of the Wick quantization and some
elements of Wick calculus are recalled in Section 5.1. It follows from (2.8), (5.4),
(5.7), (5.8) and the Cauchy-Schwarz inequality that

(2.10) Re(quCku, (1 _ 6g)Wicku) —_ (Re((l _ Eg)WiquWiCk)u,u)

<11 = egllpee @em gV ull g2 ull 2 S g™ SullZs + lullFe S 1§47 + ullfs,
where
. S
T

because the operator (1 — eg)Vik whose Wick symbol is real-valued, is formally self-

adjoint. Indeed, the symbol r(gq) defined in (5.8) is here just constant since ¢ is a
quadratic form. The factor 27 in (2.11) comes from the difference of normalizations
chosen between (1.1) and (5.9) (See remark in Section 5.1). Since from (5.10),

)Wick, Wiek _ [( }WiCk +8

g £
(1—eg 1—eg)g+ 1= Vo-Va - m{g,q}
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with [|S]|z(z2®n)) S 1, we obtain from the fact real Hamiltonians get quantized in
the Wick quantization by formally selfadjoint operators that

E E Imq 9 + Re 5,

because g is a real-valued symbol. Since Re ¢ > 0 and g € L*°(R"), we can choose
the positive parameter ¢ sufficiently small such that

Re((1— eg)WVickgWick) = [(1 —¢eg)Re ¢+ —Vg.VRe g +

1
VX € R*™, 1 —¢eg(X) > 3
in order to deduce from (2.9), (2.10) and (5.3) that
(2.12) (((X)0m ) Wicky, ) < [|q ul2 + [[ull32 + | (V9. VRe ¢)V'u, ),

because from (5.1) and (5.2), 1Wick = Id.

By denoting X = (x, 5/(2#)) and Op" (S(l, dXQ)) the operators obtained by the
Weyl quantization of symbols in the class S(1,dX?), it follows from (5.7), (5.8) and
usual results of symbolic calculus that

(2.13) ((x)ymarm ) Vi ((X)mT) " € Op®(S(1,dX?))
and
(214)  ((X)mor)" ((X)mor)" — ((X)7071)" € Op" (S(1,dX?)),

since kg > 0. By using that
() 070) ™ () 7077) ") = || ((X)7077) " .,

we therefore deduce from (2.12) and the Calder6on-Vaillancourt theorem that

(2.15) H(<X>2k;+l)w“Hi2 SN w3 + |Jul|3e + ‘((Vg.VRe q)WiCkmu)‘.
Then, we get from (2.8) and (5.3) that
(2.16) |((Vg.VRe q)WiCku,u)| < (IVRe q|Vi%u, u).

Recalling now the well-known inequality

(2.17) [ @) < 2f @)1 lpez)»

fulfilled by any non-negative smooth function with bounded second derivative, we
deduce from another use of (5.3) that

(2.18) (IVRe ¢|V'%u,u) < (((Re q)%)WiCku,u) < (1 + Re q)Vi%u, u),
since Re ¢ is a non-negative quadratic form and that
2(Re ¢) <1+ Req.
By using the same arguments as in (2.10), we obtain that
(14 Re q)WiCku,u) = ((Re q)Vicky, u) + f|ullf. = Re(qWVi%u, u) + ||ul|2.
< g™ ¥ ull 2 ull 2 + ullz S ¢V ullfz + lullfe S 1°ulF: + ulZ:-

It therefore follows from (2.15), (2.16) and (2.18) that

(2.19) (X707 |2, S 13l 22 + [[ull3e.
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In order to improve the estimate (2.19), we carefully resume our previous analysis
and notice that our previous reasoning has in fact established that

|| ((X')Wlﬂ)wuﬂiz < |Re(qu°ku, (1— sg)WiCku)’ + |((Vg.VRe q)WiCku,u)‘ + [Jul|2e
< [Re(gV'u, (1 — eg)Vi*u) | + Re(¢™ ' %u, u)| + [Jull7-
< [Re(q¥u, (1 — eg)™V'u) | + [Re(q“u, u)| + ||ul7z,

because (1 — eg)Vik is a bounded operator on L%(R™),

(2.20) (1 = eg) V¥l 22y < |11 = egll oo (r2n)-

By applying this estimate to ((X) T TT )wu, we deduce from (2.14) and the Calderon-
Vaillancourt theorem that

(2:21) [|((X)707) a0 S [Re (@ ((£)707) “u, (1 = g)Vok((X) 7077) “u )|
+ |Re (@ ((X)m07m) ", () 7070 ) ") | + | ((R)75070) ", +

Then, by noticing that the commutator

(2.22) (3%, (X)) "] € Op® (S((X) 07T, (X)~2dX?)),

because ¢ is a quadratic form, and that

(2.23) ((X)~ 7)Y ((X)7071)"” —1d € Op® (S((X) ™2, (X)~2dX?)),

we deduce from standard results of symbolic calculus and the Calderon-Vaillancourt
theorem that

1@, ()7 “Tull 1o S 1 [37, ((R)707) ] ((X) 7 7070) " ((R) 75077) | + | 2
(2.24) S () T07) |+ e

By introducing this commutator, we get from the Cauchy-Schwarz inequality and
(2.24) that

[Re (g ((X)707) ", () 7077w | < [Re(qvw, ((X)777) " ((%) 7077 "u)|
+ 11707 a7+l

By using that another use of the Cauchy-Schwarz inequality and the Calderén-Vaillancourt
theorem with (2.14) gives that

~w > 1 w s 1 w ~w S22 \w ~w
[Re(§u, (X)) () 5677 )| 5 1l s | (R 58 ) "] o
we deduce from (2.19) and the previous estimate that

‘Re(d“’(()@?k;ﬁ)wu, ((X}ﬁ)wuﬂ

<G ull 2| () Z070) ]| + 11§%ullZ + 3
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By using again the Cauchy-Schwarz inequality, (2.19), (2.20), (2.21) and (2.24), this
estimate implies that

(2:25) [ ((5)™0%)"ul[7, S |Re([d", (<f<>ﬁ>“’]u,<1—eg)wwk(@wﬁ)“’u)\
+ \Re(c} u, ((R)T00) " (1 = )Wk ((R) 707w | + g ullf + lull3:
< [Re("u, ((X)7077) (1= 2g) ™ ((X) 7070) "u )| 4 3" ullF + [ull
(¢

< ||q u||L2H( 2k0+1) 1 _ sg chk

because we get from (2.20) and (2.24) that
[Re([q", ((0)77) " Jus (01— 29 (0 7877) ") | £ (1) 7).

1) 707) ] o 2

(X)7071) | o+ 11§70l 2z + [ull2e,

Notice now that (2.8), (5.5) and (5.6) imply that
[((X)7077)", (1 = 2) "] € Op"(S(1,dX?),

since (1 — eg)Wick = g% with § € S(1,dX?) and ko > 0. By introducing this new
commutator, we deduce from the Calderén-Vaillancourt theorem, (2.14), (2.19) and
(2.20) that

—

w

|
)
(=}

+1

1 _Eg Wick(<

)"( 7w ) |,

)] o [[(1 = £g) VIR ((X) 0T ) " ((X) 70T ) |
)l .+ [ ((X 2k3+1> ((X) 7).,

2 ) ul| o A [ (0 7F0F) P o+ [l e

o) "l 2 + Il ullm + Il 2.

-

=

|
|
(=}

F1

-

™

>

Tl TN TN S =2
<
o
)|
|
o
T
pA

N
kS
o

+1

N

N N N A

Recalling (2.25), we can then use this last estimate to obtain that

(2.26) () 75070 ) ||, < 113%ull2e + 2.
By finally noticing from the homogeneity of degree 2 of ¢ that we have

(GoT)(,8) = 5 —a(x,¢),

if T stands for the real linear symplectic transformatlon

T(z,€) = ((2m)" 2w, (2m)2€),
we deduce from the symplectic invariance of the Weyl quantization (Theorem 18.5.9
in [7]) that
—2__\w 2
[ () 75070 ) Tl S Mg ull7e + llull7e,
which proves Theorem 1.2.1.

3. PROOF OF THEOREM 1.2.2

This section is devoted to the proof of Theorem 1.2.2. We begin by recalling that
the symplectic invariance property of the Weyl quantization (Theorem 18.5.9 in [7])
allows us to freely choose the linear symplectic coordinates (x,¢) in which we want
to express our symbol ¢ in our proof of Theorem 1.2.2. Considering

g:Ry xRy — C
(z,8) — q(z,9),
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a complex-valued quadratic form with a non-negative real part
Re q(z,€) >0, (z,£) € R?",n € N*,

and assuming that its singular space S has a symplectic structure, we deduce from [5]
(Section 2, See (2.0.1) and Proposition 2.0.1) that one can find some linear symplectic
coordinates in R2"?,

(z,6) = (a/,2";¢,€") e R*",

with (z/,¢") and (2”,£”) some linear symplectic coordinates respectively in S+ and
S; such that we can write the symbol ¢ as the sum of two quadratic forms

(3.1) 9(x,§) = qu(2",¢) +iga (2", "),

where ¢; is a complex-valued quadratic form on R2" with a non-negative real part
and ¢o is a real-valued quadratic form on R2"". More precisely, we proved in [5]
(See (2.0.4)) that the spaces S and S°* are stable by the real and imaginary parts
of the Hamilton map F' of the symbol ¢; and that the two quadratic forms ¢; and g9
are actually equal to

ql(xlagl) = C’T((x/a5/)7}7|S”L (xlvgl)) and ti(xNvg”) = a((a:",{”),FLg(x”,5”)).

By denoting F; = F|g-1 the Hamilton map of ¢;, we first check that (1.27) implies
that the non-negative quadratic form

ko

(3.2) r(X') =Y Req((Im Fy)’X"),
Jj=0

is actually positive definite on S7+. Indeed, consider X} € S°* such that r(X{) = 0.
As in (2.7), it follows that Re Fy(Im Fy)? X} = 0 for all 0 < j < kg, which according
to (1.27), implies that X} € SN S+ = {0}.

Let us first consider the case where kg > 1. As in the proof of Theorem 1.2.1,
one can find from (3.2) and Proposition 2.0.1 a real-valued weight function in the
variables X' = (2/,¢') € S7+,

(3.3) g1 € S(1, (X))o dX"2),
such that
(34)  Jer, e > 0,¥X € 871, Re q1(X') + ¢1Himg, g1(X') + 1> co(X/)To071.

When kg = 0, it is sufficient to just take g3 = 0 to fulfill (3.4). Then, as previously
in (2.10), one can use the multiplier defined in the Wick quantization by the symbol
1 — &gy, for 0 < € < 1; and consider the quantity

Re(qVicky, (1 — egy)Wicky),
By noticing from (3.1) that we have this time

£

Re S
47 e 1,

Wick
HImq1 gl:|

‘ . €
Re((1—egy)VickgVick) = {(1—691)R€ Q1+EV91-VRG q+
with [|[Re Si||zz2) S 1, since

Hinmg 91 = Himg, 91,

because of the variables tensorization. Next, one can exactly resume our analysis led
in the proof of Theorem 1.2.1 from (2.12) in order to finish the proof of Theorem 1.2.2.
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4. PROOF OF PROPOSITION 2.0.1

‘We prove the proposition 2.0.1 by induction on the positive integer m > 1 appearing
in (2.2). Let m > 1, we shall assume that the proposition 2.0.1 is fulfilled for any
open set Qg of R?" when the positive integer in (2.2) is strictly smaller than m.

In the following, we denote by 1, xy and w some C*°(R, [0, 1]) functions respectively
satisfying

(4.1) ¢ =1on [-1,1], supp ¢ C [-2,2],

(4.2) x=lon{zreR:1<|z[ <2}, supp x C{zr eR:1/2 < |z| <3},
and

(4.3) w=1lon{zeR:|z|>2}, suppw C{zeR:|z|>1}.

More generically, we shall denote by 1;, x; and wj, j € N, some other C*(R, [0, 1])
functions satisfying similar properties as respectively ¢, x and w with possibly differ-
ent choices for the positive numerical values which define their support localizations.

Let Qo be an open set of R?" such that (2.2) is fulfilled. Considering the quadratic
form

(4.4) 7(X) = Re ¢((Im F)*'X; (Im F)*X), k € N*,
and defining

_2(2m—1)

(4.5) gm(X) = 1/J(Re q((lm F)m_lX)<X> 2mF1 )<X>_2f;11 rm(X),
where 1 is the function defined in (4.1), we get from Lemma 5.2.1 that

(4.6)  Himg gm(X) = 2w<Re g((Im F)™=1X) <X>f%) Re ¢((Im F)"X)

() T
_ _2em-n\ Re ¢((Im F)™7'1X; (Im F)" "1 X)
+ 2¢p(Re ¢((Im F)™ 1 X)(X) s i
(Re qf ) ) e
Heo (0(Re o((Im FYy™1X) (x)- 28272 ()
+ g (0 (Re g((1m P4 ()75 ) ) e

_2(2m-—1)

+ 0 (Re g((Im F)"1X) (X)) By ()55 ) ().
We first check that
(4.7) gm € S(1,(X)~ 5w dX?).
In order to verify this, we notice from Lemma 5.2.6 that the two quadratic forms

(4.8) Re q((Im FY" 1X; (Im F)’"X) and Re q((Im FY™ 1X; (Im F)m-HX)7

belong to the symbol class

4m 2(2m—1)

(4.9) S ((X) 77 (X))~ 2mi dX?),

2(

m—1)
for any open set {2 where Re q((Im F)mle) < (X) a1, To check this, we just
use in addition to Lemma 5.2.6 the obvious estimates

Re ¢((Im F)™X)? < (X) and Re ¢((Im F)™1X)? < (X).

Moreover, since

4m

(4.10) (X)™ 7T € S((X) 7T, (X)2dX?),
we obtain (4.7) from (4.1), (4.4), (4.5), (4.8), (4.9) and Lemma 5.2.2.
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Denoting respectively A;, As, Az and A, the four terms appearing in the right
hand side of (4.6), we first notice from (4.1), (4.8), (4.9), (4.10) and Lemma 5.2.2 that

2(2m—1)

(4.11) Ay € S(1,(X)” "2 dX?).
Next, by using that

Im g € S((X)? (X)2dX?),
since Im ¢ is a quadratic form, we get from (4.1), (4.4), (4.8), (4.9), (4.10) and
Lemma 5.2.2 that
_2(2m—1)

(4.12) Az € S((X)TFT (X))~ dX?),

since

_2(2m-1) _2(2m—1)

Hig ((Re g((lm F)™1X) ()~ 557) ) € s((x) 7, (x) -5 ax?).

By using now that

HImq<<X>72:"”%) € S((Xfﬁ%’ <X>_2dX2)7
we finally obtain from another use of (4.1), (4.4), (4.8), (4.9) and Lemma 5.2.2 that
(4.13) Ay € S(ly <X>_2(22$;11)dX2),

Since the term Aj is supported in

supp 1// (Re q((Im F)mﬂx) <X>_2(227:1;11) )7

we deduce from (4.6), (4.11), (4.12) and (4.13) that there exists xo a C*(R, [0, 1])
function satisfying similar properties as in (4.2), with possibly different positive nu-
merical values for its support localization, such that, Jei,co > 0, VX € R?™,

(4.14) Himg 9m(X) + ¢1 + caxo (Re g((Im F)™=1X)(X)~ "%t ) (X)zr

Re ¢((Im F)™X) .
() it

Recalling (2.2), one can find some positive constants cs, c4 > 0 such that

> 21/J(Re o((Im Fy™1X) <X>72<221+:11))

m—1
(4.15) > Reg((Im F)/X) > es] X[,
j=0
on the open set
(4.16) Q1 = {X €R* :Re q((Im F)™X) < cs| X|*} N Q.
When m > 2, one can find according to our induction hypothesis a real-valued function
(4.17) Gm € Sa, (1,(X)"=-1dX?),
such that
(4.18) Jes > 0,VX € Q1, Re ¢(X) + c5Himg Gm(X) +1 2 (X) 7T

For convenience, we set in the following g1 = 0 when m = 1. By choosing suitably
1o and wg some C*(R, [0, 1]) functions satisfying similar properties as the functions
respectively defined in (4.1) and (4.3), with possibly different positive numerical values
for their support localizations, such that

(4.19) supp o (Re q((Im F)mX)|X\*2>wO(X)
C{X eR*:Re¢q((Im F)"X) < cs| X|*},
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and setting
(4.20) Gp(X) =gn(X)+ 1 (Re q((Im F)mX)|X\*2>wO(X)§m(X), X € Qo,

we deduce from a straightforward adaptation of the Lemma 5.2.2 by recalling (4.1)
and (4.3) that

(4.21) (Re g((Im F)"X)|X|~ 2)w0( ) € 8(1,(X)"2dX?).
According to (4.7) and (4.17), this implies that
(4.22) G € Sa, (1,(X)"3dX?) and G,, € Sq, (1, (X)~ 7-1dX?),
when m > 2. Since from (4.21),
Hig (40 (Re a((Tm F)"X)|X| 72w (X)) € S(1, (X) 24x?),
because Im ¢ is a quadratic form, we first notice from (4.16), (4.17) and (4.19) that
Hig (40 (Re a((Tm F)™ X)|X|~2 ) wo(X) ) G (X) € S, (1, (X)~ 77 dX?),

and then deduce from (4.14), (4.16), (4.18), (4.19) and (4.20) that there exist ¢g,c7 > 0
such that for all X € Qy,

2(2m—1)

Re ¢(X) + c6Himg Gm(X)+1+C7xO( e ((Im Fym= 1X)<X>— T )<X>ﬁ
(Im F)™X)

>2m+1

2 6 (Re q((Im F)™=1) (X) 5755 Re ¢ <(

2

+ 4o (Re g((Im F)mX)|X|_2)w0(X)< X)z,

when m > 2. Since

Re ¢((Im F)™X)
<X> Q:gil
when Re ¢((Im F)"X) 2 |X|?* and |X| > 1, we deduce from the previous estimate

by distinguishing the regions in Qy with | X| > 1, where

Re ¢((Im F)™X) < |X|?* and Re ¢((Im F)"X) > | X|?,

(X) 7T 2 (X) =5 and 2 |X|m,

according to the support of the function
o (Re g((Im F)™X) |X|‘2>7

that one can find a C*°(R,[0,1]) function w; with the same kind of support as the
function defined in (4.3) such that

(423) deg,c9 > 0,VX € Qo, Re q(X) + CgHImq Gm(X)
m—1 _2(@m—1) _2 _2
+ cows (Re g((Im F)" 1) (X) 75050 ) (X) 7757 + 12 (X) 77,
when m > 2. When m = 1, we notice from (2.2) that
(4.24) Re ¢(Im FX) > (X)?,

on any set where

(4.25) | X| > 10 and Re ¢(X) < <X>%,
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if the positive constant c1g is chosen sufficiently large. Moreover, since in this case
G1 = g1 and that Re ¢ > 0, one can deduce from (4.1), (4.3), (4.14), (4.24) and (4.25),
by distinguishing the regions in {2y where

wl

Re ¢(X) 5 (X)5 and Re ¢(X) 2 (X)3,
according to the support of the function

¥ (Re q(X)(X)~%),

that the estimate (4.23) is also fulfilled in the case m = 1. Continuing our study of
the case where m = 1, we notice from (4.3) and Re ¢ > 0, that one can estimate

wi (Re q(X)(X)75)(X)3 < Re q(X),
for all X € R?". It therefore follows that one can find c¢1; > 0 such that for all
X e Qo,
Re ¢(X) + c11Himg G1(X) +1 2 (X)3,

which proves Proposition 2.0.1 in the case where m = 1, and our induction hypothesis
in the basis case.
Assuming in the following that m > 2, we shall now work on the term

_ 2(2m-—1)

wr (Re q((m F)™=1X) (%)~ 555" ) (x) 7,

appearing in (4.23). By considering some constants A; > 1, for 0 < j < m —2, whose
values will be successively chosen in the following, we shall prove that one can write
that for all X € R?”,

(4.26) ws (Req((ln;i?rz X)> < Wo(X)Wo(X)
(x) 5

m—2 7 m—1
+ > Wox) ([T wi(x)) w;(x) + Wo(x) ( [T W),
j=1 1=1 1=1
with
AR Im F)™ 72X
CEC 70 o g ULk (LD s N B
Re ¢((Im F)m—i—1X) =21
A;_1R Im F)™i-1X
(428) W](X) = W2 10 Q(( = ) 27n—2j—2 3 1 < ] <m— la
Re ¢((Im F)m—iX)?m=2%1
- Re ¢((Im F)™ X
(4.29) WO(X) = w1 (( 2(2771)71) ) )
(x) T

where ¢ is the C*°(RR, [0, 1]) function defined in (4.1), and ws is a C*°(R, [0, 1]) function
satisfying similar properties as the function defined in (4.3), with possibly different
positive numerical values for its support localization, in order to have that

(4.30) supp ¢ C {wy =1} and supp w) C {¢ = 1}.
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In order to check (4.26), we begin by noticing from (4.3), (4.28) and (4.29) that for

(431) Re g((Im F)"~1X) 777 2 Re g((lm F)"™ 7 X) 77T

> .. 2 Re q((Im F)"~1X) ™ > (X)),

~

on the support of the function
J
supp(WOHWl), if1<j<m-—1, or, supp Wy, if j = 0.
1=1

Notice that the constants in the estimates (4.31) only depend on the values of the
parameters Ag,...,A;_; but not on A;, when [ > j. This shows that the functions

J m—1
W (HVVI)\I/j, for 1 <j<m-—2; and HVV“
=1 1=1

are well-defined on the support of the function Wy. Now, by noticing from (4.1),
(4.3), (4.27), (4.28) and (4.30) that
(4.32) 1<V + Wiigq,

on the support of the function

J
supp(VT/'ol_[Wl)7 if1<j<m-—2, or, supp Wo, if j =0,
=1

we deduce the estimate (4.26) from a finite iteration by using the following estimates
Wo < Wolg + Wol;
and

o (1T ) < o [T wi) o, + o T ),

for any 1 < j < m — 2. One can also notice that (4.32) implies that

m—2 k m—1
(4.33) 1<0;+ Y ( 11 Wl)\I/k+ I1
k=j+1 I=j+1 I=j+1

on the support of the function

supp(WoﬁWl>, if 1 <j<m-—2, or, supp Wo, if j =0.
=1
Since Re g > 0, we then get from (4.31) that
(4.34) VX € R?", VVO(X)(m1 Wl(X)) (X)=57 < an,,..a,._oRe q(X),
=
where aa,,... A,,_, IS a positive Constlant whose value depends on the parameters

(A)o<i<m—2-
We define

(435) 00 = W) (TTW00) 500 T ’";)WX;)
=1 eq m m—j—1 2m—2j5—1
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for 1 <j<m—2, and

(4.36) Po(X) = W(X)Wo(X) rm-1(X)
Re ¢((Im F)™-1X)

2m—2
2m—1

where the quadratic forms ry are defined in (4.4). We get from (4.1), (4.3), (4.27),
(4.28), (4.29), (4.31), Lemma 5.2.2, Lemma 5.2.4, Lemma 5.2.5 and Lemma 5.2.7 that
(4.37) p; € S(1, (X)~ 5 dx?).
forany 0 <j<m—2.

We shall now study the Poisson brackets Hiy,g pj. In doing so, we begin by writing
that

(4.38)

Hiwg 25(X) = (g Wo) (X) (T W20X) ) w,() e ()
=1

Re ¢((Im F)m—i=1X)2m =21

(X)) (Hiung W) (X) ARG,
=1 Re q((Im F)m*Jle) 2m=2j-1

+
ng
E
—
=

2m—2j—2

+ 0 00)(TTW00) 0500 Hig (e a(m £)m2) 55 ) )

1 : HImq T’mfj71(X)
+ Wo(X | |W X)) (X —
O( )<11 l( )> ( )Re q((Im F)mfjle)m

A - rm—j—1(X)
—+ Wo(X quW X Wie(X \I/j X Zm-—2j-2 )
S oy e

k#l

for 1 < j < m — 2. We denote by respectively Bi ;, Baj, Bsj, Bs; and Bs; the
five terms appearing in the right hand side of (4.38). We also write in the case where
J=0,

(4.39) Himg po(X) = (HimgWo) (X)To(X) rm-1(X) —
Re q((Im F)m_lX) 2m—1
T (X) (i 00) (1) ———2L)

Re ¢((Im F)"—1X)

o+ Wo (X)W (X) Himg (Re q(Im F)mflx)’%) ron_1(X)

- Himg mm_1(X
W (X)W () Hma Pt ()
Re q((Im F)mle) 2m—1

)

and denote as before by respectively B o, B2, B30 and By o the four terms appearing
in the right hand side of (4.39).

Since the constants in the estimates (4.31) only depend on the values of the param-
eters Ag,..., Aj_1; but not on A;, when [ > j; we notice from (4.26), (4.31) and (4.34)
that there exist ag > 0 and some positive constants a; a,,....A;_;, for1<j<m-1,
whose values with respect to the parameters (A;)o<;<m—2 only depend on Ag,..., Aj_1;
but not on A;, when ! > j; such that for any constants (o;)1<j<m—2, with a; > 1;
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and X € R?",
(4.40)

w; (Re qg;n(?n)_ X)> (X) 75 < agWo(X) Wo(X)Re g((Im F)™ 1 X) 7=

m—2 j
+ Z Qg Ao,..., A - 1Wo (H ) X)Re q((Im Fym= J— lX) SmoE=T
j=1 =1

+ m1,Ag..... A Re q(X).
The positive constant ag is independent of any of the parameters (A;)o<i<m—2. Setting

m—2

(4'41) p = agpo + Z Qa4 Ag,...,A; 1 Dj>»
j=1
we know from (4.37) that

(4.42) peS(1,(X) mrdx?).

For any € > 0, we shall prove that after a proper choice for the constants (A;)o<j<m—2
and (a;)1<j<m—2, with A; > 1, o; > 1, whose values will depend on ¢; one can find
a positive constant c12 . > 0 such that for all X € R27,

R Im F)m—1Xx
(4.43) c10..Re q(X)+Himg p(X)+e(X) 77 Zw1<  a((Im F)™ )\ ).
<X> Im1

Once this estimate proved, Proposition 2.0.1 will directly follow from (4.22), (4.23),
(4.42) and (4.43), if we choose the positive parameter ¢ sufficiently small and consider
the weight function
g= ClS,eGm + C14,¢D,

after a suitable choice for the positive constants c13 . and cj4c.

Let € > 0, it therefore remains to choose properly these constants (A;)o<j<m—2
and (0;)1<j<m—2, with A; > 1, a;; > 1, in order to satisfy (4.43).

Recalling from (5.22) that

(444) V0 <j<m—2, Hung rm—j-1(X) = 2Re g((Im F)" 97" X)
+2Re ¢((Im F)" 7 X; (Im F)™ 7 7?X),

one can notice by expanding the term 2a,,—1a,,... A,,_»,R€ ¢+ Himg p by using (4.38),
(4.39) and (4.41) that the terms in

m—2

apByo + E a5 Ag,... A1 Ba g,
j=1

produced by the terms associated to 2Re ¢((Im F)™7~1X) while using (4.44), give
exactly two times the term

(4.45)  agWo(X)¥o(X)Re ¢((Im F)mle)Z‘mlifl

m—2
+ Z Qg Ag,...,Aj_y (H Wl ) )Re q((Im F)m—j—lX) Im—2;—1
j=1

+ am—1,A0,....An o RE Q( )

for which we have the estimate (4.40). To prove the estimate (4.43), it will therefore
be sufficient to check that all the other terms appearing in (4.38) and (4.39) can also
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be all absorbed in the term (4.45) after a proper choice for the constants (A;)o<j<m—2
and (a;)1<j<m—2; at the exception of a remainder term in

5<X> 2m2+1 .
We shall choose these constants in the following order Ag, a1, A1, ao, ...., ay,_o and
Ao,
We successively study the remaining terms in (4.38) and (4.39), by increasing value
of the integer 0 < j < m — 2. We first notice from (4.1), (4.3), (4.27), (4.29), (4.39),

Lemma 5.2.8 and Lemma 5.2.12 that one can choose the first constant Ag > 1 such
that for all X € R?",

(1.16) a0l Buo(X)| £ Ay F(x)mimn < S (x)miten
m—
By noticing from (4.31) that the estimates
2m+1
(147 Re q((lm F)"X) £ (X)? § Re q((1m F)"~'X) 55,

are fulfilled on the support of the function Wy, we deduce from (4.1), (4.27) and (4.39)
that the modulus of the term B3 can be estimated as

ao|B3,0(X)| = ao ‘Re q((Im F)m_lX)%HImq (Re q((Im F)m_lX)_%))
X |Re q((Im F)m_lX)_%rmfl(X)!VNVO(X)\IJ()(X)
S A(;%WO(X)\I’O(X)Re q((Im F)m_lX)27n17—1’

for all X € R?"; since from Lemma 5.2.8 and Lemma 5.2.10, we have

2m—2 _ 2m—2 1
[Re g((Im F)™ ' X) % Hi, (Re g((Im F)™~1X) 757 )| S Re g((Im F)"~'x) 7
and 2m—2 1

|Re ¢((Im F)™ ' X) > Tr, 1 (X)| S A 2,
on the support of the function Wy (X)Wo(X). By possibly increasing sufficiently the
value of the constant Ag which is of course possible while keeping (4.46), one can
control this term with the “good” term (4.45).

Next, we deduce from (4.1), (4.27), (4.39), (4.47) and Lemma 5.2.9 that the mod-
ulus of the second term in By o associated to

2Re ¢((Im F)™X; (Im F)™"*X),
while using (4.44), denoted here 34’0,

Himg Tm-1(X _ 1
- 1( )szz — 2Re q((Im F)m 1)() T |

Re q((Im F)mle) Zm—1

By o(X) = Wo(X)¥o(X)

can be estimated as
00| Bao(X)| < Ay ? Wo(X)Wo(X)Re ¢((Im F)"~1X)7"7

for all X € R?". By possibly increasing sufficiently the value of the constant Ag
which is of course possible while keeping (4.46), one can also control this term with
the “good” term (4.45). The value of the constant Ay is now definitively fixed. In
(4.39), it only remains to study the term By .

About this term, we deduce from (4.1), (4.3), (4.27), (4.29), (4.39), Lemma 5.2.8
and Lemma 5.2.11 that for all X € R??,

(4.48) 0| B2.0(X)] < Wo (X)W1 (X)Re g((Im F)™~1X) 7T
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By using now (4.31) and (4.33) with j = 1, we obtain that for all X € R?",

m—1
ao|B2,0(X)| < em—1,A0,....Ap_» Wi ( H Wi (X )Re q(X)
=1
m—2 g ] .
+ Z Cj Aoy 1W0 (H )\I/] )Re q((Im F)m—]—lX) T
j=1 =1

which implies that

(449) a0|B20( )| < G 1,A0,0 0 Ay 21:{6 q(X)

+ Z €. ho,-.. (HWz ) X)Re ¢((Im F)m—j—lx)ﬁ7

where the quantities ¢; a,....A;_, stand for positive constants whose values depend
on Ag,..., Aj_1, but not on (Ag)j<k<m—2 and (ag)i<g<m—2, according to the remark
done after (4.31). One can therefore choose the constant a1 > 1 in (4.41) sufficiently
large in order to absorb the term of the index j = 1 in the sum appearing in the right
hand side of the estimate (4.49) by the term of same index in the “good” term (4.45).
This is possible since the constants a; s, and ci,, are now fixed after our choice of
the parameter Ag.

This ends our step index j = 0 in which we have chosen the values for the two
constants Ag and a3 > 1. We shall now explain how to choose the remaining constants
(Aj)i<j<m—2 and (oj)2<j<m—2 in (4.41) in order to satisfy (4.43). This choice will
also determine the values of the constants (a;a,,....;,_;)1<j<m—2 appearing in (4.41).
After this step index j = 0, we have managed to absorb all the terms appearing in
(4.39) in the “good” term (4.45) at the exception of a remainder coming from (4.46)
and (4.49),

m—2

J
Z Cjhos - Wo(X (H ) X)Re ¢((Im F)m—j—lx)ﬁlzj—l

€

m—1
where one recall that the positive constants c; a,,... a,_, only depend on Ao, Ajq,
but not on (Ag)j<k<m—2 and (ag)1<k<m-—2-

We proceed in the following by finite induction and assume that, at the beginning
of the step index k, with 1 < k£ < m — 2, we have already chosen the values for the
constants (A;)o<;j<k—1 and (a;)i<;j<k in (4.41); and that these choices have allowed
to absorb all the terms appearing in the right hand side of (4.39) and (4.38), when
1<j<k-—1,in the “good” term (4.45) at the exception of a remainder term

k

m —

+ = (X) T

(4.50) ce(X) T 4

J ' .
Z CJ,Ao, Ajo1,Q1,e 0 1 (H ) )Re q((Im F)m—J—lX) 21r_2j—*1,

j=k+1

where the quantities Ci Ny Aj 1,011 stand for positive constants whose values

only depend on Ag,..., Aj_1, a1,..., ag—1; but not on (A;)j<i<m—2 and (oq)k<i<m—2.
We shall now explain how to choose the constants Ay and; ag41, when k < m — 3;

in this step index k in order to absorb the terms appearing in the right hand side of

(4.38), when j = k, at the exception of a remainder term of the type (4.50) where k
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will be replaced by k +1; in the “good” term (4.45). Since the constants (A;)o<j<r—1
and (aj)1<j<k have already been chosen, we shall only underline in the following the
dependence of our estimates with respect to the other parameters (A;)g<;j<m—2 and
(j)k+1<j<m—2, Whose values remain to be chosen.

We notice from (4.1), (4.3), (4.27), (4.28), (4.29), (4.31), (4.38), Lemma 5.2.8 and
Lemma 5.2.12 that one can assume by choosing the constant Ay > 1 sufficiently large
that for all X € R?”,

1
(4.51) QWelth, A, | B (X)| S Ay (X) 7T < mg_ :

since the constants oy, Ag,....,Ax—1 have already been fixed.
Next, we deduce from (4.1), (4.27), (4.31) and (4.38) that the modulus of the term
Bsj j, can be estimated as

(x) =,

Ukttt Aoyt | Bage(X)| = @ap g, pm Wo(X (HWz ) X)

2m—2k—2 _ 2m-—2k—2
% |Re q((Im F)mfkle) 2m—2k—1 HImq (Re q((Im F)mfkle) 27n2k1>‘

2m—2k—2

x |Re ¢((Im F)m_k_lX)_z’"‘%‘lrm_k_l(X)]

< AL P (X (HWl ) ) Wi(X)Re g((Im F)™ L) e,
for all X € R?"; since from Lemma 5.2.8 and Lemma 5.2.10, we have
2m—2k—2 2m—2k—2
‘Re q((Im F)™ k=1 X) =21 [y, <Re q((Im F)m—’f—lx)‘m%—l)‘

1
5 Re q((Im F)mfkle) 2m—2k—1

and
2m—2k—2

|Re q((Im F)y™ F1X)72m=26"1p (X)) S AL 2,

=

on the support of the function

(0)( I[wi (X)) wr(X).
=1

By possibly increasing sufficiently the value of the constant Aj which is of course
possible while keeping (4.51), one can control this term with the “good” term (4.45).

Next, we deduce from (4.1), (4.27), (4.31), (4.38) and Lemma 5.2.9 that the mod-
ulus of the second term in B, j associated to

2Re ¢((Im F)™ *X; (Im F)" *"2X),

while using (4.44), denoted here By,

Byr(X (HVVJ ) X)

Hm Tm—k— X m—k— 1
mg Tm=h1(X) oRe g((Im FymRel x) T

Re q((Im F)mfkle) Im—2k—1

)
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can be estimated as

Ok, Ag,... Ay 1 | Bai(X)]

M\»—-

SA

(HWZ ) X)Re ¢((Im F)™~ k— 1X) T E=T T

for all X € R?". By possibly increasing sufficiently the value of the constant A which
is of course possible while keeping (4.51), one can control this term with the “good”
term (4.45).

For 1 <1 <k, we shall now study the term

} m—k—1(X
B57k7l(X) = WO(X) (HIqul (H W ) ) r k 1( ) 2m—2k—2
Re C]((Im F)m_k—lX) 2m—2k—1

J#l
appearing in the term Bs j in (4.38). By noticing that

2m—21—3

Re ¢((Im F)™'72X) ~ A 'Re ¢((Im F)™~ 71 X)) 2m=2r

on the support of the function HiygWiy1, it follows from (4.1), (4.3), (4.27), (4.28),
(4.29), (4.31), (4.47), Lemma 5.2.8 and Lemma 5.2.13 that for all X € R?",

N 1
kg, Ao, Ay | Bs.se 1 (X)] S A 2Wo(X)o(X)Re ¢((Im F)™ 1 X) 21

and

O, Ag,..., A1 | B i1 (X))
-1
1 1
<AL Wo(X) ( II Wj(X)>\I'l_1(X)Re g((Tm Fym=tx) 7=
j=1
when [ > 2. By possibly increasing again the value of the constant Ay, one can
therefore control the term agay a,,... A, , Bs k with the “good” term (4.45). The value
of the constant Ay is now definitively fixed.

About the term Bsj, we deduce from (4.1), (4.3), (4.27), (4.28), (4.29), (4.31),
(4.38), Lemma 5.2.8 and Lemma 5.2.11 that for all X € R?",

(4.52) gk Ay, Ap 1| B2,x(X)]
k+1
(HWl )Req (Im F)m k— 1X)27n S T

By distinguishing two cases, we first assume in the following that £ < m — 3. In this
case, by using (4.31) and (4.33) with j = k + 1, we obtain that for all X € R?",

m—1

Ak Ao, A | Ba ke (X)] < i a2, WO(X)< WZ(X))RG q(X)

m—2 J 1
+ Y c;-’AOMAjfl’alMakWO(X)(HI/I/I(X))\I/j(X)Re o((Im Fym—i=1X) 5T
=1

j=k+1

—
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which implies that

(4.53)  aknng,....an | Ber(X)| < €y ng, o a s, RE 2(X)

+ Z N VP | (HWz ) X)Re ¢((Im F)m=i=1x) 77T

j=k+1

where the quantities c} A stand for positive constants whose values
only depend on Ag,..., Aj_1, a1,..., a, but not on (A;)j<i<m—2 and (q)k+1<i<m—2-
Indeed, we recall that the constants appearing in the estimates (4.31) only depend on
the values of the parameters Ag,..., Aj_1; but not on (A;)j<i<m—2 and (o)1<i<m-—2-
One can therefore choose the constant a1 > 1 in (4.41) sufficiently large in order to
absorb the term of index j = k+1 in the sum (4.50); and the term of index j = k+1
in the sum appearing in the right hand side of the estimate (4.53), by the term of
same index in the “good” term (4.45).

When k& = m —2 and taking A,,_s = 1, it follows from (4.31), used with j =m—1,
and (4.52) that for all X € R*"

050y Nj— 1,01, 0

m—1
(4.54)  Qm—2am-2.09... Ao Bom—2(X)| < Wo(X ( Wi(X )Re g(Im FX)3
=1
< Re ¢(X).

This process allows us to achieve the construction of the weight function p satisfying
(4.43), which ends the proof of (4.43). This also ends the proof of Proposition 2.0.1. OJ

5. APPENDIX

5.1. Wick calculus. The purpose of this section is to recall the definition and basic
properties of the Wick quantization that we need for the proof of Theorem 1.2.1. We
follow here the presentation of the Wick quantization given by N. Lerner in [9] and
refer the reader to his work for the proofs of the results recalled below.

The main property of the Wick quantization is its property of positivity, i.e., that
non-negative Hamiltonians define non-negative operators

a>0= aVik >,

We recall that this is not the case for the Weyl quantization and refer to [9] for an
example of non-negative Hamiltonian defining an operator which is not non-negative.

Before defining properly the Wick quantization, we first need to recall the definition
of the wave packets transform of a function u € S(R™),

Wu(y,n) = (u, pyn)r2@r) = 2”/4/ u(ac)e_’r(”_y)z6_2”(3‘_9)”76l:1c7 (y,m) € R?".

where
Py n(x) — 2n/4e—7r(x—y)2eZiTr(a:—y).n’ = Rn’

and 22 = z? + ...+ 22. With this definition, one can check (See Lemma 2.1 in [9]) that
the mapping u — Wu is continuous from S(R") to S(R?"), isometric from L?(R™) to
L?(R?*") and that we have the reconstruction formula

(5.1) Vu e SR™),Vz € R", u(z) = Wu(y,n)eyn(z)dydn.
R2n

By denoting by Xy the operator defined in the Weyl quantization by the symbol
py(X) =202 XYE Yy = (y.) e R,
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which is a rank-one orthogonal projection,
(Byu) () = Wu(Y)ey (z) = (u, ¢y) L2zn) v (2),

we define the Wick quantization of any L°(R?") symbol a as
(5.2) aWVick — / a(Y)SydY.
R2n

More generally, one can extend this definition when the symbol a belongs to S’(R?")
by defining the operator a"Vi°* for any u and v in S(R™) by

< aWiCku,E >8/(R),S(R) =< a(Y), (Eyu, U)L2(Rn) > 8/ (R27),S(R27) >

where < - >g/(rn), s(rn) denotes the duality bracket between the spaces S'(R™) and
S(R™). The Wick quantization is a positive quantization

(5.3) a>0=aVik>0.

In particular, real Hamiltonians get quantized in this quantization by formally self-
adjoint operators and one has (See Proposition 3.2 in [9]) that L°(R?*") symbols
define bounded operators on L?(R™) such that

(5.4) @™ 22 @nyy < llall Lo @2y

According to Proposition 3.3 in [9], the Wick and Weyl quantizations of a symbol a
are linked by the following identities

(5.5) a"WVick = gv,

with

(5.6) a(X) = / a(X +Y)e 2V Forgy | x e R,
R2n

and

(5.7) aWVik = g% 4 1 (a)v,

where r(a) stands for the symbol
1
(5.8) r(a)(X) = / / (1—0)a" (X +0Y)Y2e 2"V anqydn, X e R,
0 R2n
if we use here the normalization chosen in [9] for the Weyl quantization

(59) (@u)(e) = [ e nea(TIY, )ulydyds

R2n
which differs from the one chosen in this paper. Because of this difference in nor-
malizations, certain constant factors will naturally appear in the core of the proof
of Theorem 1.2.1 while using certain formulas of Section 5.1, but these are minor
adaptations. We also recall the following composition formula obtained in the proof
of Proposition 3.4 in [9],

. . 1 1 Wick
1 chkawk — [ b— —dV - b
(5.10) a ab— ——a +4i7r{a’ } +5,
with [|S]lzr2@mny) < dnllal|z=72(b), when a € L*°(R?") and b is a smooth symbol
satisfying
b)) =  sup PP (X)T?| < 4oc.

X cR2n,
TER2N |T|=1
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The term d,, appearing in the previous estimate stands for a positive constant de-
pending only on the dimension n, and the notation {a, b} denotes the Poisson bracket

da 0b  Oa Ob

laby = 5e 0z ~ ow0e

5.2. Some technical lemmas. This second part of the appendix is devoted to the
proofs of several technical lemmas.

Lemma 5.2.1. Ifly, l; € N then

(5.11)  Himg Re ¢((Im F)" X; (Im F)2X) = 2Re ¢((Im F)" "' X; (Im F)">X)
+2Re ¢((Im F)" X; (Im F)=*X),

where Re q(X;Y') stands for the polarized form associated to the quadratic form Re q.

Proof of Lemma 5.2.1. 'We begin by noticing from (1.11) and the skew-symmetry
property of Hamilton maps (1.12) that the Hamilton map of the quadratic form

#(X) = Re ¢((Im F)" X; (Im F)2X),
is given by
(5.12) F= %((—1)l1(1m F)1Re F(Im F)" + (1) (Im F)”Re F(Im F)"),
since for any Iy, Il € N,
(5.13)  (=1)"o(X,(Im F)"Re F(Im F)?X) = o((Im F)" X,Re F(Im F)”2X)
= Re ¢((Im F)" X, (Im F)"*X).

Then, a direct computation (See Lemma 2 in [11]) shows that the Hamiton map of
the quadratic form

Olm q @ _ Olm ¢ ﬁ
0¢ Ox ox ~O¢’
is given by the commutator —2[Im F, F], that is,
Himg #(X) = =20 (X, [Im F, F]X).
A computation using (5.13) then allows to directly get (5.11). O

Hiyg 7= {Im ¢,7} =

Lemma 5.2.2. Consider a C*(R) function f such that

f€L*R) and Icy,c2 >0, supp f' C {z € R:¢; < |z < ea},
then for all0 < a <1 and k € N,
(5.14) f(Re ¢((Im F)*X)(X)72*) € S(1,(X)>*dX?).

Proof of Lemma 5.2.2. 1t is sufficient to check that

(5.15) V(Re g((Im F)*X)(X)™>*) € Sa((X)~* (X)*dX?),

where () is a small open neighborhood of supp f’(Re ¢((Im F)¥X)(X)~2*). We de-

duce from (2.1), (2.17) and the fact that Re ¢((Im F)*X) is a quadratic form that
Re ¢((Im F)*X) ~ (X)?*

and
IV (Re ¢((Im F)*X))| < Re ¢((Im F)"X)/? < (X),
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on Q. By noticing that 0 < a < 1, (X)" € S((X)",(X)~2dX?), for any r € R, and
that the function Re ¢((Im F)*¥X) is just a quadratic form, we directly deduce (5.15)
from the previous estimates and the Leibniz’s rule, since

Re ¢((Im F)*X) € So((X)**,(X)2*dX?). O

Lemma 5.2.3. Foralls € R and 0 < j <m — 2, we have
Re g((Im F)"7'X)" € Sq(Re ¢((Im F)" /7' X)",Re q((lm F)" /7' x)"'ax?),
if 0 is any open set where

2(2m—2j—1)

Re ¢((Im F)"771X) 2 (X) ™ 2t
Proof of Lemma 5.2.3. Recalling that the symbol Re q((Im F)m’jle) is a non-
negative quadratic form and that we have from (2.17) that

. . 1
(5.16) [VRe ¢((Im F)™77'X)| < Re ¢((Im F)™ 771 X)?2,
which implies that for all s € R,
v (Re a((m X)) |VRe g((m ym1x)|
Re ¢((Im F)m=i-1X)* ~ Re ¢((Im F)"—i-1X)

< Re g((Im F)"~3-1X) "7,

(5.17)

on 2, we notice that the result of Lemma 5.2.3 is therefore a straightforward conse-
quence of the Leibniz’s rule. O

Lemma 5.2.4. Consider the function V; defined in (4.27) then for any 0 < j < m—2,
) _2m-—2j-3
U, € Sq (1, Re ¢((Im F)™7~1X) M*?Jfldxz)’

if Q0 is any open set where

2(2m—2j—1)

Re ¢((Im )™ 771 X) > (X) ™ 2mir

which implies in particular that

_2(2m—2j-3)

U; € So(1,(X)” "=t dX?).

Proof of Lemma 5.2.4. We first notice from (4.1) and (4.27) that

2m—25j—3

Re ¢((Im F)™ 772X ~ Re ¢((Im F)™ /71 X) 7 =271,
on Q2 Nsupp V}. Since from (2.17),
(518)  |VRe ¢((Im F)"~-2X)| < Re ¢((Im F)"~7—2X)?
m—2j—3

S Re q((Im F)m*jle)mv

on 2 Nsupp ¥}, we deduce that the quadratic symbol Re ¢((Im F)™~772X) belongs
to the class

X 2m—2j-3 dX2
(519) SQﬁsupp\Il; (Re q((Im F)m_]_lX) ammr ) 2m—2j—3 )7

Re ¢((Im F)ym-—i—1X)2m=21
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It follows from Lemma 5.2.3 that
Re ¢((Im F)™=i72X) dX?2
] m—2,=3 € Sﬂﬂsupp\I/;. (17 ] 2m—2j-—3 )7
Re ¢((Im F)m=i=1X) === Re ¢((Im Fym—i-1X) 721

which implies that

) _2m-2j-3
v, € Sp(1,Re g((Im F)" /LX) "2 ax?).
This ends the proof of Lemma 5.2.4. [J

Lemma 5.2.5. Consider the function W; defined in (4.28) then for any 1 < j <
m—1,
W; € So(1,Re g((Im F)"~771x) " ax?),

if Q is any open set where
i1 2(2m—2j—1)
Re q((Im F)m J X) Z <X> 2mF1 ,
which implies in particular that

_2(2m—2j-1)

W; € So(1,(X)” " zmir dX?).

Proof of Lemma 5.2.5. By noticing from (4.3) and (4.28) that
2m—2j—1

Re g((Im F)™ 77" X) ~ Re g((Im F)™ 7 X) =71

and )

Re q((Im F)"79X) 2 ()55,
on {2 N supp Wj’ , and that the two derivatives ¢’ and w} of the functions appearing
in (4.27) and (4.28) have similar types of support as the function defined in (4.2), we
notice that we are exactly in the setting studied in Lemma 5.2.4 with j replaced by
j — 1. We therefore deduce the result of Lemma 5.2.5 from our analysis led in the

proof of Lemma 5.2.4. [J

Lemma 5.2.6. Ifly, I € N then
}Re q((Im F)1'X; (Im F)IZX)| < Re ¢((Im F)llX)%Re q((Im F)IQX)%7

|VRe ¢((Im F)" X; (Im F)2X)| < Re ¢((Im F)“X)% + Re ¢((Im F)Z2X)%.

Proof of Lemma 5.2.6. By reason of symmetry, we can assume in the following that
l1 <ls. Recalling that the quadratic form Re ¢ is non-negative, the first estimate is
a direct consequence of the Cauchy-Schwarz inequality. About the second estimate,
we recall from (5.12) that the Hamilton map of the quadratic form
Re ¢((Im F)" X; (Im F)=2X),
is
1

5((—1)11 (Im F)"Re F(Im F)" + (—1)2(Im F)"?Re F(Im F)").

A direct computation as in (3.18) of [11] shows that
(5.20) VRe ¢((Im F)"X; (Im F)2X) = (-1)"*'o(Im F)"Re F(Im F)"”>X
+ (=1)2"g(Im F)2Re F(Im F) X
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(0 I,
J—_Ino.

The notation I,, stands here for the n by n identity matrix. We deduce from (2.17)
and (5.20) that for any k € N,

where

(521)  |(Im F)"Re F(Im F)"X| S |VRe ¢((Im F)*X)| < Re ¢((Im F)’“X)%.

By using twice the estimate (5.21) with respectively X and (Im F)2~4 X, and the
index k = l;, we deduce from (5.20) the second estimate of Lemma 5.2.6. O

Lemma 5.2.7. Consider the quadratic form r,,_;_1 defined in (4.4) then for any

m—i—1(X . _2m-2j-3
Im—j 1_( ) S ESg(l,Re g((m F)™-1X) 2’”—2-7—1dX2),
Re ¢((Im Fym—s-1X) 551

if Q0 is any open set where

2(2m—2j—1)

Re q((Im F)m_j_lX) Z <X> 2m 1

and
2m—25—3

Re ¢((Im F)™772X) < Re g((Im F)™ 71 X) 221
which implies in particular that
_2(2m—2j-3)

m—j— X 2(2m—25j—3)
T 1( ) sm—2—2 © Sﬂ(la <X> 2m+1 dXQ)
Re q((Im F)m—j—lX) Zm—2j5—1

Proof of Lemma 5.2.7. Since from Lemma 5.2.6,
2m—2j—2

[P -1 (X)] £ Re g((Im )" =3-1x) 551

and
1

. . 1
[Vrm—j—1(X)| < Re q((Im F)m*FlX) >+ Re q((Im F)m*J*QX) 2
< Re ¢((Im F)™9-1X)?,
on ), we get that the quadratic form 7,,_;_; belongs to the symbol class
. 2m—2j—2 . _ 2m—2j-3
So(Re ((Tm F)™~/71X) > =271 Re q((Im F)" 71 X) "> ax?).
One can then deduce the result of Lemma 5.2.7 from Lemma 5.2.3. [J

When adding a large parameter A; > 1 in the description of the open set 2, a
straightforward adaptation of the proof of the previous lemma gives the following
L*>°(Q) estimate with respect to this parameter.

Lemma 5.2.8. Consider the quadratic form r,,_;_1 defined in (4.4) then for any
2m—2j—2 _

HRe q((lm F)m_j_lx)_gm_zj_lTm—j—l(X)HLw(Q) SAJ‘ %’

if Q is any open set where

2(2m—2j5—1)

Re q((Im F)mfj*lX) > (X)) 2mrt

and .
2m—25—3

Re ¢((Im F)"™772X) < A7'Re g((Im F)™ 971 X) 227,
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In the following lemmas, we shall carefully study the dependence of the estimates
with respect to the large parameter A; > 1.

Lemma 5.2.9. For any 0 < j < m — 2, we have for all X € €,

Himg i j—1(X L T
Imgq T J 1( 2771_2.7‘_2 — 2Re q((IHl F)m 7 IX) 2m—12;—1

Re ¢((Im F)m—i=1X)" =21

1 . 1
< A *Re g((Tm F)™ =91 X) 75T,

if Q0 is any open set where

2(2m—25—1)

Re q((Im F)m_j_lX) > (X)) 2

)

2m—2j—3

Re ¢((Im F)"2X) < A;'Re ¢((Im F)" i1 X) =1

2m—2j41

Re ¢((Im F)™ 7 X) < Re ¢((Im F)™ 771 X) 221,

Proof of Lemma 5.2.9. We begin by writing from (4.4) and Lemma 5.2.1 that
(5.22)  Himg Tm—j—1(X) = 2Re ¢((Im F)" 771 X)
+ 2Re ¢((Im F)" 7 X; (Im F)"™ 7 72X).
Lemma 5.2.9 is then a consequence of the following estimate
[Re ¢((Im F)™ 7 X; (Im F)" 772X

< Re ¢((Im F)"~7X)*Re g((Im F)™~~2X)*

< A, *Re ¢((Im F)™771X),
fulfilled on €2 that we obtain from Lemma 5.2.6. [J

Lemma 5.2.10. For any 0 < j < m — 2, we have for all X € €,

2m—2j—2

[Re g((m £y~ ) 55 i (Re (i1 x) 5,

< Re ¢((Im F)m—j—lx)m

if Q is any open set where
2(2m—25-1)

Re ¢((Im )™ 771X) > (X) ™ 2mir |

2m—2j—3

Re q((Im F)m*j*2X) < Aj_lRe q((Im F)m*jle)m,

2m—2j+1

Re Q((Im F)mij) S Re Q((Im F)mfj—lX) 221
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Proof of Lemma 5.2.10. We begin by writing from Lemma 5.2.1 that
(5.23) Himg Re ¢((Im F)™771X) = 4Re ¢((Im F)™ 771 X; (Im F)" 7 X).

Since

Re g((Tm F)™ =1 X) 5557 Hypg (Re g((Im )™ -3-1x) 75571 )
_ 2m —2j — 2 Himg Re ¢((Im F)" 71 X)
2m —2j—1  Req((Im F)"—i-1X)
Lemma 5.2.10 is then a consequence of the following estimate
(5.24) [Re ¢((Im F)™ 771 X; (Im F)™ 7 X))

< Re (]((Im F)m—j—lX)%Re q<(1m F)m—]X)%
< Re g((Im Fym=i=1x) oo,
fulfilled on ) that we obtain from Lemma 5.2.6. [J

Lemma 5.2.11. Consider the functions U, and Wji1 defined in (4.27) and (4.28)
then for any 0 < j < m — 2, we have for all X € €,

1 , 1
| Hing ¥ (X)] S A7 Re q((Im F)™7771X) 70 Wi (X)),

if Q0 is any open set where
—j—1 2(2m=2j-1)
Re ¢((Im F)™771X) > (X) ™ 2mer
y . 2'"L72J:73
Re ¢((Im F)"772X) < A;'Re ¢((Im F)™ 7~ X) 221,

2m—2j+1

Re ¢((Im F)™7X) < Re ¢((Im F)™ 771 X) 2=,

Proof of Lemma 5.2.11. We begin by noticing from (4.28) and (4.30) that

(5.25) g [ Al dlm B2 0X) N <0,
Re ¢((Im F)ym—i=1X)2m=2-1
and by writing from Lemma 5.2.1 that
(5.26)  Himg Re ¢((Im F)™772X) = 4Re ¢((Im F)™ 772X (Im F)™ 771 X).
It follows from Lemma 5.2.6 that for all X € Q,
(5.27) |Re ¢((Im F)™772X; (Im F)™ 7' X)|

< Re ¢((Im F)"~72X)*Re g((Im F)™ 1 X)?
2m—2j-2

S A Re g((Im Fym 91 x) 1

Then, by writing that

AjRe ¢((Im F)"=I72X) AjHimg Re ¢((Im F)™=972X)
Himg w23 | = ) 5m=2=5
Re q((Im F)mfjle) Sm—2j5—1 Re q((Im F)mfjle) Tm_2j—1

_ 2m —2j —34A;Re q((Im F)™=9=2X) Hyyg Re ¢((Im F)™971X)

m—2j—3

, 2
2m—2j -1 Re q((Im F)mfjle)l+m
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Lemma 5.2.11 is a consequence of (4.27), (5.23), (5.24), (5.26), (5.27) and (5.28), since
. ) 2m—2j—3
Re ¢((Im F)™ 772X ~ Aj_lRe q((Im F)" 771 X) 2’”*2;*1,
on the support of \II; O

Lemma 5.2.12. For m > 2, consider the function Wy defined in (4.29) then for all
X e R?,
| Hing Wo(X)| S (X) 7051,

Proof of Lemma 5.2.12. Since |VIm ¢(X)| < (X), because Im ¢ is a quadratic form,
Lemma 5.2.12 is then a consequence of (4.3), (4.29) and Lemma 5.2.2. O

Lemma 5.2.13. Consider the function W11 defined in (4.28) then for any 0 < j <
m — 2, we have for all X € ),

| HimgWi+1(X)] € A7 Re ¢((Im F)™ 771 X) 777105 (X),

if Q is any open set where

2(2m—2j—1)

Re ¢((Im F)™771X) 2 (X)™ 2wt
Re ¢((Im F)™772X) < A;'Re g((Im F)™ 971 X)2m=21,
2m—2j5+1

Re ¢((Im F)" 7 X) S Re ¢((Im F)™ -1 X) =21

Proof of Lemma 5.2.13. One can notice from (4.1), (4.3), (4.27), (4.28) and (4.30)

that

ARe ¢((Im F)™— 72X
J q(( m ) 2m72].73 < \I/J(X),

Re q((Im F)m—J—lX) 2m=2j-1

and that the derivatives of ¥; and W;,; are exactly the same types of functions. It

follows that Lemma 5.2.13 is just a straightforward consequence of Lemma 5.2.11. [J

(5.28) VO<j<m-—2, |w
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