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SPECTRAL INEQUALITY FOR FINITE COMBINATIONS OF
HERMITE FUNCTIONS AND NULL-CONTROLLABILITY OF
HYPOELLIPTIC QUADRATIC EQUATIONS

KARINE BEAUCHARD, PHILIPPE JAMING & KAREL PRAVDA-STAROV

ABSTRACT. Some recent works have shown that the heat equation posed on the whole
Euclidean space is null-controllable in any positive time if and only if the control subset
is a thick set. This necessary and sufficient condition for null-controllability is linked to
some uncertainty principles as the Logvinenko-Sereda theorem which give limitations on
the simultaneous concentration of a function and its Fourier transform. In the present
work, we prove new uncertainty principles for finite combinations of Hermite functions
and establish an analogue of the Logvinenko-Sereda theorem with an explicit control of
the constant with respect to the energy level of the Hermite functions as eigenfunctions
of the harmonic oscillator for thick control subsets. This spectral inequality allows to
derive the null-controllability in any positive time from thick control regions for para-
bolic equations associated with a general class of hypoelliptic non-selfadjoint quadratic
differential operators. More generally, the spectral inequality for finite combinations of
Hermite functions is actually shown to hold for any measurable control subset of posi-
tive Lebesgue measure, and some quantitative estimates of the constant with respect to
the energy level are given for two other classes of control subsets including the case of
non-empty open control subsets.

1. INTRODUCTION

The classical uncertainty principle was established by Heisenberg. It points out the
fundamental problem in quantum mechanics that the position and the momentum of
particles cannot be both determined explicitly, but only in a probabilistic sense with a
certain uncertainty. More generally, uncertainty principles are mathematical results that
give limitations on the simultaneous concentration of a function and its Fourier transform.
When using the following normalization for the Fourier transform

~

(11) f©= | fle)e s, £R",

the mathematical formulation of the Heisenberg’s uncertainty principle can be stated in a
directional version as follows

. . 1 ~ 1
12 it ([ (= oPif@)Pdz) jor (o JRGEURIGIZS BT A
for all f € L?(R") and 1 < j < n, and shows that a function and its Fourier transform
cannot both be arbitrarily localized. Moreover, the inequality (1.2) is an equality if and
only if f is of the form

—q . o q)2
f@)=g(@1, .. xj—1,Tjq1, ..., Tn)e ibxj o —o(zj—a) ,
where ¢ is a function in L? (R"‘l), a > 0, and a and b are real constants for which the two
infima in (1.2) are achieved. There are various uncertainty principles of different nature.
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We refer in particular the reader to the survey article by Folland and Sitaram [18], and the
book of Havin and Joricke [22] for detailed presentations and references for these topics.

Another formulation of uncertainty principles is that a non-zero function and its Fourier
transform cannot both have small supports. For instance, a non-zero L?(R"™)-function
whose Fourier transform is compactly supported must be an analytic function with a
discrete zero set and therefore a full support. This leads to the notion of weak annihilating
pairs as well as the corresponding quantitative notion of strong annihilating pairs:

Definition 1.1 (Annihilating pairs). Let S, ¥ be two measurable subsets of R™.

- The pair (S,X) is said to be a weak annihilating pair if the only function f €
L?(R™) with supp f C S and suppfc 3 is zero f = 0.

- The pair (S,%) is said to be a strong annihilating pair if there exists a positive
constant C = C(S,%) > 0 such that for all f € L*(R"),

(1.3 [serase( [ i@tes | ifep).

It can be readily checked that a pair (S,X) is a strong annihilating pair if and only
if there exists a positive constant D = D(S,¥) > 0 such that for all f € L?(R") with

suppr >,
(1.4) 1 fllz2@®ny < DI fll2@n\s)-

As already mentioned above, the pair (5,%) is a weak annihilating one if S and ¥ are
compact sets. More generally, Benedicks has shown in [5] that (S, X) is a weak annihilating
pair if S and X are sets of finite Lebesgue measure |S|, |X| < +o0o. Under this assumption,
the result of Amrein-Berthier [3] actually shows that the pair (S, X) is a strong annihilating
one. The estimate C(S,%) < ke®SI=l (which is sharp up to numerical constant & > 0)
has been established by Nazarov [36] in dimension n = 1. This result was extended
in the multi-dimensional case by the second author [29], with the quantitative estimate
c(s8,%) < rer(ISIIED ™ holding if in addition one of the two subsets of finite Lebesgue
measure S or ¥ is convex.

An exhaustive description of all strong annihilating pairs seems for now totally out
of reach. We refer the reader for instance to the works [2, 8, 9, 12, 14, 42] for a large
variety of results and techniques available as well as for examples of weak annihilating
pairs that are not strong annihilating ones. However, there is a complete description of
all the support sets S forming a strong annihilating pair with any bounded spectral set 3.
This description is given by the Logvinenko-Sereda theorem [34]:

Theorem 1.2 (Logvinenko-Sereda). Let S,% C R™ be measurable subsets with ¥ bounded.
Denoting S = R" \ S, the following assertions are equivalent:
- The pair (S,X) is a strong annihilating pair
- The subset S is thick, that is, there exists a cube K C R™ with sides parallel to
coordinate azxes and a positive constant 0 < v <1 such that

Ve eR", |(K+z)NS|>~|K|>0,

where |A| denotes the Lebesgue measure of the measurable set A

It is noticeable to observe that if (S,3) is a strong annihilating pair for some bounded
subset 3, then S makes up a strong annihilating pair with every bounded subset 3, but
the above constants C'(S,X) > 0 and D(S,X) > 0 do depend on X. In order to be able
to use this remarkable result in the control theory of partial differential equations, it is
essential to understand how the positive constant D(S,%) > 0 depends on the Lebesgue
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measure of the bounded set ¥. This question was answered by Kovrijkine [30, Theorem 3]
who established the following quantitative estimates :

Theorem 1.3 (Kovrijkine). There ezists a universal positive constant C,, > 0 depending

only on the dimension n > 1 such that if S is a y-thick set at scale L > 0, that is, for all
xr € R™,

(1.5) IS N (z+1[0,L]")] >~L",

with 0 < v < 1, then we have for all R > 0 and f € L*(R") with suppf c {¢€ =
(&1, &) ER V) =1,...,n, |&] < R},

C,,\ Cn(1+LR)
(L6) £z < (%) 171123

Thanks to this explicit dependence of the constant with respect to the parameter R > 0
in the estimate (1.6), Egidi and Veselic [15], and Wang, Wang, Zhang and Zhang [49] have
independently established the striking result that the heat equation

{ (Or — Ap)f(t,z) = u(t,z)1y(z), xeR"t>0,
fli=o = fo € L*(R™),
is null-controllable in any positive time 7" > 0 from a measurable control subset w C R"

if and only if this subset w is thick in R™. The notion of null-controllability is defined as
follows:

(1.7)

Definition 1.4 (Null-controllability). Let P be a closed operator on L?(R™) which is the
infinitesimal generator of a strongly continuous semigroup (e='F);>¢ on L?>(R™), T > 0
and w be a measurable subset of R"™. The equation

{ (0 + P)f(t,x) = u(t,x)lu(x), xe€R" >0,
fli=o = fo € L*(R™),
1s said to be null-controllable from the set w in time T° > 0 if, for any initial datum

fo € LA(R"), there exists u € L*((0,T) x R™), supported in (0,T) x w, such that the mild
(or semigroup) solution of (1.8) satisfies f(T',-) = 0.

(1.8)

By the Hilbert Uniqueness Method, see [11, Theorem 2.44] or [33], the null-controllability
of the equation (1.8) is equivalent to the observability of the adjoint system

{ (O + P*)g(t,z) =0, zeR",
gli=0o = g0 € LQ(RH)-

The notion of observability is defined as follows:

(1.9)

Definition 1.5 (Observability). Let T > 0 and w be a measurable subset of R™. Equation
(1.9) is said to be observable from the set w in time T' > 0 if there exists a positive constant
Cr > 0 such that, for any initial datum gy € L*(R™), the mild (or semigroup) solution of
(1.9) satisfies

T
(1.10) lg(T, z)|?dz < C lg(t, x)|?dx ) dt .
RZ g T0/<w/ g )

Following [15] or [49], the necessity of the thickness property of the control subset for
the null-controllability in any positive time is a consequence of a quasimodes construction;
whereas the sufficiency is derived in [15] from an abstract observability result obtained by
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an adapted Lebeau-Robbiano method and established by the first and third authors with
some contributions of Luc Miller! :

Theorem 1.6. [4, Theorem 2.1]. Let 2 be an open subset of R", w be a measurable
subset of Q, (m)ken+ be a family of orthogonal projections defined on L*(Q), (e7')y>0
be a strongly continuous contraction semigroup on L*(Q); c1,c2,a,b,tg,m > 0 be positive
constants with a < b. If the following spectral inequality

(1.11) Vg€ L*(Q),Vk > 1, |miglrz@) < e 1mglr2(w),

and the following dissipation estimate
—_ 1 —cot™ b
(112) Vg e LAQ). ¥k = L0 <t <t [[(1=m)e 9)llaiey < — gl 2o

hold, then there exists a positive constant C' > 1 such that the following observability
estimate holds

T
(113) VT >0,Yg € L*(Q), [le”"g|721q) < Cexp <:rv%) /0 le™ g7 2., dt-

In the statement of [4, Theorem 2.1], the subset w is supposed to be an open subset
of Q. However, the proof given in [4] works as well when the subset w is only assumed
to be measurable. Notice that the assumptions in the above statement do not require
that the orthogonal projections (7)r>1 are spectral projections onto the eigenspaces of
the infinitesimal generator A, which is allowed to be non-selfadjoint. According to the
above statement, there are two key ingredients to derive a result of null-controllability,
or equivalently a result of observability, while using Theorem 1.6: a spectral inequality
(1.11) and a dissipation estimate (1.12). For the heat equation, the orthogonal projections
used are the frequency cutoff operators given by the orthogonal projections onto the closed
vector subspaces

(114)  Ey={f € LX(R"): supp [ C {€ = (€1, €n) R & <k, 1<) <n}},
for kK > 1. With this choice, the dissipation estimate readily follows from the explicit
formula

(1.15) (e2g)(t,€) = G(€)e €, t>0, £ R,

whereas the spectral inequality is given by the sharpened formulation of the Logvinenko-
Sereda theorem (1.6). Notice that the power 1 for the parameter R in (1.6) and the power
2 for the term |£| in (1.15) account for the fact that Theorem 1.6 can be applied with
the parameters a = 1, b = 2 that satisfy the required condition 0 < a < b. It is there-
fore essential that the power of the parameter R in the exponent of the estimate (1.6) is
strictly less than 2. As there is still a gap between the cost of the localization (a = 1)
given by the spectral inequality and its compensation by the dissipation estimate (b = 2),
it is interesting to notice that we could have expected that the null-controllability of the
heat equation could have held under weaker assumptions than the thickness property on
the control subset, by allowing some higher costs for localization with some parameters
1 < a < 2, but the Logvinenko-Sereda theorem actually shows that this is not the case.
Notice that Theorem 1.6 does not only apply with the use of frequency cutoff projections
and a dissipation estimate induced by some Gevrey type regularizing effects. Other reg-
ularities than the Gevrey regularity can be taken into account. In the previous work by
the first and third authors [4], Theorem 1.6 is used for a general class of accretive hypoel-
liptic quadratic operators ¢* generating some strongly continuous contraction semigroups
(e7%");>0 enjoying some Gelfand-Shilov regularizing effects. The definition and standard

Wniversité Paris-Ouest, Nanterre La Défense, UFR, SEGMI, Batiment G, 200 Av. de la République,
92001 Nanterre Cedex, France (luc.miller@math.cnrs.fr)
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properties related to Gelfand-Shilov regularity are recalled in Appendix (Section 4.3). As
recalled in this appendix, the Gelfand-Shilov regularity is characterized by specific expo-
nential decays of the functions and their Fourier transforms; and in the symmetric case,
can be read on the exponential decay of the Hermite coefficients of the functions in theirs
expansions in the L?(R")-Hermite basis (®,)aenn. Explicit formulas and some reminders
of basic facts about Hermite functions are given in Appendix (Section 4.1). The class
of hypoelliptic quadratic operators whose description will be given in Section 2.2 enjoys
some Gelfand-Shilov regularizing effects ensuring that the following dissipation estimate
holds [4, Proposition 4.1]:

(1.16) 3Cy > 1,3tg > 0,Yt > 0,Yk > 0,V f € L*(R"),
(1= m) (™" )| 2@ny < Coe™ ¥ fllL2g@nys

with
inf(t,to)2ko+!
(1.17) 5(t):%20, t>0, 0<ky<2n—1,
0
where
(1.18) Peg= Y (9,Pa)r2mm®ar k>0,
aeN"™
la|=k
with |a| = a1 + --- + a,, denotes the orthogonal projection onto the k' energy level
associated with the harmonic oscillator
—+00
H=—Dp+ |2> =D (2k +n)Py,
k=0
and
k
(1.19) = Pj, k>0,
j=0

denotes the orthogonal projection onto the (k + 1) first energy levels. In order to apply
Theorem 1.6, we need a spectral inequality for finite combinations of Hermite functions of
the type

(1.20) 3C > 1,Yk > 0,Yf € L*(R™),  |Imifllr2ny < Ce“* |mifll L2y

with a < 1, where 7y is the orthogonal projection (1.19). In [4, Proposition 4.2], such a
spectral inequality is established with a = % when the control subset w is an open subset
of R™ satisfying the following geometrical condition:

B(y',r) C w,

1.21 36,7 > 0,Vy € R", 3y € w,
(1.21) Y Y {\y—y’\<5,

where B(y’,r) denotes the open Euclidean ball centered in y' with radius r» > 0. It allows
to derive the null-controllability of parabolic equations associated with accretive quadratic
operators with zero singular spaces in any positive time 7" > 0 from any open subset w of
R™ satisfying (1.21).

In the present work, we study under which conditions on the control subset w C R",
the spectral inequality

(1.22) Vk > 0,3Ck(w) > 0,Vf € L*(R"),  [Imefllz2@n) < Crlw)lmef 22w

holds and how the geometrical properties of the set w relate to the possible growth of the
positive constant Ci(w) > 0 with respect to the energy level when k& — +o00. The main
results contained in this article provide some quantitative upper bounds on the positive
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constant Cy(w) > 0 with respect to the energy level for three different classes of measurable
subsets :

- non-empty open subsets in R",

- measurable sets in R™ verifying the condition

. . .|lwnB(0,R)| . . . lwnB(0,r)]
1.2 1 f———xo-"= 1 ( f 7> ,
(1.23) BN BOR] e 2k B )7
where B(0, R) denotes the open Euclidean ball in R™ centered in 0 with radius
R >0,

- thick measurable sets in R".

We observe that in the first two classes, the measurable control subsets are allowed to have
gaps containing balls with radii tending to infinity, whereas in the last class there must be a
bound on such radii. We shall see that the quantitative upper bounds obtained for the two
first classes (Theorem 2.1, estimates (7) and (i7)) are not sufficient to obtain any result of
null-controllability for the class of hypoelliptic quadratic operators studied in Section 2.2.
Regarding the third one, the quantitative upper bound (Theorem 2.1, estimate (iii)) is a
noticeable analogue of the Logvinenko-Sereda theorem for finite combinations of Hermite
functions. As an application of this third result, we extend in Theorem 2.2 the result of
null-controllability for parabolic equations associated with accretive quadratic operators
with zero singular spaces from any thick set w C R™ in any positive time 7" > 0.

2. STATEMENTS OF THE MAIN RESULTS

2.1. Uncertainty principles for finite combinations of Hermite functions. Let
(Po)aenn be the n-dimensional Hermite functions and

(2’1) En = Spanc{@a}aeN",|a\§N7
be the finite dimensional vector space spanned by all the Hermite functions &, with
|a| < N, whose definition is recalled in Appendix (Section 4.1).

As the Lebesgue measure of the zero set of a non-zero analytic function on C is zero, the
L?-norm || - || [2(w) On any measurable set w C R of positive measure |w| > 0 defines a norm
on the finite dimensional vector space En. As a consequence of the Remez inequality, we
check in Appendix (Section 4.4) that this result holds true as well in the multi-dimensional
case when w C R"™, with n > 1, is a measurable subset of positive Lebesgue measure
lw| > 0. By equivalence of norms in finite dimension, for any measurable set w C R™ of
positive Lebesgue measure |w| > 0 and all N € N, there therefore exists a positive constant
Cn(w) > 0 depending on w and N such that the following spectral inequality holds

(2.2) Vieen, |fllez@n) < On()Ifllz2(w)-

We aim at studying how the geometrical properties of the set w relate to the possible
growth of the positive constant Cy(w) > 0 with respect to the energy level. The main
results of the present work are given by the following uncertainty principles for finite
combinations of Hermite functions:

Theorem 2.1. With Ey the finite dimensional vector space spanned by the Hermite func-
tions (Po)jaj<n defined in (2.1), the following spectral inequalities hold:

(1) If w is a non-empty open subset of R™, then there exists a positive constant C = C(w) >
1 such that

YN NV €&, |fllpagnm < CesNmNHDFON| ||y

(1i) If the measurable subset w C R™ satisfies the condition (1.23), then there exists a
positive constant C' = C(w) > 1 such that

VN eNVf€&n, [Iflrzmn) < CeNIflr2w)-
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(7i1) If the measurable subset w C R™ is vy-thick at scale L > 0 in the sense defined in
(1.5), then there exist a positive constant C = C(L,~v,n) > 0 depending on the dimension
n > 1 and the parameters v, L > 0, and a universal positive constant k = k(n) > 0 only
depending on the dimension such that

K kI N
VNeNVfeén, |flrzmm < C(;) 1 f1 22 (w)-

According to the above result, the control on the growth of the positive constant
Cn(w) > 0 with respect to the energy level for an arbitrary non-empty open subset w
of R™, or when the measurable subset w C R" satisfies the condition (1.23), is not suffi-
cient to satisfy the estimates (1.20) needed to obtain some results of null-controllability
and observability for the parabolic equations associated to the class of hypoelliptic qua-
dratic operators studied in Section 2.2. As the one-dimensional harmonic heat equation is
known from [13, Proposition 5.1], see also [35], to not be null-controllable, nor observable,
in any time 7" > 0 from a half-line and as the harmonic oscillator obviously belongs to the
class of hypoelliptic quadratic operators studied in Section 2.2, we observe that spectral
estimates of the type

0<a<1,3C>1LYNeNVfeEN, |Ifllemn <Ce N | fllL2(),

cannot hold for an arbitrary non-empty open subset w of R”, nor when the measurable
subset w C R satisfies the condition (1.23), since Theorem 1.6 together with (1.16) would
then imply the null-controlllability and the observability of the one-dimensional harmonic
heat equation from a half-line. This would be in contradiction with the results of [13, 35].

On the other hand, when the measurable subset w C R" is «-thick at scale L > 0, the
above spectral inequality (7i7) is an analogue for finite combinations of Hermite functions
of the sharpened version of the Logvinenko-Sereda theorem proved by Kovrijkine in [30,
Theorem 3] with a similar dependence of the constant with respect to the parameters
0 <y <1land L > 0 as in (1.6). Notice that the growth in v/N is of the order of the
square root of the largest eigenvalue of the harmonic oscillator H = —A, + |2|? on the
spectral vector subspace €y, whereas the growth in R in (1.6) is also of order of the square
root of the largest spectral value of the Laplace operator —A, on the spectral vector
subspace

Ep={f e L*R"): supp f C {€ = (&1,..,&) ER™:Vj=1,...,n, |&| < R}.

This is in agreement with what is usually expected for that type of spectral inequalities,
see [32].

The spectral inequality (i) for arbitrary non-empty open subsets is proved in Section 3.1.
Its proof uses some estimates on Hermite functions together with the Remez inequality.
The spectral inequality (i7) for measurable subsets satisfying the condition (1.23) is proved
in Section 3.2 and follows from similar arguments as the ones used in Section 3.1. The
spectral inequality (7i7) for thick sets is proved in Section 3.3. This proof is an adaptation of
the proof of the sharpened version of the Logvinenko-Sereda theorem given by Kovrijkine
in [30, Theorem 1]. As in [30], the proof is only written with full details in the one-
dimensional case with hints for its extension to the multi-dimensional one following some
ideas of Nazarov [36], the proof given in Section 3.3 is therefore more specifically inspired
by the proof of the Logvinenko-Sereda theorem in the multi-dimensional setting given by
Wang, Wang, Zhang and Zhang in [49, Lemma 2.1].

2.2. Null-controllability of hypoelliptic quadratic equations. This section presents
the result of null-controllability for parabolic equations associated with a general class of
hypoelliptic non-selfadjoint accretive quadratic operators from any thick set w of R™ in
any positive time T" > 0. We begin by recalling few facts about quadratic operators.
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2.2.1. Miscellaneous facts about quadratic differential operators. Quadratic operators are
pseudodifferential operators defined in the Weyl quantization

(23) "0, D) = g [ (T ) flupavde,

by symbols ¢(z,§), with (z,£) € R™ x R", n > 1, which are complex-valued quadratic
forms

g:RExRY — C
(z,6) = q(z,9).

These operators are non-selfadjoint differential operators in general; with simple and fully
explicit expression since the Weyl quantization of the quadratic symbol z*¢7, with (o, B) €
N2" | + | = 2, is the differential operator

:1:°‘ng3 + Df r®
2 b
Let ¢"(x, D,) be a quadratic operator defined by the Weyl quantization (2.3) of a complex-

valued quadratic form ¢ on the phase space R?>*. The maximal closed realization of the
quadratic operator ¢*(z, D,) on L?(R™), that is, the operator equipped with the domain

(2.4) D(¢") = {f € L*(R"): ¢“(z,D,)f € L*(R")},

where ¢ (x, D,)f is defined in the distribution sense, is known to coincide with the graph
closure of its restriction to the Schwartz space [28, pp. 425-426],

q“(xz,Dy) : L(R") — L (R").

D, =i"19,.

Let ¢ : R x ]R? — C be a quadratic form defined on the phase space and write ¢(-, ) for its
associated polarized form. Classically, one associates to ¢ a matrix F' € My, (C) called its
Hamilton map, or its fundamental matrix. With ¢ standing for the standard symplectic
form

n

(2.5) o((2,), (y,m) = (&) — (@m) = > (Euj — zmy),

j=1
with z = (21, ..., 2n), ¥y = (Y15 ooy Un)s € = (€15 8n), 1 = (N1, .., ) € C™, the Hamilton
map F' is defined as the unique matrix satisfying the identity

(2.6) V(z,8) e R*™ V(y,n) € R, q((x,€), (y,n) = o((x,£), F(y,n)).
We observe from the definition that

1 [ VeVag ng
F — = 2 5
2 —-Viqa —V.Vgq

where the matrices V¢ = (a;;)i<ij<n, ng = (bij)i<ij<n, VeVaeq = (cij)i<ij<n,
VVeq = (d; j)1<ij<n are defined by the entries

@ij = aﬁ%z‘@jq’ bi; = agiéjq’ Cij = 8522‘750]‘(]’ dij = aﬁ%i,qu'

The notion of singular space was introduced in [23] by Hitrik and the third author by
pointing out the existence of a particular vector subspace in the phase space S C R?",
which is intrinsically associated with a given quadratic symbol ¢q. This vector subspace is
defined as the following finite intersection of kernels

2n—1
(2.7) S = ( (M Ker[Re F(Im F)J']) nR?",
j=0
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where Re F' and Im F' stand respectively for the real and imaginary parts of the Hamilton
map I associated with the quadratic symbol g,

1 — 1 —
7

As pointed out in [23, 26, 27, 38, 39, 40, 48], the notion of singular space plays a basic
role in the understanding of the spectral and hypoelliptic properties of the (possibly) non-
elliptic quadratic operator ¢"(z, D), as well as the spectral and pseudospectral properties
of certain classes of degenerate doubly characteristic pseudodifferential operators [24, 25,
46, 47]. In particular, the work [23, Theorem 1.2.2] gives a complete description for the
spectrum of any non-elliptic quadratic operator ¢ (z, D,) whose Weyl symbol ¢ has a
non-negative real part Re ¢ > 0, and satisfies a condition of partial ellipticity along its
singular space .S,

(2.8) (#,§) €5, q(x,§) = 0= (z,§) = 0.

Under these assumptions, the spectrum of the quadratic operator ¢ (x, D,) is shown to
be composed of a countable number of eigenvalues with finite algebraic multiplicities. The
structure of this spectrum is similar to the one known for elliptic quadratic operators [43].
This condition of partial ellipticity is generally weaker than the condition of ellipticity,
S C R?", and allows one to deal with more degenerate situations. An important class of
quadratic operators satisfying condition (2.8) are those with zero singular spaces S = {0}.
In this case, the condition of partial ellipticity trivially holds. More specifically, these
quadratic operators have been shown in [39, Theorem 1.2.1] to be hypoelliptic and to
enjoy global subelliptic estimates of the type

(2.9) 3C >0,Vf € S (R"),

(2, D2))* "2 fll2@ny < Clg” (@, Do) fll ey + 1 fll2g@ny),

where ((z, D;))? = 1+ |z|?> + | D,|?, with a sharp loss of derivatives 0 < ¢ < 1 with respect
to the elliptic case (case 6 = 0), which can be explicitly derived from the structure of the
singular space.

When the quadratic symbol ¢ has a non-negative real part Re ¢ > 0, the singular space
can be also defined in an equivalent way as the subspace in the phase space where all the
Poisson brackets

Olmq 0 0Olmgq 0

k
HE — (=% = _ L >
imgRRe 4 ( 9 or o ag) Reg, k=20,

are vanishing
S={X= (2,6 eR*™: (Hf,,Re q)(X)=0, k>0}.

This dynamical definition shows that the singular space corresponds exactly to the set of
points X € R?", where the real part of the symbol Re ¢ under the flow of the Hamilton
vector field Hiyy,g associated with its imaginary part

(2.10) t +— Re g(etfma X)),

vanishes to infinite order at ¢ = 0. This is also equivalent to the fact that the function
(2.10) is identically zero on R.

In this work, we study the class of quadratic operators whose Weyl symbols have non-
negative real parts Re ¢ > 0, and zero singular spaces S = {0}. According to the above
description of the singular space, these quadratic operators are exactly those whose Weyl
symbols have a non-negative real part Re ¢ > 0, becoming positive definite

1 T
(2.11) VT >0, (Req)r(X)= oT /T (Re q)(efma X)dt > 0,
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after averaging by the linear flow of the Hamilton vector field associated with its imag-
inary part. These quadratic operators are also known [23, Theorem 1.2.1] to generate
strongly continuous contraction semigroups (e %" );>o on L?(R"), which are smoothing in
the Schwartz space for any positive time

Vt > 0,Yf € LXR"), e " fe S (R").

In the recent work [27, Theorem 1.2], these regularizing properties were sharpened and
these contraction semigroups were shown to be actually smoothing for any positive time
in the Gelfand-Shilov space Sllg(R"): 3C > 0, 3ty > 0, Vf € L*(R"), Va,B € N,
V0 < t < to,

e C1Hlal 8]
@12) 0 Pl <
2

2 2
1Bl 2nts) (a!)l/ (5!)1/ ”f”LQ(R")7
where s is a fixed integer verifying s > n/2, and where 0 < ky < 2n — 1 is the smallest
integer satisfying

ko
(2.13) ( () Ker[Re F(Im F)j]) AR = {0}.

§=0
The definition and few facts about the Gelfand-Shilov regularity are recalled in Appendix
(Section 4.3). Thanks to this Gelfand-Shilov smoothing effect (2.12), the first and third
authors have established in [4, Proposition 4.1] that, for any quadratic form ¢ : Ri’"‘g —C
with a non-negative real part Re ¢ > 0 and a zero singular space S = {0}, the dissipation
estimate (1.16) holds with 0 < ky < 2n—1 being the smallest integer satisfying (2.13). Let
w C R™ be a measurable y-thick set at scale L > 0. We can then deduce from Theorem 1.6
with the following choices of parameters:

(i) Q=R",
(1) A= —q"(z,Dy),
(iti) a =%, b=1,

)
)
(iv) to > 0 as in (1.16) and (1.17),
)
)

KkLVE
vk>1, C(5)TT <R,
Y
where the positive constants C' = C(L,v,n) > 0 and k = k(n) > 0 are defined in
Theorem 2.1 (formula (ii7)),
(vii) co = Cio > 0, where Cjy > 1 is defined in (1.16) and (1.17),

the following observability estimate in any positive time

n _ w C T W
3C > 1,VT > 0,Yf € L*(R"), |e T4 f”%g(w) < Cexp <W)/o |e~t fH%Q(w)dt.
We therefore obtain the following result of null-controllability:

Theorem 2.2. Let q : R} x R? — C be a complez-valued quadratic form with a non
negative real part Re ¢ > 0, and a zero singular space S = {0}. If w is a measurable thick
subset of R™, then the parabolic equation

{ O f(t,z)+ ¢V (z,Dy) f(t,x) = u(t,x)1,(z), x e R",
fli=o = fo € L*(R™),

with ¢*(x, D) being the quadratic differential operator defined by the Weyl quantization
of the symbol q, is null-controllable from the set w in any positive time T > 0.
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As in [4], this new result of null-controllability given by Theorem 2.2 applies in particular
for the parabolic equation associated to the Kramers-Fokker-Planck operator

2
(2.14) K=-A,+ UZ + 00y — ViV (2)0y, (x,v) € R

with a quadratic potential
1
Vx) = 5&:1:2, a € R*,

which is an example of accretive quadratic operator with a zero singular space S = {0}. It
also applies in the very same way to hypoelliptic Ornstein-Uhlenbeck equations posed in
weighted L2-spaces with respect to invariant measures, or to hypoelliptic Fokker-Planck
equations posed in weighted L2-spaces with respect to invariant measures. We refer the
reader to the works [4, 38] for detailed discussions of various physics models whose evolution
turns out to be ruled by accretive quadratic operators with zero singular space and to which
therefore apply the above result of null-controllability.

3. PROOF OF THE SPECTRAL INEQUALITIES

This section is devoted to the proof of Theorem 2.1.

3.1. Case when the control subset is a non-empty open set. Let w C R” be a non-
empty open set. There exist xg € R™ and r > 0 such that the control subset w contains
the open Euclidean ball B(zg,r) centered at zp with radius r > 0,

(3.1) B(xg,7) C w.
We recall from (2.2) that
(3.2) VN € N,3Cn(w) > 0,Vf € En,  |Iflle2mn) < On (W) fll22(w)-

On the other hand, it follows from Lemma 4.2 that

2
(3.3) VN eNVfe&n, |[fllremn < ﬁ”f“L?(B(O,cn\/N——H))‘

Let N € N and f € Ey. According to (4.1) and (4.6), there exists a complex polynomial
function P € C[X}, ..., X,,] of degree at most N such that

(3.4) Ve e R", f(x)=Px)e 2 .
We observe from (3.3) and (3.4) that

4 iz, A
35 Wl <3 [ o PP < P, ey
and

—|T 2 x 2 €T s 2
(3.6) P22 (Baory) = /B( )|P($)|2€ el gy < elleol ) 11172 5z0,))-
0,7

We aim at deriving an estimate of the term [|P[| 25 ., ~51)) bY [ Pll22(B(20,r)) When

N > 1 is sufficiently large. Let N be an integer such that ¢,/N +1 > 2|zg| +r. It
implies the inclusion B(zg,r) C B(0,c,v/N + 1). To that end, we may assume that P is a
non-zero polynomial function. By using polar coordinates centered at xy, we notice that

B(xg,r) ={xg+toc :0<t<r, oS 1}

and

(3.7) HP”?LQ(B(IO’T)):/SM/O |P(xq + to)|*t" Ldtdo.
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As ¢,/ N + 1 > 2|xg| + r, we notice that there exists a continuous function py : Sl
(0,4+00) such that

(3.8) B(0,c,vV/N +1) ={zg+tc :0<t < py(o), 0 €S 1}

and

(3.9) Vo € S" 1 0 < |xol +7 < enVN +1 —|ag| < pn(0) < cu VN +1 4 |g).
It follows from (3.8) and (3.9) that

pn (o)
2,n—1
B10) 1P Baaoerwimnaimsy = [, . |Plao+to) o
2

pn (o)
< (VN T T + || / (o + to)|2dtdo.
Snfl g
By noticing that
¢ P(ﬂco + (pNTw) + %)a—l—to),

is a polynomial function of degree at most N, we deduce from (3.9) and Lemma 4.4 used
in the one-dimensional case n = 1 that

(3.11)
pn (o) IS g 2
/ |P(z0 + to)2dt :/ e P(ﬂco + (pN(U) + f)JHU)( dt
r _(PNQ(")_z) 2 4
P2 a(p(o) =) (2| N px(o) | 7 :
< A o 2 / P<x0+< +—)U+t0‘)‘ dt
3 3 2 (PN(U) r) 2 4
4(pn(0)—73) 2
5 % 2N
3 b) 2 T
4(pn(0)—7) 2
212N+n+4 2N+l
< (cn\/ 1+ |zo| — = / |P(zq + to)|?t"Ldt.
3T2N+n

It follows from (3.10) and (3.11) that

(312) ||P||iQ(B(O cn\/—)\B(xo,%)) g (Cn \% N + 1 + |:L‘0|)n_1
912N +n+4

2N+1
X (cn\/ +\xo|——) / / |P(xo + to)|*t"dt,

3r2N+n

implying that

(3813) 1PI2agp0cnvavssy < (1F (enV/N 1+ [ao])" !
212N+n+4

X (Cn\/ 1+ |zo| — _) ”P”%?(B(zo,r))’

3T2N+n

thanks to (3.7). We deduce from (3.13) that there exists a positive constant C' = C'(xg,7,n) >
1 independent on the parameter N such that

INIn
(314) HPH[P(B(O,C,ﬂ/TH)) < CeQNl (N+1)+CN||P||L2(B(zo,r))'
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It follows from (3.5), (3.6) and (3.14) that for all N € N such that ¢,V N +1 > 2|zo| +r
and for all f € &y,

2 L(eol+r)? AN
(3.15) ||f||L2(R") < %Cez(\ ol+7)% 3N 1 (N+1)+CNHfHLQ(B(xO’T))‘

The two estimates (3.2) and (3.15) allow to prove the assertion (7) in Theorem 2.1.

3.2. Case when the control subset is a measurable set satisfying the condition
(1.23). Let w C R™ be a measurable subset satisfying the condition

.. .|lwnB(0,R)| . . . Jwn B(0,r)]
1 liminf ———————2 = lim f ——~— 7

where B(0, R) denotes the open Euclidean ball in R™ centered in 0 with radius R > 0. It
follows that there exist some positive constants Ry > 0 and > 0 such that

lwN B(0,R)|
(3.17) VR> Ry, ————=-—>0>0.
[B(0, R)|
We recall from (2.2) that
(3.18) VN € N, HCN(LU) >0,Vf € &n, ||f||L2(Rn) < CN(W)HfHL?(w)

and as in the above section, it follows from Lemma 4.2 that
2
(3.19) VN eNVfeén, |fllzmn) < ﬁ”f”LQ(B(O,cnx/N-H))'

Let N € N be an integer satisfying ¢,v/N +1 > Ry and f € Ex. It follows from (3.17)
that

(3.20) lwN B0,y VN +1)| > 6|B(0, cu VN + 1)| > 0.

According to (4.1) and (4.6), there exists a complex polynomial function P € C[X1, ..., X,,]
of degree at most N such that

(3.21) Ve e R", f(x)=P(x)e 2.
We observe from (3.19) and (3.21) that
4 2
(3.22) 1y <5 ), e PP s < T F—
and
— 2~ zf? lf?
(3:23) HPHL2 wNBO.envN+1)) = /me(o enV/NTI) Plfe e
< (N ”f”L2 (WNB(0,cnvVNF1))"

We deduce from Lemma 4.4 and (3.20) that

2
(324) ||P||L2(B(0,cn N+1))
- 2VF2 41 B(0,c, v N + 1)) lwN B(0, ¢,V N + 1) )
-3 [ ( )] HPHL?(me(o,Cn NESHE
lwN B(0,cpvV N + 1) 4|B(0,cp /N +1)|

with F' the decreasing function

1
1 1—-1%)n
VO <t <1, F(t):L)lzl.
1—(1—t)w
By using that F' is a decreasing function, it follows from (3.20) and (3.24) that

24N+4

)
2
(3.25) HPHL?(B(o,cn N+1)) < 35 [F(Z)] ||P||L2 (WNB(0,cnvVN+1))"
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Putting together (3.22), (3.23) and (3.25), we deduce that there exists a positive constant
C = C(d,n) > 0 such that for all N € N with ¢,v/N +1 > Ry and for all f € &y,

24N+6 O\N12N
2 g E(N+1)| 112 2 2CN | 7112
(3:26) [ fllz2@n) < 95 [F<4>} e 122 @nB©cn vty < €76 112wy

The two estimates (3.18) and (3.26) allow to prove the assertion (i7) in Theorem 2.1.

3.3. Case when the control subset is a thick set. Let w be a measurable subset of
R"™. We assume that w is y-thick at scale L > 0,

(3.27) 0 <y <1,3L>0,Vz € R", |wnN(z+[0,L]") >~L".

The following proof is an adaptation of the proof of the sharpened version of the Logvinenko-
Sereda theorem given by Kovrijkine in [30, Theorem 1] in the one-dimensional setting,
and the one given by Wang, Wang, Zhang and Zhang in [49, Lemma 2.1] in the multi-
dimensional case.

3.3.1. Step 1. Bad and good cubes. Let N € N be a non-negative integer and f € Ex \ {0}.
For each multi-index a = (a1, ...,a,) € (LZ)", let
Qa) = {ac = (z1,...,xn) ER": VI < j <, |z; — 04| < g}
Notice that
Yo.f € (LZ)", a# 6, Q@)nQEB) =0, R'= [J Qo)

a€e(LZ)™

where Q(a) denotes the closure of Q(c). It follows that for all f € L?(R"),
ey = [ 1F@Pde = 3 /Q e

Let 6 > 0 be a positive constant to be chosen later on. We divide the family of cubes
(Q())ag(rz)n into families of good and bad cubes. A cube Q(«), with a € (LZ)", is said
to be good if it satisfies

(3.28)

vpe, [ (ol < e (872 + 1) a1V [ ()P,
Q) Q@)

On the other hand, a cube Q(«), with a € (LZ)", which is not good, is said to be bad,
that is,
(3.29) IpeN", |B] >0,
—92 _
| jotrde > e s+ 1) Mlsyres Y [ )P

Q) Q(a)

If Q(«) is a bad cube, it follows from (3.29) that there exists 5y € N, |5y > 0 such that
6—66_2
(882(2n + 1)) (5o |1)2e2 VN Jo(a
—ed 2
e

< / 108 f () 2d.
Beg}m (882(2 + 1)) 71811262 VN o)

(3.30) /Q M@ < o s
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By summing over all the bad cubes, we deduce from (3.30) and the Fubini-Tonelli theorem
that

2 _ 2
(3.31) / RIS /Q e

bad cubes
< >

6—8572
5€Nn7|5‘>0 (852(2n + 1)) ‘6|(‘5|')2626_1\/N Ubad cubes Q(Ol)

07 f () Pdx

—ed—2

e
9P 24,
: BeNg,I:BW (862(2" + 1))‘6|(‘/8|[)2626—1\/N /Rn 0, f(z)["dx

By using that the number of solutions to the equation 81 + ...+ 8, =k, with k>0, n > 1
and unknown 8 = (f4,...,8,) € N", is given by (k+Z_1), we obtain from the Bernstein

type estimates in Proposition 4.3 (formula (7)) and (3.31) that

1
s [ TIOI Ty () y p——
bad cubes Q(a) (6€N’n’ﬁ|>0 (2(271 + 1)) ‘BI)
(S (e i
A\~ k 2k(2n 4 1)k )1 L2 (R™)
R | 1
<2 (X ) Wi = 511
k=1
since
k+n—1
(3.33) (k: +n 1> < <k —1—7'1 1> _ gk+n—1
k , J
7=0
By writing
11y = | f@)Pds+ | (@) P,
Ugood cubes Q(a) Ubad cubes Q(a)

it follows from (3.32) that

(3.34) 122 <2 f ()P

Ugood cubes Q(O‘)

3.3.2. Step 2. Properties on good cubes. As any cube Q(«) satisfies the cone condition,
the Sobolev embedding

W™2(Q(a)) = L®(Q(w)),

see e.g. [1, Theorem 4.12] implies that there exists a universal positive constant C,, > 0
depending only on the dimension n > 1 such that

(3.35) Vu € W™(Q(a)),  ullzeo(@(ay) < Crllullwne(@ay-

By translation invariance of the Lebesgue measure, notice in particular that the constant
(), does not depend on the parameter o € (LZ)". Let Q(«) be a good cube. We deduce
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from (3.28) and (3.35) that for all g € N",

[N

(3.36) 102 £l Lo (@(a)) < Cn( ~ Z ||85+Bf||%2(Q(a)))
Benn,|B|<n

es—2

< CoeT VNS (8822 + 1) 181+ 180)7) 12
BeNn, |B|<n

- 181 _
< Co(0)(320%2" + 1)) 7 181 YV £l 2 (o

with
~ 52 - 1
(3.37) Cp(8) = one“T( T (326 +1))\6|(|5|!)2)2 >0,
BEN”,‘B‘Sn
since

(18] + 1BN)! < 281818111 3)1.

Recalling that f is a finite combination of Hermite functions, we deduce from the continuity
of the function f and the compactness of Q(«) that there exists z, € Q(«) such that

(3.38) Il oo (@ea)y = 1f(wa)l-

By using spherical coordinates centered at x, € Q(«) and the fact that the Euclidean
diameter of the cube Q(«) is v/nL, we observe that

(3.39) wNQa)] = /0 o ( /S  Lunge)(@a + m)da) g,

L
— / (/ 1,n0Q() (Ta —I—ra)da)r”_ldr
0 Sn—1

1
= n%L”/ (/ 1,nQ(a) (Ta + \/ﬁLra)da) rLdr,
0 Snfl

where 1,,0(,) denotes the characteristic function of the measurable set w N Q(a). By
using the Fubini theorem, we deduce from (3.39) that

1
(3.40) |wnQ(a) < niL" /0 ( /S  unge)(@a + \/ﬁLrU)da) dr

1
= n;Ln/ </ ]lwﬂQ(oz) (o + \/ﬁLT’O’)dT‘) do
n—1 0

1
:ngLTL/ (/ ]lIU(T')dT‘)dO' :nSLn/ ‘Ia‘daa
s§n—1 0 Sn—1
where

(3.41) I, ={r €0,1] : zo + vV/nLro € wN Q(a)}.
The estimate (3.40) implies that there exists op € S"~! such that
(3.42) lwNQ(a)| < n2L"|S" |1,

By using the thickness property (3.27), it follows from (3.42) that

’Y

3.43 Iog| 2
(3.43) ool 2 s

> 0.
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3.3.3. Step 3. Recovery of the L*(R)-norm. We first notice that £l z2(Q(a)) # O, since f
is a non-zero entire function. We consider the entire function
n f(za + v/nLzoy)

(3.44) VzeC, ¢(z)=L
£l 22(Q(a))

We observe from (3.38) that

L2 f(zq L2 (Ol

= = > 1.
1 £1l22(Q(a)) I £1122(Q(a))

Instrumental in the proof is the following lemma proved by Kovrijkine in [30, Lemma 1]:

Lemma 3.1. ([30, Lemma 1]). Let I C R be an interval of length 1 such that 0 € I and
E C I be a subset of positive measure |E| > 0. There exists a positive constant C > 1
such that for all analytic function ® on the open ball B(0,5) centered in zero with radius 5
such that |®(0)| > 1, then

In M
In 2

sup |9(2)| < () " sup|o(a),
zel |E| zeE

with M = supy, <4 |®(2)] > 1.

Applying Lemma 3.1 with I = [0,1], E = I,, C [0,1] verifying |E| = |I,,| > 0 according
to (3.43), and the analytic function ® = ¢ defined in (3.44) satisfying |¢(0)| > 1, we obtain
that

(3.45) e SUPgefo,1] | f (Ta + vnLzog)] _ ( C o\ by . SUPger,, |f(zq + /nLxoy)]
£l 22(@(a) ~\ || 171122 @) )
with
n SUP|, To + nlLzo
(3.46) o — 8 SWPizalf(@a + VinLzoo)|

1l 22 Qo))
It follows from (3.43) and (3.45) that

In M

(cn%|8"—1|) I

(3.47)  sup |f(za +VnLzoo)| < sup |f(za + vnLaoo)|

z€(0,1] ISP
1 1n(C"%\Sn_1\)
< Mz 2 sup |f(xo + vnLzoy)|.
wGIo'O
According to (3.41), we notice that
(3.48) SUp |f(za + vVnLzoo)| < || fll Lo @wnq))-
FAS a0
On the other hand, we deduce from (3.38) that
(3.49) 11l @a)) = 1f(Za)| < P f(za + VnLzog)|.
z€|0,
It follows from (3.47), (3.48) and (3.49) that
Lln(C”%‘Snil‘)
(3.50) Il oo (@rayy < M2 v £l zoo (wn@(a)) -
By using the analyticity of the function f, we observe that
B
(3.51) Vi€ C, flzat iLeog)= 3 D@ 0 B s is

31

BeN™
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By using that Q(«a) is a good cube, z, € Q(«) and the continuity of the functions ol I,
we deduce from (3.36) and (3.51) that for all |z| < 4,

(3.52) |f(za + VnLzog)| < Z M(Wﬂ)\ﬁl

BeN™ B'
(5 BB W
BeEN”

By using anew that the number of solutions to the equation 5y + ... + 5, = k, with k > 0,
n > 1 and unknown 5 = (f, ..., 5,) € N", is given by (k+" 1) and that

18! < nllp1,
see e.g. (4.46), we notice from (3.33) that

(353) > B s/ 1)) < 3 (5L 1 1))

|
BeN™ B BeN™
X (k+n-1 3 = k
=> < L > (OL\/29m3(27 +1))" <2771 (6142103 (20 + 1))".
k=0 k=0
For now on, the positive parameter § > 0 is fixed and taken to be equal to
1
3.54 0=—=>0,
(3.54) 51
with

0 = 2/21n3 (27 +1) > 0
With this choice, it follows from (3.46), (3.52), (3.53) and (3.54) that
(3.55) M < (4L)3 Cyp (5, L")l IV
The positive constant C' > 1 given by Lemma 3.1 may be chosen such that
(3.56) Cn2|S"7Y > 1.
With this choice, we deduce from (3.50) and (3.55) that

Sa sl
On% |S’n—1| In((4L) 2 C;L(‘Sn (;n \/_
(3.57) Il oo Qo)) < (7) " i £ 1l oo (wn@(a)) -
y
Recalling from the thickness property (3.27) that |w N Q(«)| > vL™ > 0 and setting
2
3.58 Weg =92 €wnNQ(a) : |f(z)| L —— flx)|dz ¢,
(3.58) { @ @12 T55@7 Lo F@1]

we observe that

2/(w N Q(a)) \ @
050 [ ez [ ez TSGR [

By using that the integral
[ Jf@lds >0,
wNQ(a)

is positive, since f is a non-zero entire function and |w N Q(«)| > 0, we obtain that

@ Q@) \ @l < 1w N Q@)
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which implies that

(360)  [@al = N Q)] ~ | N Q@) \ Gl > 5N Q(a)] > 27L" > 0,

thanks anew to the thickness property (3.27). By using again spherical coordinates as in
(3.39) and (3.40), we observe that

(3.61) |@a| = |00 NQ(a)|

1
= n%Ln/ (/ ]]'&)QOQ(Q) (.Z’Ol + \/ﬁLT’O’)dO’) T‘"_ldT‘ S ngLn/ ‘Ia‘daa
0 Sn—1 S

n—1

where

(3.62) I, ={rc[0,1]: 2o + vVnLro € o, N Q(a)}.

As in (3.42), the estimate (3.61) implies that there exists og € S"~! such that
(3.63) |Da| < 03 LMS" YL,

We deduce from (3.60) and (3.63) that

(3.64) 1 > m >

Applying anew Lemma 3.1 with I = [0,1], E = I, C [0,1] verifying |E| = |I,,| > 0, and

the analytic function ® = ¢ defined in (3.44) satisfying |¢(0)| > 1, we obtain that

(365) L3 sup,eqo1 1f (Ta + v/nLzoy)| _ ( C )'Fnﬂng Supyeg, |/ (@a + vnLaao)l
Il 22(Q(a)) N\, £l z2(Q(a))

where M denotes the constant defined in (3.46). It follows from (3.64) and (3.65) that

9 nan—1|. InM
(366)  sup |f(wa + iLzoo)| < (2L

) " sup |f(zq +v/nLzay)|

2€[0,1] v z€ls,
Lln(QC”%\S”_l\)
< Mz v sup |f(za +vnLzoo)|.
wGio'O
According to (3.62), we notice that
(3.67) sup |f(za + vnLzoo)| < ||l @ano(a):

IEIUO

It follows from (3.49), (3.66) and (3.67) that

L In( 0”7\5" 1\
(3.68) Il oo (@rayy < M2 ”f”LOO(waﬂQ( )-
On the other hand, it follows from (3.58)
2

3.69 flloe (@ano(a §7/ f(z)|dx.
(369 Il oo < @l oo 7@
We deduce from (3.68), (3.69) and the Cauchy-Schwarz inequality that
(3.70) 1£ 1220 < L2 Ifll (@)

2L% 1(2cn?\§” 1)/

< MR |f (z)]dzx
|w N Q(a)| wNQ ()
2L2 126 \S" y
Mz A1l 2 o))
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By using the thickness property (3.27), it follows from (3.55), (3.56) and (3.70)

(QCnT\S" 1\

4.2
(371) ”f”%Q(Q(a <;M = HfHLQ(wﬂQ(a))

5 1
2Cn 2 |s"— \)

4 z A Sn L 1n21n( ¥ 2
< — .
< 2D, L e ) T
With

3 N In((40) 2 G (5711~ 1)
22 2Cn2|S"1 STae
(3.72) (L) = 2 (2B " >0,
vz Y
we deduce from (3.71) that there exists a positive universal constant %, > 0 such that for
any good cube Q(a),

1 Fop \ 2Rn LV N
(3.73) 1120y < 5n (L2 (2) T 112 wnata)-
It follows from (3.34) and (3.73) that
(3.74) |12y < 2/ f@Pde =2 Ifl72qu)
good cubes Q(Oé) gOOd cubes
Fop \ 2Rn LV N
< nn(L,v)z(—) > I lZ2now@)y
v good cubes
B\ 2Rn VN 2kn LV N
< (L) (22 / (@) Pde < rn(L,7)? 1)
< ’Y ) wm(Ugood cubes Q(Ol)) ( /Y ) (

This ends the proof of assertion (7i7) in Theorem 2.1.

4. APPENDIX

4.1. Hermite functions. This section is devoted to set some notations and recall basic
facts about Hermite functions. The standard Hermite functions (¢y)r>o are defined for
r €R,

LW ed d\ke-2) = oo
(4.1) op(z) = WW%(G ) = W@’—%) (e72) = ;57

The Hermite functions satisfy the identity
(4.2) VEERVE >0, (€) = (—i) V2o (S),

when using the normalization of the Fourier transform (1.1). The L2-adjoint of the creation
operator is the annihilation operator

N 1 ( n d )
a_=ay = —(z+ —
+ 2 dx
The following identities hold
d2
(4.3) l[a_,a4] =1d, o T 2 =2a,a_ +1,

(44) VEEN, arop=VEk+1lops1, VEEN, a_dp=Vkd1 (=0sik=0),
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2

(4.5) vk e N, (—%er )¢k:(2k+1)¢k,

where N denotes the set of non-negative integers. The family (¢ )ren is an orthonormal
basis of L%(R). We set for o = (a;)1<j<n € N, 2 = (z)1<j<n € R",

(4.6) @a(l‘) = H qba]- (:EJ)
j=1

The family (®,)aen» is an orthonormal basis of L?(R™) composed of the eigenfunctions
of the n-dimensional harmonic oscillator

(4.7) H=—Dp+ |27 =D 2k +n)P, Id=) P,
k>0 k>0

where P, is the orthogonal projection onto Spanc{®a }aenn, o=k, With [a] = a1+ -+ ay.

The following estimates on Hermite functions are a key ingredient for the proof of the
spectral inequalities (i) and (i¢) in Theorem 2.1. This result was established by Bonami,
Karoui and the second author in the proof of [6, Theorem 3.2], and is recalled here for the
sake of completeness of the present work.

Lemma 4.1. The one-dimensional Hermite functions (¢x)ren defined in (4.1) satisfy the
following estimates:

2k’+1
Vi € N,Va > v2k + 1 () 2de < ——aZ*1ea",
|z|>a k'\/_

Proof. For any k € N, the £ Hermite polynomial function
d \F 2

48 Hy(@) = (~)Fe” (2-) (e

(48) fo) = (ke () (),

has degree k and is an even (respectively odd) function when k is an even (respectively
odd) non-negative integer. The first Hermite polynomial functions are given by

(4.9) Hy(z) =1, Hy(z) =2z, Hy(z) = 42* — 2

The k' Hermite polynomial function Hj, admits k distinct real simple roots. More specif-

ically, we recall from [44, Section 6.31] that the k roots of Hj, denoted —T(k) g - ~T L
2 9

L1 ks s TE) o satisfy

(4.10) —V2k+1< —TE) g << <0<z <. < T[] <V2k+1

with [%] the integer part of %, when k > 2 is an even positive integer. On the other hand,
the k roots of Hj, denoted TTE] oy e "Lk B0 Tley oo TE] g satisfy

(4.11) —V2k+1< —:L‘[E} < < =21k < Tok = 0< T <..< :L‘[E} k <V2k+1
240 2

when k is an odd positive integer. We denote by zp the largest non-negative root of the
k" Hermite polynomial function Hj, that is, with the above notations z;, = Tk g when
2 b

k > 1. Relabeling temporarily (a;)i<;< the k roots of Hj, such that
a; < ag <..<ag.
The classical formula

(4.12) Vk e N, Hj(z) = 2kH;_,(2),
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see e.g. [44, Section 5.5], together with Rolle’s Theorem imply that Hy_; admits exactly
one root in each of the k—1 intervals (a;, a;+1), with 1 < j < k—1, when k > 2. According
0 (4.9), (4.10) and (4.11), it implies in particular that for all £ > 1,

(4.13) 0=z <2< ..<zp<V2k+1.
Next, we claim that

(4.14) VE > 1,V|z| > 2z, |He(z)] < 28|k
To that end, we first observe that

(4.15) Vk > 1,Vx >z, Hg(x) >0,

since the leading coefficient of Hj € R[X] is given by 2*¥ > 0. As the polynomial function
Hj; is an even or odd function, we notice from (4.15) that it is actually sufficient to establish
that

(4.16) Vk > 1,Yz >z, Hi(z) < 2FzF,

to prove the claim. The estimates (4.16) are proved by recurrence on k > 1. Indeed, we
observe from (4.9) that

Ve >z =0, Hi(x)=2z.

Let k > 2 such that the estimate (4.16) is satisfied at rank k& — 1. It follows from (4.12)
for all z > z,

(417)  Hy(z) = Hy(x) — Hy(z) = / H(t)dt = 2k / He 1 (t)dt
Zk Zk
< Qk/ ok —Lth=lar — ok (2% — 2F) < 2k gk,
2k
since 0 < z_1 < zg. This ends the proof of the claim (4.14). We deduce from (4.9), (4.13)
and (4.14) that

(4.18) Vk € N,V|z| > V2k +1, [Hy(z)| < 2Fz|F.
It follows from (4.1), (4.8) and (4.18) that

k

2 z2
(4.19) Vk e NV|z| > V2k+1, |ép(z)| < —|z|Fem T
Vk!ra
We observe that
T 2 [T 2 2
(4.20) Va > 0, / e Vdt<ale T / te"zdt =a te @

and

2

+o0 +0o0 . 5
(4.21) Va>1Va>+Vva-1 / e dt < a® e / te” 2dt =a* e,
a

2
as the function (a,400) 3t — to-le=7 € (0, +00) is decreasing on (a,+oc). We deduce
from (4.19), (4.20) and (4.21) that

2k
(4.22) VkeN,Va>+v2k+1 | ()P da < - / 22 dg
|z[>a klr2 J|z|>a
k+1 k+1
_ 2 : / 22k o= 1o < 2_1a2k—16—a2_
klnz Jaz>a klm2

This ends the proof of Lemma 4.1. O
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We consider £y = Spanc{®a}aenn joj<n the finite dimensional vector space spanned
by all the Hermite functions ®, with || < N. The following lemma is also instrumental
in the proof of Theorem 2.1 :

Lemma 4.2. There exists a positive constant ¢, > 0 depending only on the dimension
n > 1 such that

1
YN eN,Vf € £, / [f(@)[Pdz < S 172 ny,
|2|>cnvVNF1

where | - | denotes the Euclidean norm on R™.

Proof. Let N € N. We deduce from Lemma 4.1 and the Cauchy-Schwarz inequality
that the one-dimensional Hermite functions (¢p)ren satisfy for all 0 < kI < N and

a> V2N + 1,

am) [ eoaias ([ nora) ([ aope)’
kAl

272
<
_\/%\/Hﬁa

In order to extend these estimates in the multi-dimensional setting, we first notice that
forall a >0, o, 5 € N", |o,|B] < N,

k+1—1_—a?

n

D, (x)Ps(x)|dx,
Z/m% (2)D5(2)]

Jj=1

(4.24) / (e <

where | - | denotes the Euclidean norm on R" and (®4)aen stand for the n-dimensional
Hermite functions defined in (4.6). On the other hand, we notice from (4.23) and (4.24)
that

/ (@ ()05 (x)|de
1> =

= ([ . lataoseldn) TT ([ o(on)on @oldn)
|lzj12 75 1<k<n
k#£j
< ([ tas(eos@lde) TT 1ol o o
|Ij|2% 1%];§n
J

implies that for all a« > \/nv2N + 1, a, § € N, |af, |8] < N,

(4.25) /||> |y (2 (I)ﬁ x)|dx < Z/ . |¢a3 x])¢,8](ajj)|d$]

() M
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since (¢r)ren is an orthonormal basis of L%(R). For any f = Z\aISN YaPo € En and
a > /ny2N + 1, we deduce from (4.25) that

(4.26) /| @ = 3 0 [ eua@ia
x|>a o

<N |z|>a
|B|<N
" iyl
ne allvs 2 \osths
< Y helbsl [ @a(@s(olir <2,/ > (2
.| .
la|<N |z[>a T a Ia\SN,IB\SN’/aﬂ"//BJ’ n
IBI<N 1<j<n

For any a = (a1, ...,a,) € N™, we denote o/ = (g, ..., a,) € N*~! when n > 2. We observe
that

(4.27) Z%%([ )a1+61 Z( Z Wc\y}’oza_l'm\/ﬁl_fl'(\/za)alwl)

|a|<N [@'[<N 0<ar <N—|d|

IBI<N |B'|<SN  0<B1<N—|73|
and

Vo781, 2 yorth
(4.28) Z ;< —a)
| |
0<a1<N—|a/| \/Oél.\/ﬂl. n
0<B1<N—|3|

(%)0114-,31

1
2 2 2
< ( Z Yar,e 117816 ) ( Z 21151! ) ’

0<a1 <N-—|d/| 0<a1 <N—|d/|
0<B1<N—|B'| 0<B1<N—|B'|

N

thanks to the Cauchy-Schwarz inequality. On the other hand, we notice that

(2a2)a1+61 1 N (gz )a1+ﬁ1 ! N o
§ n § n oy
(429) ( O£1!,61! ) § 4 ( 041!,61! ) S Aenn

0<a1 <N-—|d/| 0<a1 <N-—|d/|
0<B1<N—|p] 0<p1<N—|p]

It follows from (4.27), (4.28) and (4.29) that

s Y L (P S (S sl

la|<N lo|[<N  0<a1<N-—|o/|
IBI<N IB'|[<N  0<B1<N—|5|

The Cauchy-Schwarz inequality implies that

1
(4.31) Z( > Ivm,a/|2|m,5/|2)2

|[o/|<KN  0<a1<N-—|d/|
|B/|<SN  0<B1<N—|p]

(X (X aelhasl ))é(

/[N 0<a1<N-—|o| o/
B[N 0<pL<N—|F| 15’

By using that the family (®,)aenn is an orthonormal basis of L?(R"™) and that the number
of solutions to the equation ag + ... + a, = k, with & > 0, n > 2 and unknown o =
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(ag,...,a,) € N*71is given by (k+" 2) we deduce from (4.31) that
1
432 Y (X hewlhssl) < (X haP) (X 1)
o/|<N  0<a1<N—|o/| lal<N lo/|<N

B[N 0<p1<N—|5|

N k o N
— (X (1 ) M By < 2722 Wy < 250 1 Wy

k=0 k=0

since (k:ff) < Z?ig_z (k+’]?_2) = 2k+n=2_ Tt follows from (4.30) and (4.32) that

o a1+p1 e
(4.33) Z %%(\/760 <2 18Ne2anHL2 (Rn)>

la|<N
IBI<N

when n > 2. Notice that the very same estimate holds true as well in the one-dimensional
case n = 1. We deduce from (4.26) and (4.33) that for all N € N, f € £y and a >

VAV2N F1,

¥

a

3
2"nz e N0
. < —— nye
(434) /|x|>a' (@) < 22 8

It follows from (4.34) that there exists a positive constant ¢, > 0 depending only on the
dimension n > 1 such that

1
NeNvieey [ @)z < 717y
|z|>env N+1
This ends the proof of Lemma 4.2.
O

4.2. Bernstein type and weighted L? estimates for Hermite functions. This sec-
tion is devoted to the proof of the following Bernstein type and weighted L? estimates for
Hermite functions:

Proposition 4.3. With En the finite dimensional vector space spanned by the Hermite
functions (®o) o<y defined in (2.1), finite combinations of Hermite functions satisfy the
following estimates:

(i) VN eN,Vfec&n,Y0< <1,V eN",
102 £l 2wy < €252 (26)2118]1e” YN £ L2 gy

(i) VYN € N,Vf € En,Y0 <5 < —, VB € N,

3
sle? o 5\Da|? .8 NS OX 1" )
lle :cf”LQ(IR”) + [le f”L2 R S T 3905 242 ‘/B|'”f”L2(Rn)-

Proof. We notice that

1 1
(435) x] = ﬁ(aﬂ'ﬂ‘ + CL]'7_), 85,;]. = ﬁ(a%_ — aj7+),
with
1 1
aj,+ = _2(% 8%-)7 aj,— = _2(% + Oy, )-
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By denoting (e;)1<j<n the canonical basis of R", we obtain from (4.4) and (4.35) that for
all N e Nand f € &y,

”%ﬁf“%?(w) = Haj,Jr( Z {f, (I)a>L2q)a> i

ja]<N LA ®e)
2
—Wliiva e m@H%me;:Ej«w+1Mﬁ¢@mF
lo| <N || <N

(N+1) > [(f® = (N + DIIFIIZ>@ny

lo| <N

and

g FI3agey = |5 (3 (7 @esewa) |

la| <N L2(®™)
=Mhmﬁm%mW—Zwﬂ>\
la|<N la|<N
<N ST a2l = NI IR,
la|<N

It follows that for all N € N and f € &,

(4.36) |25 fll L2@ny < 7(”% +fllz@ny + llaj — fllL2wny) < V2N +2[| f[ L2@n)
and

1
(4.37) 10z, fll L2 @ny < ﬁ(”%’&f“L?(R") + laj— fll2mny) < V2N +2[| fl| L2y

We notice from (4.4) and (4.35) that
VN e N,Vf € En,Vo, 3 €N", 200 f € Envjalia)»

with z® = z{"..2%" and 85 = 8511...85,’}. We deduce from (4.36) that for all N € N,

n

feén,and o, € N with a3 > 1,
1205 fll 2@y = a1 ( 2707 f lz2@ny < V2V/N +lal + 8]z 15 fl| L2 (@n)-
————
EEN+lal+18]-1

By iterating the previous estimates, we readily obtain from (4.36) and (4.37) that for all
NeN, feé&y and o, € N?,

o lal+18] [(N + |af + |5
(4.38) 208 flagny < 252 [ I

We recall the following basic estimates,
(4.39) Vke N, kP <efkl, Vi, A>0, t" < A%, Wi >0,k e N, tF < ek,

see e.g. [37] (formulas (0.3.12) and (0.3.14)) Let 0 < 6 < 1 be a positive constant. When
N <a| + |B|, we deduce from (4.39) that

+

18]

»

(a0) 2% [ ILEIION ot (o 42 < oo )

< (2v@) 8Tl T 1D = (2ve)lelHsl A EIBDY oo o5)iali8] (o) 1 (81
(laf +18])!
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On the other hand, when N > || + ||, we deduce from (4.39) that

(4.41) QW\/(N + |af + W)! lalt1s]

- SN + o] + 18)
(2618l 5=/ Nl H 18l < (28l +181 (|| +- |5D|a\+|5\65‘1\/ﬁ—|a\—|5\
< (26) T a4 [))te” VY.

IN

It follows from (4.38), (4.40) and (4.41) that for all N € N, f € éx and «, 5 € N7,
(4.42) 12202 £l L2y < €337 (20) 1 (Jaf + 181 YN £]| Laeny.
It provides in particular the following Bernstein type estimates

(4.43) VN eN,Vfe &y, V0< 6 <1,V5 e N,
108 1l 2 qgny < €257 (26)°11811 YN 1| 2 gy

On the other hand, we deduce from (4.38) that for all N € N, f € Ey and a, 8 € N7,

N + |of +18])!
N!

N lal+16]
(4.44) |20 fllpeny <2 2 \/( I £l 22 @n

< 2?2'0“”5‘\/ (la + BNl L2 (my,

since
(+ ko)l (ki ko) _ ’“i“ B k) _ i
kq'ks! N k1 - = i N '

We observe from (4.44) that for all N e N, f € Ex, 0 > 0 and «, 8 € N7,

T L < PPV T T e
< 2% ool or 1R a0 £y < 2% (1600)°12319) BT 2
since
(2la] + |B)! < 274l 2)a)) 18]t < 249l (o)1) 8!
and
(4.46) la|! < nlélal.

The last estimate is a direct consequence of the generalized Newton formula
Ve = (z1,...,2n) € R", VN € N| (Z@) = Z T
j=1

By using that the number of solutions to the equation ay +...+«a,, =k, with k >0, n > 1
and unknown « = (aq, ..., a, ) € N™ | is given by (k+" 1) it follows from (4.45) that for all
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NEN, fE&N,0<6< 55— and B €N,

lof
Slzl2 3 ) x 6
(4.47) 1210 f | Lony < EEN; H f‘ L2
q e[\ 93181, /18]
< 22 ( E (16n0) )22 [BIMf [ 2
a€eNn

v R [k
:22(2( Zil >16n5 )22|’8‘\/|5_HfHL2Rn

k—O
— 272 22|B‘\/ 18! ”f”L2 R™) s

since (k+f11) < Z’”” ! (k+?_1) = 2k+n=1 By noticing from (4.2) that f € Ey if and

only if f € &En, we deduce from the Parseval formula and (4.47) that for all N € N, f € &y,
O<5<32Lnand,BEN”,

<
— 1-32n6

2 1 2 o~
(4.48) Heélel ﬂf’Bf”LZ(Rn) = z ”eélfl 35’8fHL2(Rn)

(2m)2
1 2" on—1 N 3
< T 395222 2101/ o= 9593181 /|31 N
= 2mi1-32m0 2220 /1871 Fll 2 gm) T33g2 2 22 V1Bl 2y
This ends the proof of Proposition 4.3. 0

4.3. Gelfand-Shilov regularity. We refer the reader to the works [20, 21, 37, 45] and
the references herein for extensive expositions of the Gelfand-Shilov regularity theory. The
Gelfand-Shilov spaces S, (R"), with p,v > 0, u+v > 1, are defined as the spaces of smooth
functions f € C°°(R") satisfying the estimates

34,0 >0, [0%f(2)] < CAl(alyre x| xR o e N,
or, equivalently

JA,C >0, sup |[270%f(z)| < CAIFBl QD (B, a, B € N
rER?

These Gelfand-Shilov spaces S5 (R™) may also be characterized as the spaces of Schwartz
functions f € . (R™) satisfying the estimates

30> 0,e>0, |fx)<Ce el pzeRY,  |FE) < Ce kI ¢ R

In particular, we notice that Hermite functions belong to the symmetric Gelfand-Shilov

11;22 (R™). More generally, the symmetric Gelfand-Shilov spaces S/ (R™), with u >
1/2, can be nicely characterized through the decomposition into the Hermite basis (®,)aenn,

see e.g. [45, Proposition 1.2],

space S

1
feSLRY) & f e LARY), 3tg > 0, [|(f, Pa) 2 exp(tola|)) eyl 2yny < +00
1
& fe L*(RM), 3o >0, [ fllL2@n) < +oo,

where H = —A, + |x|? stands for the harmonic oscillator.
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4.4. Remez inequality. The classical Remez inequality [41], see also [16, 17], is the
following estimate providing a bound on the maximum of the absolute value of an arbitrary
real polynomial function P € R[X] of degree d on [—1, 1] by the maximum of its absolute
value on any measurable subset E C [—1, 1] of positive Lebesgue measure 0 < |E| < 2,

4— \E|>
|E|

sup | P(z)],

(4.49) sup |P(z)] < Td( w

z€e[—1,1]

where
P (d—k—1)! g
4, Ty(X) =5 ) (—)F ot 2hxd2h =y X2 - 1)k xd-2

see e.g. [7, Chapter 2], where [z] stands the integer part of x, denotes the d"® Chebyshev
polynomial function of first kind. We also recall from [7, Chapter 2| the definition of
Chebyshev polynomial functions of second kind

(5]

(4.51) VdeN, UyX)=)> (-1)* <d ; k> a2k xd=2k
k=0
and
1
(4.52) vd e N*, Uy_1(X) = ETC;(X).

The Remez inequality was extended in the multi-dimensional case in [10], see also [19,
Formula (4.1)] and [31], as follows: for all convex bodies? K C R™, measurable subsets
E C K of positive Lebesgue measure 0 < |F| < |K| and real polynomial functions P €
R[X1, ..., X,,] of degree d, the following estimate holds

|E| )+
=R
(4.53) sup |P| < Ty 5T sup |P|.
K 1—( ——|K‘)n E

By recalling that all the zeros of the Chebyshev polynomial functions of first and second
kind are simple and contained in the set | — 1, 1], we observe from (4.50) and (4.52) that
the function Ty is increasing on [1,+00) and that

(4.54) VYdeNVz>1, 1=T401)<Tylx)= < d ) (z — 1)F(z + 1)kgd—2k

(5]
d\ i k. .d—2k d\ ok d d k d

< = < <

< 0 <2k>$ (x+x)'z E ok 2%z < (2x) 2% < (4x)¢,

k=

(]9

since (2‘2) < Z;lzo (‘;) =24, By using that
sup |P| <sup|Re P|+sup|lm P| and sup|Re P|+sup|lm P| < 2sup|P|,
K K K E E E
we deduce from (4.53) and (4.54) that for all convex bodies K C R™, measurable subsets

E C K of positive Lebesgue measure 0 < |E| < |K|, and complex polynomial functions
P e C[Xy,..., Xy of degree d,

L4 (1— B3\ "
(4.55) sup | P| < 227t1 |f;\ | sup|P|.
K 1—(1— % o B

2A compact convex subset of R™ with non-empty interior.
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Thanks to this estimate, we can prove that the L2-norm ||-|| 2 (w) ON any measurable subset
w C R™, with n > 1, of positive Lebesgue measure |w| > 0 defines a norm on the finite
dimensional vector space £y defined in (2.1). Indeed, let f be a function in Ey verifying
[ fllz2wy = 0, with w C R™ a measurable subset of positive Lebesgue measure |w| > 0.
According to (4.1) and (4.6), there exists a complex polynomial function P € C[X1, ..., X,,]
such that
@34 A2
V(zi,.yxy) € R f(z1,..,20) = P(21, ..., zp)e 2
The condition || f|[z2(,) = 0 first implies that f = 0 almost everywhere in w, and therefore
that P = 0 almost everywhere in w. We deduce from (4.55) that the polynomial function
P has to be zero on any convex body K verifying |[K Nw| > 0, and therefore is zero
everywhere. We conclude that the L?-norm || - || 2(w) actually defines a norm on the finite
dimensional vector space En.
On the other hand, the Remez inequality is a key ingredient in the proof of the following
instrumental lemma needed for the proof of Theorem 2.1:

Lemma 4.4. Let R > 0 and w C R™ be a measurable subset verifying |w N B(0, R)| > 0.
Then, the following estimate holds for all complex polynomial functions P € C[Xq, ..., X,]
of degree d,

wNB(0,R)|\L \ ¢
2+ [ypo,R)| (1+ (- Smoam)”

WPlezwom < =75\ lonso. ) \1- o ket | Pleensen.

where B(0, R) denotes the open Euclidean ball in R™ centered in 0 with radius R > 0.

Proof. Let P € C[Xy,...,X,,] be a non-zero complex polynomial function of degree d and
R > 0. We consider the following subset

(4.56)  E.={xe B(O,R): |P(z)| < 2—2d—1F(L)_d sup |P|
7 B |B(0, R)| B(0,R) 7
for all 0 < ¢ < B(0, R), and F the decreasing function
1
1 1—1%)»
(4.57) w<t<1, F)y=tE=D0 oy
1—(1—t)7

The estimate p
2—2d—1F(L)_ <1,
|B(0, )
implies that |E.| < |B(0,R)|. We first check that the Lebesgue measure of this subset
satisfies |E.| <e. If |E.| > 0, it follows from (4.55) that

|E-| \d
(4.58) 0< sup |P|<2¥Pp(——=__) sup|P|
B(O,R) ( |B(0, R)| ) E.

. F(|B|<§,€L%>|)dF(|B<<i R>|)_d3i‘§,%> £l

We obtain from (4.58) that

€ | Ee|
4.59 Fl———— ) < Fl———).
(4.59) (|B(O,R)|) - (\B(O,R)\)
As F'is a decreasing function, we deduce from (4.59) that

(4.60) V0 < e < B(0,R), |E.| <e.
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Let w C R™ be a measurable subset verifying |w N B(0, R)| > 0. We consider the positive
parameter

1
(4.61) 0 < 20 = 7lw N BO, B)] < | B, B)].
Setting
—d
4.62 G.o =2 e B(0,R): |Px)>2 2 1p(—0 V" gup |P|},
(4.62) O { (0.R) : |P(@)| (Bom) oo P
we observe that
(4.63) / \P(m)\2dm2/ ]IGEO(a:)|P(a;)|2dx
wNB(0,R) wNB(0,R)

> 2_4d_2F<|B((€)ﬁ)|>_2d(BS(3%) \P\)2|w N Geyl-

We deduce from (4.56), (4.60) and (4.62) that

—d
= |G| - B |P g-2d-1p(_0__ Py >
w0 Gaol = G| = |{w € BO R)\w: |P@)] > (Bom) sm Pz

(1B(0, R)| - |Eg,|)—|B(0, R) \w| > |B(07R)|—EWWB(O’R)|—(|B(0,R)|—|WQB(07R)|),
that is
(4.64) WA G| > z|wﬁB(0,R)| > 0.

It follows from (4.61), (4.63) and (4.64) that
) 2

(4.65) 11PI22((0.0) < 1BO, R)I( sup |P|)

B(0,R)

4|B(0, R)| lwN B(0, R)| 2d/

4d+-2 ) ) Plr 2d{L’.
<20 m Came ) Leson ™)

We deduce from (4.65) that

22d+1 | 4|B(0, R)| lwN B0, R)|\d
4.66 P < ’ ’ P .
(4.66) 1Pl z2(B(0,R)) < A\ enBOR) ( EIGND] ) Pl 22(wnB(0,R))
This ends the proof of Lemma 4.4. O
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