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ABSTRACT. We study the null-controllability of parabolic equations associated with a
general class of hypoelliptic quadratic differential operators. Quadratic differential opera-
tors are operators defined in the Weyl quantization by complex-valued quadratic symbols.
We consider in this work the class of accretive quadratic operators with zero singular
spaces. These possibly degenerate non-selfadjoint differential operators are known to
be hypoelliptic and to generate contraction semigroups which are smoothing in specific
Gelfand-Shilov spaces for any positive time. Thanks to this regularizing effect, we prove
by adapting the Lebeau-Robbiano method that parabolic equations associated with these
operators are null-controllable in any positive time from control regions, for which null-
controllability is classically known to hold in the case of the heat equation on the whole
space. Some applications of this result are then given to the study of parabolic equations
associated with hypoelliptic Ornstein-Uhlenbeck operators acting on weighted L? spaces
with respect to invariant measures. By using the same strategy, we also establish the
null-controllability in any positive time from the same control regions for parabolic equa-
tions associated with any hypoelliptic Ornstein-Uhlenbeck operator acting on the flat L?
space extending in particular the known results for the heat equation or the Kolmogorov
equation on the whole space.
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1. INTRODUCTION

1.1. Null-controllability of degenerate parabolic equations. We aim in this work
at studying the null-controllability of parabolic equations controlled by a source term u
locally distributed on an open subset w C R" of the whole space

(1.1) (O + P)f(t,x) = u(t,x)l,(z), xe€R"t>0,
' fli=o = fo € L*(R™),

where P = ¢*(z, D,) is an accretive quadratic operator. Quadratic operators are pseudo-

differential operators defined in the Weyl quantization

w 1 iW(x—y)- Tty
(12) (@ D) = o [ (ST ) e,
(271') R2n 2
by symbols ¢(z,&), with (z,§) € R™ x R", n > 1, which are complex-valued quadratic
forms

Ry xRy — C
(@, — qz,8).
These operators are non-selfadjoint differential operators in general, with simple and fully

explicit expression since the Weyl quantization of the quadratic symbol z*¢%, with (o, 8) €
N?" |a + ] = 2, is the differential operator

a:aDg + Dgx“
2 )
We study the null-controllability of the parabolic equations (|1.1]) associated with a general
class of hypoelliptic quadratic differential operators:

D, =i"'0,.

Definition 1.1 (Null-controllability). Let T' > 0 and w be an open subset of R™. Equation
(1.1) is said to be null-controllable from the set w in time T if, for any initial datum
fo € L32(R"), there exists u € L*((0,T) x R"), supported in (0,T) x w, such that the mild

solution of (1.1) satisfies f(T,-) = 0.
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By the Hilbert Uniqueness Method, see [15, Theorem 2.44] or [40], the null-controllability
of the equation ([1.1]) is equivalent to the observability of the adjoint system

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

We recall that the notion of observability is defined as follows:

(1.3)

Definition 1.2 (Observability). Let T' > 0 and w be an open subset of R™. Equation (|1.3)
is said to be observable in the set w in time T if there exists a constant Cp > 0 such that,
for any initial datum go € L?(R™), the mild solution of (1.3)) satisfies

T

(1.4) /|g(T,:1;)|2d37§ C’T/</|g(t,a:)|2dat)dt.
Rn w

0

An important open problem at the core of current investigations is to understand to
which extent the null-controllability (or observability) results known for uniformly para-
bolic equations still hold for degenerate parabolic equations of hypoelliptic type.

For equations posed on bounded domains, some progress have been made. In the case of
the heat equation on a bounded domain 2 with Dirichlet boundary conditions on 0f2, it is
well-known that observability holds in arbitrary positive time 7" > 0, with any non-empty
open set w, see [23, Theorem 3.3], [24] and [39]. Degenerate parabolic equations exhibit
a wider range of behaviours. Indeed, observability may hold true, or not, depending on
the strength of the degeneracy. This feature is well understood for parabolic equations
that degenerate on the domain boundary, see [I}, 9] 10, 11 12} 42] in the one-dimensional
case, and [I3] for the multi-dimensional one. Furthermore, a positive minimal time may
be required to get observability, see the works [5], (6] in the case of the Grushin equation,
[4] for the Heisenberg heat equation, and [3] for the Kolmogorov equation. This minimal
time is actually related to localization properties of eigenfunctions. Finally, a geometric
control condition may also be required for the observability inequality to hold [7].

On the other hand, the understanding of the null-controllability (or observability) for
degenerate parabolic equations of hypoelliptic type posed on the whole space is still at an
earlier stage. For the heat equation on the whole space

(1.5) (0r — Ap) f(t,2) = u(t,x)ly(z), (t,z) € (0,T) x R",

no necessary and sufficient condition on the control region w is known for null-controllability
to hold in any positive time. The condition

sup d(z,w) < +00,
zeR™

is shown in [44, Theorem 1.11] to be necessary for null-controllability to hold in any
positive time. On the other hand, the following sufficient condition

(1.6) 35,7 >0,Vy €eR" .,y cw, B(,r) Cwand |ly—1vy|<§,

is given in [45] for null-controllability to hold from the open set w C R™ in any positive
time. The very same condition is shown in [63] to be sufficient for the null-controllability
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of the Kolmogorov equation

(1.7) (O +v-Vi— Ay f(t,x) =u(t,x)l,(z), x € R",
' fli=o = fo € L*(R™),
to hold in any positive time, see also [38] for control sets with Cartesian product structures
W = wy X wy. This result relies on a key spectral inequality proved in [3§].

As a first result in this work (Theorem [1.3)), we prove that condition (1.6)) is actually

sufficient for the null-controllability of all hypoelliptic Ornstein-Uhlenbeck equations

Ouf(t,x) — ITr[QV2f(t, )] — (Bx, Vi f(t,x)) = u(t,z)1,(z), xr e R",
(18) { flimo = fo € LA(R"),

where () and B are real n X n-matrices satisfying the Kalman rank condition, with
symmetric positive semidefinite. This general result allows one to recover in particular
the results of null-controllability for the heat equation and the Kolmogorov equation.
Our proof relies on an adaptation of the Lebeau-Robbiano strategy. Compared to the
classical Lebeau-Robbiano method, the new difficulty in the present analysis is that the
above Ornstein-Uhlenbeck semigroups do not commute with the Fourier frequency cutoff
projections. In order to address this problem, we need to adapt the Lebeau-Robbiano
strategy by taking advantage of some key Gevrey smoothing properties of the Ornstein-
Uhlenbeck equations.

In the second part of this work, we prove that the parabolic equations associated
with a general class of hypoelliptic quadratic operators are null-controllable from open
sets satisfying condition in any positive time. More specifically, our main result
(Theorem establishes that null-controllability holds for the parabolic equation (|1.1)),
as soon as the Weyl symbol ¢ of the quadratic operator ¢"(z, D,) has a non-negative
real part Re ¢ > 0 and a zero singular space S = {0}. The notion of singular space was
introduced in [29] by Hitrik and the second author by pointing out the existence of a par-
ticular vector subspace in the phase space S C R?", which is intrinsically associated with
a quadratic symbol ¢. As pointed out in [29] 32, [33], 50, 53| 55 [61], 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 pseudo-
differential operators [30, 31, 59 60]. In particular, the work [29, Theorem 1.2.2] gives
a complete description for the spectrum of any non-elliptic quadratic operator ¢*(z, Dy,)
whose Weyl symbol ¢ has a non-negative real part Re ¢ > 0, and satisfies a condition of
partial ellipticity along its singular space S,

(1.9) (#,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 [56].
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 are those with zero singular spaces S = {0}.
In this case, the condition of partial ellipticity trivially holds. More specifically, these
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quadratic operators have been shown in [53, Theorem 1.2.1] to be hypoelliptic and to
enjoy global subelliptic estimates of the type

(1.10)  3C>0,Yue L (R, [((z,D:))*"Pull 2 < C(lg” (z, Do)ull g2 + |[ull £2),

where ((z, D;))? = 14 |z|? + | D,|?, with a sharp loss of derivatives 0 < § < 1 with respect
to the elliptic case (case § = 0), which can be explicitly derived from the structure of the
singular space. Our proof of null-controllability for the parabolic equation associ-
ated with a quadratic operator P = ¢"“(x, D,), whose Weyl symbol ¢ has a non-negative
real part Re ¢ > 0 and a zero singular space S = {0}, relies on a similar adaptation of
the Lebeau-Robbiano strategy as the one devised for Ornstein-Uhlenbeck equations .
Contrary to the case of Ornstein-Uhlenbeck equations, the analysis of this class of qua-
dratic operators that are differential operators with variable coefficients, cannot rely on
a sole frequency analysis on the Fourier side. We actually use some recent microlocal
results on the Gelfand-Shilov regularizing properties of the semigroups generated by these
quadratic operators together with a spectral inequality for Hermite functions (Proposi-
tion . As for Ornstein-Uhlenbeck equations, the main difficulty is that the above
semigroups do not necessarily commute with the projections onto Hermite functions. In
order to address this problem, we need to adapt the Lebeau-Robbiano strategy by taking
advantage of some key Gelfand-Shilov smoothing properties of these semigroups.

1.2. Miscellaneous facts about quadratic differential operators. Let ¢*(x, D,) be
a quadratic operator defined by the Weyl quantization of a complex-valued quadratic
form g on the phase space R?”. The maximal closed realization of the quadratic operator
q*(x, D) on L?(R™), that is, the operator equipped with the domain

(1.11) D(¢”) ={g € L*(R") : ¢“(z,D;)g € L*(R")},

where ¢ (x, D,)g is defined in the distribution sense, is known to coincide with the graph
closure of its restriction to the Schwartz space [35] (pp. 425-426),

q“(z, Dg) : Z(R") — S (R").
Classically, to any quadratic form defined on the phase space
q: Ry xR = C,

is associated a matrix F' € Mo, (C) called its Hamilton map, or its fundamental matrix,
which is defined as the unique matrix satisfying the identity

(1.12) V(z,€) e R, V(y,n) e R*", q((z,€), (y,n)) = o((x,£), Fy,n)),

with ¢(+,-) the polarized form associated with the quadratic form ¢, where o stands for
the standard symplectic form

n

(1.13) o((2,€), (y,m) = (& w) — (.n) =D _(&yj — zm)),

j=1
with 2 = (21, ...,2n), ¥y = (W1, Yn)s € = (&1, -, &n), 1 = (M1, ..., ) € C*. We observe

from the definition that )
1
pot Vever  Vea )

O |



6 KARINE BEAUCHARD, KAREL PRAVDA-STAROV

where the matrices Vig = (aij)i<ij<n, Va4 = (bij)i<ij<ns VeVad = (cig)i<ij<n,
VVeq = (d;j)1<ij<n are defined by the entries
aimj = 8§¢,qu7 blv] = 8£2i,§jQ7 civj = 8§2i,qu’ dZ?] = a-g'ugjq
The notion of singular space introduced in [29] by Hitrik and the second author is defined
as the following finite intersection of kernels
2n—1
(1.14) = ([ Ker[Re F(Im F)T]) NR>",
j=0
where Re F and Im F stand respectively for the real and imaginary parts of the Hamilton
map F' associated with the quadratic symbol g,

1 — 1
—(F+F Im FF=—
When the quadratic symbol ¢ has a non-negative real part Re ¢ > 0, the singular space

can be defined in an equivalent way as the subspace in the phase space where all the
Poisson brackets

Re F = F—F).

Olmg 0 Jlmgq O k
k pr— —_— — — .
HimqRte ¢ = ( 9 0xr oz ag)
are vanishing

S={X= (2,6 eR*™: (Hf,Req)(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 Hryg associated with its imaginary part

(1.15) t = Re g(etfma X)),

vanishes to infinite order at ¢ = 0. This is also equivalent to the fact that the function
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

T
(1.16) VT >0, (Req)r(X)= 21T/ (Re q)(ema X)dt > 0,

-T
after averaging by the linear flow of the Hamilton vector field associated with its imaginary
part. These quadratic operators are also known |29, Theorem 1.2.1] to generate contraction
semigroups (e7%");>9 on L2(R™), which are smoothing in the Schwartz space for any
positive time

Vt > 0,Yg € L*(R"), e " gec 2 (R").

In all the following, the terminology semigroup refers to strongly continuous one param-
eter semigroup. In the recent work [33, Theorem 1.2], these regularizing properties were
sharpened and these contraction semigroups were shown to be actually smoothing for
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any positive time in the Gelfand-Shilov space Slg (R™): 3C > 0, Fty > 0, Vg € L*(R"),
Va, 5 € N* V0O < t < 1y,

C1+lal+8

(1.17) 1287 (e™*" g)|| Loo () < JEzEE ()2 (a1 /2
2

(lal+|8+2n-+s) 9]l 22 &)

where s is a fixed integer verifying s > n/2, and where 0 < kg < 2n — 1 is the smallest
integer satisfying

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

j=0

As mentioned above, this Gelfand-Shilov regularizing property will be a key ingredient for
deriving observability estimates in Section [4

A first interesting example of an accretive quadratic operator with a zero singular space
S = {0} is given by the Kramers-Fokker-Planck operator acting on L*(R2 ),

2
(1.19) K=—Ay+ UZ 00y — VoV(2)y, (2,0) € R,

with a quadratic potential
1
V(z) = §a:c2, ae€R".
q

Indeed, this operator writes as K = ¢“(x, v, Dy, D,), where

1 .
Q(xa Uvé‘v 77) = 772 + 11}2 + Z(/Ug - aa"n)a

is a non-elliptic complex-valued quadratic form with a non-negative real part, whose Hamil-
ton map is given by

0 4 0 0
1 .
_| —za O 0 1
F 0 0 0 Zai
1 1

0 1 —§’L 0
A simple algebraic computation shows that
(1.20) Ker(Re F) NKer(Re F Im F) NR* = {0}.

The singular space of ¢ is therefore equal to zero S = {0}. For the Kramers-Fokker-Planck
operator, the integer 0 < kg < 2n — 1 defined in with here n = 2, is equal to 1.

According to [53, Theorem 1.2.1], this integer 0 < ko < 2n — 1 is directly related to
the loss of derivatives 0 < § = 2ko/(2ko + 1) < 1 in the global subelliptic estimate
satisfied by any quadratic operator whose Weyl symbol has a non-negative real part and a
zero singular space. The following examples show that this integer can actually take any
value in the set {0,...,2n — 1}, when n > 1:

- Case ko = 0: Any quadratic symbol g with Re ¢ > 0 a positive definite real part
- Case kg = 1:

q(2,€) = & + 23 +i(22b1 — 116) + Y (€2 + a?
7=3
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- Case kg =2p, with 1 <p<n-1:
n

q(z,8) = & + 23 +i(&] + 20261 + & + 2w3&a + o + & F 2wp1p + ) + Y (6 +20)
Jj=p+2
-Case kop=2p+ 1, withl <p<n-1:
n

q(x,€) = af + (] + 20261 + 6 + 2w36a + o + & + 20p by + ) + Y (6 +2)
Jj=p+2

1.3. Statements of the main results.

1.3.1. Null-controllability of hypoelliptic Ornstein- Uhlenbeck equations. We consider Ornstein-
Uhlenbeck operators

1 < . 1
(1.21) P = 5 Z qi,jaiivxj + Z bi,jl‘jami = 5T1"(QV§) + <Bl‘,vm>, x eR”,
1,j=1 4,j=1
where Q = (¢ij)1<ij<n and B = (b; j)1<i j<n are real n x n-matrices, with ¢ symmetric
positive semidefinite. We denote (A4, B) and |A|? the scalar operators

n n

(1.22) (A,B) = A;B;, |AP = (A,4) =) 43,
j=1 j=1

when A = (44,...,A,) and B = (By,..., B,) are vector-valued operators. Notice that

(A, B) # (B, A) in general, since e.g., (V,, Bx) = (Bz,V,) + Tr(B).

We study degenerate hypoelliptic Ornstein-Uhlenbeck operators when the symmetric
matrix @ is possibly not positive definite. These degenerate operators have been studied in
the recent works [8, 21], 22] 37, 41, 43|, [51]. We recall from these works that the assumption
of hypoellipticity is classically characterized by the following equivalent assertions:

(1) The Ornstein-Uhlenbeck operator P is hypoelliptic
(7i) The symmetric positive semidefinite matrices

t
(1.23) Qt—/ eSBQeSBTds,
0

with BT the transpose matrix of B, are nonsingular for some (equivalently, for all)
t>0,ie det@y >0
(731) The Kalman rank condition holds:

(1.24) Rank[B|Q%] =n,
where
[BlQ?] = [Q%, BQ,...,B"'Q3],
is the n x n? matrix obtained by writing consecutively the columns of the matrices

BJ Q%, with Q% the symmetric positive semidefinite matrix given by the square
root of ()
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(iv) The Hérmander condition holds:
Vo € R", Rank £(X1, Xa,..., Xn, Y0)(z) = n,
with
n
Yo = (Bz,V,), X;= Zqi’ja‘”ﬁ i=1,..,n,
j=1

where L£(X1,X2,...,Xn, Yo)(x) denotes the Lie algebra generated by the vector
fields X1, Xo, ..., X,, Y0, at point z € R™

When the Ornstein-Uhlenbeck operator is hypoelliptic, that is, when one (equivalently,
all) of the above conditions holds, the associated Markov semigroup (7(¢)):>0 has the
following explicit representation due to Kolmogorov [36]:

1 1,0-1
1.25 P e) = — e e 2(@ v fetBr — y)dy, t>0.
02) (D)= e | (e —y)
The first result contained in this work establishes the null-controllability of any hypoelliptic
Ornstein-Uhlenbeck equation from any open control region satisfying condition (1.6]) in
any positive time:

Theorem 1.3. Let T > 0 and w be an open subset of R™ satisfying @) When the
Kalman rank condition holds, the Ornstein-Uhlenbeck equation posed in the L?(R™)
space

Oif(t,x) — LTe[QV2f(t,2)] — (Bx, Vo f(t,x)) = u(t, 2)1,(z), x e R,
IR b b

is null-controllable from the set w in time T > 0.

This theorem allows one in particular while taking @ = 2I,, and B = 0, to recover the
result of null-controllability of the heat equation (1.5)) proved in [45], and by taking

(00 (0 - B
Q‘(o 2[d>’ B_(oo ) n =2,

to also recover the result of null-controllability of the Kolmogorov equation (|1.7)) proved
in [63]. The proof of Theorem [1.3|is given in Section

1.3.2. Null-controllability and observability of parabolic equations associated with accretive
quadratic operators with zero singular spaces. The main result contained in this article is
the following:

Theorem 1.4. Let g : R? X Rg — C be a complex-valued quadratic form with a non
negative real part Re ¢ > 0, and a zero singular space S = {0}. If w is an open subset of
R™ satisfying condition @), then the parabolic equation

{ O f(t,z) +q"(x, Do) f(t, x) = u(t, x)ly(x), xR,
fli=o = fo € L*(R™),

with ¢*(z, Dy) 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 first examples of applications, we notice that Theorem allows us to establish the
null-controllability of the harmonic heat equation

(1.27) (00 — Ay + |2°) f(t,2) = u(t,2)lu(x), (t,2) € (0,T) x R",

from any open control set satisfying condition in any positive time. However, notice
that in the one-dimensional case, this harmonic heat equation is shown to be not
null-controllable from the half line w = (a, +00) in any positive time [17] (Proposition 5.1).
The result of Theorem also applies to the Kramers-Fokker-Planck equation (|1.19)):

2
(at AL+ UZ + 00, — ax&,)f(t,v,x) = ult,v, 2) (v, ), (tv,2)€ (0,T) x R,
when a € R*.

Since the L?(R™)-adjoint of a quadratic operator (¢%, D(q")) is given by the quadratic
operator (¢%, D(g")), whose Weyl symbol is the complex conjugate of the symbol ¢, we no-
tice that the assumptions of Theorem hold for the operator P = ¢%“(«x, D,,) if and only
if they hold for its L?(R")-adjoint operator P* = g% (z, D,). By using the Hilbert Unique-
ness Method [I5] (Theorem 2.44), the result of null-controllability given by Theorem
is therefore equivalent to the following observability estimate:

Theorem 1.5. Let g : R? X ]Rg — 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 an open subset of
R™ satisfying condition @, then for oll T > 0, there exists a positive constant Cp > 0
such that

T
Vg€ LARY), [T gl gn, < Cr /O e~ g2 dt,

where (e~ ) >0 denotes the contraction semigroup on L*(R™) generated by the quadratic
operator ¢ (x, Dy).

The proof of Theorem is given in Section [ It points out in particular that the
control cost in the above observability estimate satisfies

C
o)
where 0 < kg < 2n — 1 is the smallest integer verifying .

We close this paragraph with a few comments on how relate the two key assumptions
ensuring null-controllability in Theorems and that are respectively the Kalman
rank condition ([1.24) and the condition of zero singular space S = {0}. Indeed, we notice
that up to a constant the opposite of the hypoelliptic Ornstein-Uhlenbeck operator

~P= - I(QV) - (Br.V.) = "(x. D.) + LT(B)

3C>1,¥T >0, Cp= Cexp(

is a quadratic operator ¢*(x, D, ), whose Weyl symbol

Q(xvé) = %<Q§:£> - Z<B.%',§>,
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has a non-negative real part Re ¢ > 0. A direct computation shows that the Kalman rank
condition (1.24)) actually implies that the singular space of the quadratic form ¢ is equal
to

S =Ry x {0} CRY x R,

The result of Theorem is therefore not a byproduct of Theorem More specifically,
the condition of zero singular space S = {0} accounts for the smoothing properties of the
semigroup (e_tqw)tzg both on the direct and Fourier sides, that is, for both smoothing
and decaying properties of the semigroup solution e %" g for any positive time ¢ > 0.
On the other hand, the condition that the singular space is equal to S = R? x {0} only
accounts for the smoothing properties of the semigroup solution e~*¢" ¢ for any positive
time ¢ > 0, but not for any decaying property. It explains why the proofs of Theorems [1.3
and rely on different smoothing properties of semigroups, namely Gevrey smoothing
properties for the proof of Theorem and Gelfand-Shilov smoothing properties for the
one of Theorem It also accounts for the fact that the orthogonal projections used in
the first case are frequency cutoff projections, whereas the ones used in the second case
are Hermite projections.

As highlighted in [55], the notion of singular space actually allows one to sharply un-
derstand the propagation of Gabor singularities (characterizing the lack of Schwartz regu-
larity) of the semigroup solution e %" g associated with any accretive quadratic operator.
The lack of Schwartz regularity of a tempered distribution is characterized by its Gabor
wave front set whose definition and basic properties are recalled in [55]. The Gabor wave
front set (or Gabor singularities) was introduced by Hormander [34] and measures the
directions in the phase space in which a tempered distribution does not behave like a
Schwartz function. It is hence empty if and only if a distribution that is a priori tempered
is in fact a Schwartz function. The Gabor wave front set thus measures global regularity
in the sense of both smoothness and decay at infinity. More specifically, it is pointed out
in [55] that only Gabor singularities of the initial datum g € L?(R™) contained in the
singular space S of the quadratic symbol ¢, can propagate for positive times along the
curves given by the flow (e!!fima);cp of the Hamilton vector field

8Imq.2_81mq.g

Hma = =3¢ 5, " oo

associated with the imaginary part of the symbol. On the other hand, the Gabor sin-
gularities of the initial datum outside the singular space are all smoothed out for any
positive time. More specifically, the following microlocal inclusion of Gabor wave front
sets is established in [55] (Theorem 6.2),

(1.28) Vg€ LA(R™"), ¥t >0, WF(e " g) C efms(WF(g)NS) C S.

The microlocal inclusion was shown to hold as well for other types of wave front
sets, as Gelfand-Shilov wave front sets [14], or polynomial phase space wave front sets [62],
see also [54] for a generalization of the microlocal inclusion of Gabor wave front sets
in the non-autonomous case.
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1.3.3. Null-controllability and observability of hypoelliptic Ornstein-Uhlenbeck equations
posed in weighted L?-spaces with respect to invariant measures. Let

1
(1.29) P= 5Tr(cgvi) + (Bx,V,), z€R",

where Q and B are real n X n-matrices, with ) symmetric positive semidefinite, be a
Ornstein-Uhlenbeck operator satisfying the Kalman rank condition .

The existence of an invariant measure y for the Markov semigroup (eF');>o defined in
, that is, a probability measure on R™ verifying

vz 0vf e GEY. [ (P P@dn) = [ fa)duta),
n R
where Cy(R™) stands for the space of continuous and bounded functions on R™, is known
to be equivalent [16] (Section 11.2.3) to the following localization of the spectrum of B,
(1.30) o(B) cC_={z€C:Rez<0}.

When this condition holds, the invariant measure is unique and is given by du(z) = p(x)dz,
where the density with respect to the Lebesgue measure is

1 1,—1
1.31 z) = _ e 2R ) 0 e R™
(1.31) p(x) EEN
with
_ oo sB sBT
(1.32) Qoo = e’ Qe ds.
0

We consider the Ornstein-Uhlenbeck operator acting on the space L% = L*(R", p(z)dw),
equipped with the domain

(1.33) D(P)={g€L;:Pge L}

On the one hand, the following result of null-controllability is an application of Theo-

rem [T}

Corollary 1.6. Let T > 0 and w be an open subset of R™ satisfying @ When the
Kalman rank condition and the localization of the spectrum o(B) C C_ hold, the

Ornstein-Uhlenbeck equation posed in the L% space weighted by the invariant measure

134 o f(t,x) — %Tr[QV%f(t,x)] — (Bx, V. f(t,z)) = u(t,z)1,(z), r € R™
(1.34) fli=o = fo € L2,

is null-controllable from the set w in time T > 0, with a control function u € L*((0,T) x
R™, dt @ p(z)dz) supported in [0,T] X w.

On the other hand, the following result of observability is an application of Theorem [I.5}

Corollary 1.7. Let P be the Ornstein-Uhlenbeck operator defined in , T >0 and w
be an open subset of R™ satisfying @ When the Kalman rank condition and
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the localization of the spectrum o(B) C C_ hold, then the Ornstein-Uhlenbeck operator
satisfies the following observability estimate:

T
3Cr > 0,Yg € LQ(Rn,p(x)dx), HeTPgH%Q(R",p(m)dac) < CT/O HetPgH%2(w,p(m)d$)dt’

where (e!f);>¢ denotes the semigroup on L*(R", p(x)dx) generated by —P.

The proofs of Corollary and Corollary are given in Section 5] As an application,
let us mention that the results of Corollary and Corollary apply for instance to
the system of linear stochastic differential equations given in [50, Section 4.2] that is ob-
tained as a finite-dimensional Markovian approximation of the non-Markovian generalized
Langevin equation in R",

t
(1.35) = —V,V(z) - /0 Y (t — 8)i(s)ds + F(t),

where V() = w?2? is a non-degenerate quadratic potential and F(t) a mean zero sta-
tionary Gaussian process with autocorrelation function

m
~y(t) = Z}\?e_aj‘tl, aj >0, )\j >0,
j=1

in accordance to the fluctuation-dissipation theorem
(F()y® F(s)) = B~ 'y(t = 8)Ln,  B>0,

with I, being the identity matrix. We refer the readers to the work [50] for further details
about this model.

1.3.4. Null-controllability and observability of hypoelliptic Fokker-Planck equations posed
in weighted L?-spaces with respect to invariant measures. We consider the Fokker-Planck
operator

(1.36) P = %Tr(QVfc) — (Bx,V,) — Tr(B), z€R",

where () and B are real n X n-matrices, with ) symmetric positive semidefinite. We
assume that the Kalman rank condition and the localization of the spectrum of B,

(1.37) Rank[QZ, BQ?,...,B"'Q:]=n, o(B)cC_,
hold. As before, we set
1 1,-1

1.38 2) = — 3 Q= wa)
(1.38) o) = Grr e
with

+00 T
(1.39) Qoo :/ esBQeB ds.

0

We consider the operator & acting on the space L7 Ip= L?(R", p(x)~tdx), equipped with

the domain
(1.40) D(Z)={gelLi,: Pgeli,}l
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On the one hand, the following result of null-controllability is an application of Theo-

rem [T.4}

Corollary 1.8. Let T > 0 and w be an open subset of R™ satisfying @ When the
Kalman rank condition and the localization of the spectrum o(B) C C_ hold, the
Fokker-Planck equation posed in the L% /p Sbace wetghted by the invariant measure

0uf (1) = YTY[QV2F(t,2)] + (B, Vo f (1,2) + Te(B)f(1,2) = u(t, ) Lo (1),
SRR Ay

is null-controllable from the set w in time T > 0, with a control function u € L*((0,T) x
R™, dt @ p(x) " dz) supported in [0,T] X w.

On the other hand, the following result of observability is an application of Theorem [1.5

Corollary 1.9. Let & be the Fokker-Planck operator defined in , T >0 and w be
an open subset of R™ satisfying @ When the Kalman rank condition and the
localization of the spectrum o(B) C C_ hold, then the Fokker-Planck operator satisfies the
following observability estimate:

T
ICr >0,Yg € L3, lle" 7 gl 72mn p1 (ayam) < CT/O 16" 117 2 0 p1 () A1

P
etﬂ

where (€'7);>0 denotes the semigroup on L*(R", p(z)~'dz) generated by — 2.

The proofs of Corollaries [I.§ and [I.9] are given in Section [6]

1.3.5. Outline of the work. In Section [2| we state a general observability estimate whose
proof is given in Appendix (Section. This proof relies on an adapted Lebeau-Robbiano
method in which projection operators do not necessarily commute with semigroups. Thanks
to this general result (Theorem , Theorems and are then derived in an
unified way. Section [3| is devoted to the proof of null-controllability for hypoelliptic
Ornstein-Uhlenbeck equations posed in the L?(R") space, whereas the proof of observ-
ability for parabolic equations associated with accretive quadratic operators with zero
singular spaces is given in Section [4 Sections [f] and [6] are then devoted to the proofs of
null-controllability and observability for respectively hypoelliptic Ornstein-Uhlenbeck and
Fokker-Planck equations posed in L?-spaces weighted by invariant measures. Section
provides an application of Theorems and for the study of a model of a two oscil-
lators chain coupled with two heat baths at each side. Section [§]is an appendix giving
the proof of a spectral inequality for Hermite functions used in Section [ a reminder
about the Gelfand-Shilov regularity and the proof of the general observability estimate
(Theorem written in collaboration with Luc Millelﬂ
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2. ADAPTED LEBEAU-ROBBIANO METHOD FOR OBSERVABILITY

This section is devoted to the statement of the following general observability estimate,
that will allow to prove Theorems and in a unified way.

Theorem 2.1. Let Q be an open subset of R™, w be an open subset of Q, (mg)ken+ be
a family of orthogonal projections defined on L*(Q), (e!4)i>0 be a contraction semigroup
on L?(Q); c1,c2,a,b,tg,m > 0 be positive constants with a < b. If the following spectral
inequality

(2.1) Vg € LX(Q),Vk 21, [lmgllz@) < e megl 2w,

and the following dissipation estimate
1 _ m1.b
(2.2) VgeL*(Q),Vk>1,Y0<t<to, [(1-m)(eg)lrz) < o 2" gl 120

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

2 TA |2 c T o
(23) VT >0VgeLA(Q), [l g]2sq < Cexp <Tbm>/o et g7z .,y dt-

We stress the fact that the assumptions in the above statement do not require that the
orthogonal projections (7 )>1 are spectral projections onto the eigenspaces of the operator
A, which is allowed to be non-selfadjoint. We shall see in the proof that the possible lack of
commutation between the contraction semigroup (e*4);>0 and the orthogonal projections
(7r)k>1 can be compensated by the dissipation estimate .

The first version of the present work (arXiv:1603.05367) did not contain Theorem 2.1
which is an abstract observability result of independent interest, nor the estimate on the
control cost in as T tends to zero. The proof of Theorem is written in Appendix
(Section in collaboration with Luc Miller. It is inspired from the works [47, 48] with
a modification suggested to us by the author. This strategy is simpler and more elegant
than the one developped in the initial version of this article. Notice that the constant
C > 1 appearing in the control cost in can be expressed in terms of other rates c1, co

and the exponents a, b and m following the same optimization procedure as the one used
in [47].

3. PROOF OF NULL-CONTROLLABILITY AND OBSERVABILITY OF HYPOELLIPTIC
ORNSTEIN-UHLENBECK EQUATIONS
This section is devoted to the proof of Theorem [1.3]| By using the changes of unknowns
f= eférﬁ(B)tf and u = eféTr(B)tﬂ, where f is a solution to 1' with control u, we
begin by noticing that the result of Theorem [I.3]is equivalent to the null-controllability of
the equation

(3.1) { 0f = 3T(QV2f] — (Bx, Vaf) — 3Te(B)f = at, 2)Lu (),
' fli=o = fo € L*(R™),
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from the set w in time T > 0, where w is an open subset of R” satisfying ([1.6). We observe
that the L?(R")-adjoint of the operator

%Tr(@Vi) + (Bz,V,) + %Tr(B),

is given by
(%Tr(Qvi) (B, V) + %Tr(B))* - %Tr(QVi) +{(=B)a, Vy) + %Tr(—B).

By using the Hilbert Uniqueness Method [15] (Theorem 2.44), the result of null-controllability
of the equation (3.1]) is equivalent to the following observability estimate

N T N
(3.2) VT >0,3Cr > 0,Yg € L*R"), [[e" " gl < CT/O 1€ g7 2.yt

with
P = JTH(QV2) + (~B)z, Vi) + 5Tr(~B).

As the assumptions of Theorem are fulfilled when interchanging B and —B, it is
therefore equivalent to prove the observability estimate (3.2)) for the operator

(3.3) p— %Tr(Qvi) +(Bz, V) + %Tr(B),

with @ and B real n x n matrices satisfying the assumptions of Theorem On the
other hand, we notice that the operator P = —¢"“(x, D,) writes as the Weyl quantization
of the quadratic symbol

ol €) = Q"7 Q7€) — i{Bx. ),

with (-, -) being the Euclidean scalar product on R", whose real part is non-negative. As

recalled above (see also e.g. [35]), the operator — P generates a contraction semigroup on
L2(R™).

We establish the observability inequality 1) for the operator P defined in 1) by
applying Theorem To that end, we introduce m; : L?(R") — E; the orthogonal
frequency cutoff projection onto the closed subspace
(3.4) E; = {f € I*(R") :supp(f) C {£ € R": [¢] <j}}, j=>1,

| - | being the Euclidian norm on R™. The following two subsections are devoted to the
proofs of a spectral inequality of type (2.1)) and a dissipation estimate of type ([2.2]).

3.1. Dissipation estimate. In order to derive an explicit decay rate for the Fourier
transform of the contraction semigroup (e'*’g);>0, we need the following algebraic result:

Lemma 3.1. Let (Q and B be real n x n-matrices, with Q symmetric positive semidefinite.
When the Kalman rank condition holds

Rank[Q2, BQ?,...,B"'Qz2] = n,
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then there exist positive constants ¢ > 0 and 0 < tg < 1 such that
t
Y0 <t < ty,¥X € R", / Q28" X|2ds > ct?hotl|X |2,
0

with | - | being the Euclidean norm on R", where 0 < kg < n — 1 denotes the smallest
integer satisfying

Rank[Q2, BQz, ..., B*Q2] = n.

Proof. We consider the function

t
Fx(t) = / 1Q2e*B" X|2ds, teR,
0
depending on the parameter X € R™. We easily check by the Leibniz formula that
n
35  ven>0vteR, {0 =3 <Z> (Q2(BT)"*e!B" X, Q2 (BT)ke!B” X)),
k=0

where (-,-) denotes the Euclidean scalar product on R™. According to the Kalman rank
condition, we can consider 0 < kyp < n — 1 the smallest integer satisfying

Rank[Q2, BQ?, ..., B*Q2] = n.
We therefore have
Ran(Q?) + Ran(BQ?) + ... + Ran(B*Q2) = R™.
This implies that

ko
(3.6) (M Ker(Q2(BT)?) NR" = {0}
j=0
By induction, we easily check from (3.5)) that for all k& > 0,
k
(3.7) VO <I<2+1, fP(0) = 0= X e [ Ker(Q2(BT)) NR".
j=0

According to (3.5)), (3.6) and (3.7), it follows that for all X € R™\ {0}, there exists
0 < kx < kg such that

2k

(38) W0<j<2kx, fP0)=0, )(?%X+1)(0):<k:
X

)Qh x>

We aim at proving that for all X € S*~! in the unit sphere, there exist some positive
constants cx > 0, 0 < tx < 1 and an open neighborhood Vx of X in S"~! such that

t ~
(3.9) WY € Vi, Y0 <t <ty / Qe B Y Pds > exiPaH,
0
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By analogy with [57, Proposition 3.2], we proceed by contradiction. If the assertion (3.9))
does not hold, there exist a sequence of positive real numbers (;);>¢ and a sequence (Y7);>0
of elements in S*~! so that

(3.10) lim ¢ =0, lim ¥;=X, and im —
l—+o00 l—+o00 l—+o00 tl%x-i-l

t
/ |Q%eSBTYH2ds =0.
0

We deduce from (3.10) that

3.11 2587 Y 2ds = 0.
(3-11) l—>+oo t2kx+1 0<t<t1/ ‘Q ‘ [ds
Setting
1 T 4 o
(3.12) w () = 2k+1/ Qze*P Yi|?ds >0, 0<x <1,
X 0
!

we can reformulate (3.11)) as

(3.13) lim sup w(x)=0.
I=+000<a<1

By writing that

2k x+1
v, ( QﬁeSB Yi|2ds = Lo t2kx+2
1 l

7=0

when ¢ — 0, with al(]) = f)(/‘z)(O)(j!)*l, where the term O(t?X*2) appearing in the right-
hand-side of the above formula can be assumed to be independent on the integer [ thanks
to Taylor formula with integral remainder and the fact that (Y;);>0 are elements of the
unit sphere S*~!, we notice that

2kx +1 o) :
_ 1 7 2kx+2
(3.14) w(z) = z% 77:2’“(*1 -l + Ot ).
It follows from (3.10)), (3.13]) and (3.14]) that
(3.15) lim sup |pi(z)| =0,
=400 0<a<1
with
2kx+1 al(j) ’
_ J
(3.16) () = Z P
By using the equivalence of norms in finite-dimensional vector space, we deduce from
(B15) that
~ e)
(3.17) VO<j<2ky+1, lim —L =g

l—+o0 752kx+1 J
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We obtain in particular that

(3.18) lim a2 o,

=400
According to ([3.8)), this is in contradiction with the fact that
2kx+1 i
(2kx )(0) f)(?kx-i—l)(o)

(3.19) lim oD = Jim DL _Ix
l=+oo (2kx + 1)! (2kx + 1)!

19

By covering the compact set S*™! by finitely many open neighborhoods of the form
(Vx;)1<j<n, and letting ¢ = infi<j<nyex; > 0, 0 < tp = inf1<j<nty; < 1, we conclude

that
t
VX € R", V0 < t < tg, / 1QzeB” X|2ds > ct2ko | x|,
0

since 0 < k x < kg. This ends the proof of Lemma
We prove the following dissipation estimate:

Proposition 3.2. When the Kalman rank condition holds, then we have

(3.20) VT >0,3Cy > 1,Y0 <t < T,VYk > 0,VYgy € L*(R"),

11— Wk)(etPQO)HLQ(Rn) < 676(t)k2”90”L2(R")>

with 0 < kg < n — 1 being the smallest integer satisfying
Rank[QZ, BQ:,..., B*Q2] =n
and

(3.21) 5(t) = Ci inf(t, to)?**t >0, t>0,
T

with 0 < tg < 1 being defined in Lemma[3.1]

Proof. Let go € L*(R") and g(t) = etﬁgg be the solution of

{ ig(t, @) — 5 Te[QVZg(t, )] — (Bx, Vag(t,2)) — 3 Tr(B)g(t,z) =0,
9(0,2) = go().

Then, the function h uniquely defined by g(¢,x) = h(t, eth)e%Tr(B)t solves

{ dih(t,y) — STr[etPQeP V2h(t,y)] =0,  (t,y) € (0,+00) x R",
h(0,y) = go(v), y € R™.

Thus, we obtain that for all (¢,&) € [0, +o00) x R™,

h(t,€) = Gol€)e 3 o 12 el
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implying that the Fourier transform of the semigroup g(t) = et? go is given by

(3.22) §(t,&) = |det(eP)[h(t, e BT ¢)er T D)

_ o HTB) G (BT ) o Q1 /2el==BT ¢2ds

We deduce from (3.22)) and Lemma that for all 0 < ¢t < T, k >0, go € L*(R"),
e_tTr(B) T t171/2.(s—t)BT ¢12
oy [ lGo(e P gPe ol el g
(2m)" /§|>k
1

o (£)[2e— Iy 1012 ¢f2ds : / ~ (12, -3l
e o d¢ < . de.
2m)7 LtBTM G0(€)] §S Gyt J g D) ¢

(
with 0(t) = cinf(t, to)?k0+!. Tt follows from (3.23) that for all 0 <t < T, k > 0, go €
L*(R"),

(3.23) [|(1 = me) (e go) |32 gny =

: a0 ) 2
(271—)” \/|‘§|>k: —t||B]| ’go(‘g)Pe 6(t)|€‘ dé‘
-5 >

<e (t)k2672t\|BH

(3.24) (|1 = me) (e g0) |72 (gny <

< e—g(t)k%*?T”B“

lgol32 g 9022 g

We deduce from (3.24) that there exists C7 > 1 such that for all 0 < ¢t < T, k > 0,
go € LQ(Rn),
5 _ 2
(3.25) 1L = 7)€ 90) 1 F2mny < €O Nlgoll72gn),
with )
6(t) = = inf(t, to)?k0*t1 >0, t>o0.

Cr

It proves the estimate (3.20) and ends the proof of Proposition O

3.2. Spectral inequality for Fourier modes. The following spectral inequality is proved
by Le Rousseau and Moyano in [38, Theorem 3.1]:

Theorem 3.3. If w is an open subset of R™ satisfying condition @, then there exists a
positive constant c; > 1 such that
I17kgl 2ny < € Fllmegllr2(w),
for all k € N* and g € L*(R").
3.3. Proof of Theorem We deduce from Theorem [2.1] with the following choices of

parameters:

(i) Q@ =R",
(ii) A= P,
(i) a=1,b=2,

)

)

) m = 2ko + 1, where ko is defined in Proposition
v) to > 0 as in Proposition
(vi) 0 < g =1/Cy, < 1, where Cy, > 1 is the constant defined in Proposition
/) ¢1 > 0 as in Theorem 3.3
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that
2 TP |12 ¢ 4 tP 12
3C > 1,YT > 0,Yg € LAR"), [|e" glf3>(gn) < Cexp (m> /0 e gll72 () dt.

It proves the observability estimate (3.2]) and ends the proof of Theorem (1.3

4. PROOF OF NULL-CONTROLLABILITY AND OBSERVABILITY OF PARABOLIC EQUATIONS
ASSOCIATED WITH ACCRETIVE QUADRATIC OPERATORS WITH ZERO SINGULAR
SPACES

This section is devoted to the proof of Theorem As in the previous section, we
use the general observability estimate established in Theorem Indeed, the classical
Lebeau-Robbiano method cannot be directly applied in its usual form as the (generalized)
eigenfunctions of accretive quadratic operators with zero singular spaces do not consti-
tute in general a L?-Hilbert basis. Contrary to the usual Lebeau-Robbiano strategy, the
solutions are therefore not expanded on the (generalized) eigenfunctions of the operator
defining the parabolic equation, but in the L?-Hermite basis that does not diagonalize the
operator. With this choice, the difficulty is that the semigroup is not diagonal anymore
in the L?-Hermite basis, and even if a finite number of modes could be steered to zero
at some time, any passive control phase in the Lebeau-Robbiano method makes them all
revive again. To overcome this lack of commutation between semigroups and Hermite pro-
jection operators, we take a key advantage of the Gelfand-Shilov regularizing properties
of semigroups generated by accretive quadratic operators with zero singular spaces, and
the fact that Gelfand-Shilov regularity is characterized by a certain exponential decay of
the Hermite coefficients.

4.1. Gelfand-Shilov regularizing properties. In the following, we denote

(41> Pk’g = Z (gawa)LZ(R")wav k> 07

aeN™?
|a|=k

the orthogonal projection onto the k™ energy level associated with the harmonic oscillator
+o0
H=—Dp+ 2> =D (2k+n)Py,
k=0
where (Y4 )acnn stands for the L2-Hermite basis. We also consider the orthogonal projec-
tion

k
(4.2) = Py, k=0,
j=0

onto energy levels less than or equal to k. The exponential decay results given by the
following proposition are key byproducts of the Gelfand-Shilov regularizing properties of
semigroups generated by accretive quadratic operators with zero singular spaces:
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Proposition 4.1. Let q : ]Rfc”£ — C be a quadratic form with a non-negative real part

Re g > 0 and a zero singular space S = {0}. There exist some positive constants Cy > 1
and to > 0 such that for allt >0, k>0, g € L*(R"),

(4.3) (1 = m1) (€7 9) | 2wy < Coe gl L2mn),
with 0 < kg < 2n — 1 being the smallest integer satisfying and

: 2ko+1
(4.4) 5(t) = mf(”g) >0, t>0.
0

Proof. Let q : Ri@ — C be a quadratic form with a non-negative real part Re ¢ > 0 and
a zero singular space S = {0}. We recall from [35, p. 426] that the quadratic operator
q“(x, D,) obtained by the Weyl quantization of the symbol ¢ is accretive and generates
a contraction semigroup on L?(R™). We denote 0 < kg < 2n — 1 the smallest integer
satisfying . In the work [33, Theorem 1.2}, Hitrik, Viola and the second author have
shown that the contraction semigroup (e =" );> is smoothing for any positive time in the

Gelfand-Shilov space Sll //22 (R™),

Vg e LA(R™),Vt >0, e gec Sllg(R")

We refer the reader to the appendix (Section |8.2)) for the definition and some characteri-
zations of the Gelfand-Shilov regularity. More specifically, we deduce from [33 Proposi-
tion 4.1] that there exist some positive constants Cyp > 1 and ¢y > 0 such that

t2k0+1
e Co

_ 2 w

4. <t<
(4.5) VO<t<ty | .

with £(L?(R™)) the space of bounded operators on L?(R™), that is,

n _w ﬁﬁﬁj—4a 2n
(4.6) Y0 <t <to,¥g € L*(R™), 3 |(e7" g, tha) 2gumyPe @0 U < C2|lg)2, .
aeNn?

We obtain from (4.5)) and the contraction semigroup property satisfied by (e7%");>¢ that

(4.7) vt >0, H65(t)(fAz+|z|2) < Cy.

—tqW
e HL(LQ(R"))
It follows from (4.7) that for all t > 0, k > 0, g € L%(R"),

(1 — ) (e OO Aatlal®) 3B (=Autlal®) —ta” g

11 = ) (™" g)l| 2 rmy = | 22 )

= ||e_6(t)(_Aac+|x‘2)(l _ ﬂ-k)(ea(t)(_Ax'i'lx‘z)e_tqwg)

”L2(Rn)
_ n —Dg+z|?) —tg®
< e IOCERFDF) (1 — gy ) (DDAt =" g3|| 5
_ — z|?) —tq® -
< eIk IO At =" g1 5 oy < Coe ™ OF | g| 2 gny.-

It ends the proof of Proposition .1} O
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4.2. Spectral inequality for Hermite functions. The following spectral inequality for
Hermite functions is proved in Appendix (Section :

Proposition 4.2. Let w be an open subset of R™ satisfying (@) and (Vo) aenn the Hermite
basis of L*(R™) diagonalizing the harmonic oscillator H = —A, + |z|[2. There exists a
positive constant Cy > 1 such that for all k > 0 and (ba)aen» € CN",

( 3 |ba|2)1/2 _ </‘ 3 ba%(x)rdx)l/? - Clecl\/g(/‘ 3 bawa(x)fdx)

o<k Rn o<k w o<k

1/2

In particular, the following estimate holds

(4.8) k> 0,9 € LA(R"), |migllragny < C1eYFmigllra -

Notice that when w is a bounded set (hence does not satisfy ), then the weaker
spectral inequality obtained from while replacing vk by k fails even for single Hermite
functions instead of sums, by at least an extra logarithmic factor in the exponentials when
n > 2. This fact is proved in [46] (Section 4.2). Whether the spectral inequality
holds with vk replaced by kInk in the exponential term when w is a bounded set is still
open. In the one-dimensional case, when w is an open half line and 0 < s < 1, the weaker
spectral inequality obtained from with vk replaced by k° also fails. Indeed, the
Lebeau-Robbiano strategy would otherwise allow to establish a null-controllability result
that is disproved in [46] (Section 4.3.1), see also [I7]. Similarly, Remark 1.9 in [46] points
out that if n > 3, w is a non-empty open cone I' = {z € R" : |z| > ro, € Qo} ro > 0 and
Qo is an open subset of the unit sphere, and if there exists a vector space of dimension 2
in R™ not intersecting the closure of €y, then the weaker spectral inequality obtained from

1) while replacing vk by k* fails for all 1 /2 < s<1.

4.3. Proof of Theorem We deduce from Theorem [2.1] with the following choices of
parameters:

(i) Q =R",
(ill A= _qw(xu-DCC)7
(iii) a =3, b=1,

C1 > 1 is defined in Proposition [£.2]
(vii) co = Cio > 0, where Cjy > 1 is defined in Proposition

that
2 Tq¥ 2 C r tq¥ 2
3C > 19T > 0,g € LR, [l glffa(gn) < Coxp () /0 le=t" g2, dt.

It ends the proof of Theorem
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5. PROOFS OF NULL-CONTROLLABILITY AND OBSERVABILITY OF HYPOELLIPTIC
ORNSTEIN- UHLENBECK EQUATIONS POSED IN WEIGHTED LZ—SPACES

Let P be a hypoelliptic Ornstein-Uhlenbeck operator ((1.29) such that the Kalman rank
condition (1.24) and the localization of the spectrum o(B) C C_ hold. We consider the

operator P acting on the space L2(R", p(x)dx), with p being the density function defined
in (1.31)). The Kalman rank condition

R‘ank[Q%7BQ%7 s 7Bn71Q%] =n,
allows one to consider 0 < kg < n — 1 the smallest integer satisfying
Rank[Q?, BQ:,..., B"Q2] = n.

We associate to the operator P acting on L2 = L*(R", p(z)dx), the quadratic operator .2
acting on L? = L?(R", dx),

(5.1) ZLh=—/pP((v/p) " 'h) — %Tr(B)h.

Recalling the notation (1.22), a direct computation led in the work [51] (see (3.7) in
Section 3.1) shows that

(52) 2 = JQD. + (@i Qe — i{ (500! + B)z, D),

with D, = i~'V,, where Q is the symmetric positive definite matrix ((1.32)). The operator
£ = q"(x,D,) is a quadratic operator whose Weyl symbol

(63) a6 = Q3P + [QiQRal i (0@ + B)w&), (r.6) B,

has a non-negative real part Re ¢ > 0. On the other hand, we prove in [51], see formulas
(3.22), (3.23) and (3.24), that the singular space of the quadratic operator .Z is zero
S = {0}. More precisely, we show in [5I] that the smallest integer 0 < kg < 2n — 1
satisfying

ko
(5.4) ( (N Ker[Re F(Im F)j]> AR = {0},
j=0
with F' being the Hamilton map of ¢, corresponds exactly to the smallest integer 0 < kg <
n — 1 satisfying
(5.5) Rank[Q2, BQz, ..., B*Q2] = n.
Let w be an open subset of R™ satisfying condition (|1.6|). We can therefore deduce from
Theorem applied to the quadratic operator £ that the parabolic equation
Oth(t,z) + ZLh(t,x) = u(t,x)1,(z),
h’t:(] =hg € LZ(Rn,dx),
is null-controllable from the set w in any positive time T' > 0. Let fy € L,Q). By using that
the mappings

(5.6)

T:12 —1L° T2 L2

(5.7) v /pu ] v =P

)
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are isometric, we consider a control function u € L?((0,T) x R",dt ® dz) supported in
[0,T] x w such that the mild solution A to the equation (5.6) with initial datum hg = T fo
satisfies h(T,-) = 0. We deduce from (1.29)), (5.1) and (5.7)) that the mild solution

f= e 2B T1p ¢ Lf,,
to the equation

{ Of(t,x) — STR[QVEf(t,2)] — (Bx, Vo f(t,2)) = a(t,x) 1y (), z € R",
fli=o = fo € L2,

with the control function supported in [0,7] x w,
it z) = e 2 BT ly(t, z) € L2((0,T) x R™, dt ® p(z)dx),

satisfies f(7T,-) = 0. This proves that the hypoelliptic Ornstein-Uhlenbeck equation ((1.34)
is null-controllable from the set w in any positive time 7" > 0. This ends the proof of

Corollary
On the other hand, we deduce from Theorem applied to the quadratic operator .

that for all 7" > 0, there exists a positive constant Cp > 0 such that
T
T —tZ
(5.8) Vho € L*(R™),  [le” " ol 72 (@n g < CT/o le™ holl 2w ardt-

According to (5.1, the semigroup (e'*")y> on L2 is given by
9 Vi L2 0, f fy = ENITL LT,

where (e7*%);>0 denotes the L?(R",dz) contraction semigroup generated by .#. Notice
from the localization of the spectrum o(B) C C_ of B € M,(R) that Tr(B) < 0. By
observing that

1€ foll L2 @n p(ayiz) = €2 B e T foll L2(mn ax)
and .

||etpf0||L2(w,p(a:)dz) = 6_ETF(B)||e_twg)7-f()||L2(w,clr)>
we deduce from and that the hypoelliptic Ornstein-Uhlenbeck operator P sat-
isfies the observability estimate

T
Vg € LQ(Rn,p({L‘)dx), HeTPgH%Q(R",p(x)dm) < CT/O ||etpg|‘%2(w,p(m)dz)dt’
with Cp = e~ TT(B)Cp > 0. This ends the proof of Corollary

6. PROOFS OF NULL-CONTROLLABILITY AND OBSERVABILITY OF HYPOELLIPTIC
FOKKER-PLANCK EQUATIONS POSED IN WEIGHTED L2?-SPACES

Let & be a Fokker-Planck operator (|1.36]) satisfying conditions ((1.37]). We consider the
operator & acting on the space L?(R", p(z)~'dz). The Kalman rank condition

Rank[Q2, BQ?,...,B"'Qz2] = n,
allows one to consider 0 < kg < n — 1 the smallest integer satisfying

Rank[Q2, BQz, ..., B*Q2] = n.



26 KARINE BEAUCHARD, KAREL PRAVDA-STAROV

2

Up = L?(R™, p(x)~dz), the quadratic operator

We associate to the operator & acting on L
£ acting on L? = L*(R", dx),

(6.1) gh= /o 2 (Vh) ~ Tx(B)h.

Recalling the notation ([1.22), a direct computation led in the work [51] (see (2.54) in
Section 2.6) shows that

(62) e= QDL + 130l +i( (00 + B)r. D),

with D, = i~'V,, where Qo is the symmetric positive definite matrix ((1.32)). The operator
£ =q"(z,D,) is a quadratic operator whose Weyl symbol

63) a8 = 5lQHP + SRl +i{ (500 + B)r.€), (5. € R

has a non-negative real part Re ¢ > 0. This Weyl symbol is the complex conjugate of
the Weyl symbol of the operator . It follows that the singular space of the quadratic
operator £ is zero S = {0}. As in the previous section, the smallest integer 0 < kg < 2n—1
satisfying

ko
(6.4) ( () Ker[Re F(Im F)j]> AR = {0},

§=0

with F' being the Hamilton map of ¢, corresponds exactly to the smallest integer 0 < kg <
n — 1 satisfying

(6.5) Rank[Q?, BQ:,..., B"Q2] = n.

Let w be an open subset of R™ satisfying condition (|1.6). We can therefore deduce from
Theorem applied to the quadratic operator £ that the parabolic equation

(6.6) Oh(t, ) + Lh(t, z) = u(t,z)1,(x),

’ h|i=o = ho € L*(R", dx),
is null-controllable from the set w in any positive time T > 0. Let fy € L? /o By using
that the mappings

) 2 -1.72 2
(6.7) L —>L1/p7 T L3, —>L1 ’
v /pu v =\ /p v

are isometric, we consider a control function u € L?((0,T) x R",dt ® dz) supported in

[0, T] x w such that the mild solution & to the equation (6.6)) with initial datum hg = T~1f

satisfies h(T,-) = 0. We deduce from (1.36]), (6.1) and (6.7) that the mild solution
f=eMBgper? |

to the equation

{ Ocf(t,x) — s T[QVEf(t,2)] + (Bz, Vo f(t,2)) + Te(B) f(t,2) = alt, v) L (@),
f|t:0 = fO € L%/pa
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with the control function supported in [0, 7] X w,
i(t,z) = e 2 Bgy(t,2) € L2((0,T) x R", dt @ p(z) ‘dz),

satisfies f(7,-) = 0. This proves that the hypoelliptic Fokker-Planck equation ((1.41))
is null-controllable from the set w in any positive time 7" > 0. This ends the proof of

Corollary
On the other hand, we deduce from Theorem applied to the quadratic operator £

that for all T > 0, there exists a positive constant Cp > 0 such that
T
(6.8) Vho € L*(R™),  |le " hollZ2(gn gy < CT/0 le™" holl 72 (o) dt-

According to lb the semigroup (¢!?);>0 on L? /p 18 given by
(6.9) Vo€ L3,V >0, 7 fo=c 2Bz ttgl gy

where (e7**);>0 denotes the L?(R", dz) contraction semigroup generated by £. By ob-
serving that
g _t _ _
1€"” foll L2 (&m p(e)-1dz) = €2 P e T foll Lo (rm )
and
7 _t _ _
Y foll 12w p(a)-tazy = €2 T E e T foll 12 0 )

we deduce from and that the hypoelliptic Fokker-Planck operator & satisfies
the observability estimate

e

T
Vg € L2(Rn,p($)7ldﬂf), ||6Tyg||%2(R”,p(x)—1dx) < CT/O ||etﬂgH%Q(w,p(x)—ld:E)dt’
with Cp = e TT™(B)Cp > 0. This ends the proof of Corollary

7. APPLICATION: NULL-CONTROLLABILITY AND OBSERVABILITY OF A CHAIN OF TWO
OSCILLATORS COUPLED TO TWO HEAT BATHS AT EACH SIDE

This section is devoted to provide an application of the general results of null controlla-
bility and observability for accretive quadratic operators with zero singular spaces. This
example given in [50, Section 4.3] comes from the series of works [18] [19] 20| 27, 28]. It
is a model describing a chain of two oscillators coupled with two heat baths at each side.
The particles are described by their respective positions and velocities (z;,y;) € R2?, For
each oscillator, the particles are submitted to an external force derived from a real-valued
potential Vj(z;) and a coupling between the two oscillators derived from a real-valued
potential V.(zo — z1). We denote the full potential

Viz) =Vi(xy) + Va(zo) + Ve(zg — 1), == (x1,22) € R,

y = (y1,2) € R?® the velocities and z = (21, 22) € R?? the variables describing the state
of the particles in each of the heat baths. In each bath, the particles are submitted to
a coupling with the nearest oscillator, a force given by the friction coefficient v and a
thermal diffusion at the temperature 7;. We denote wi,ws two standard d-dimensional
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Brownian motions and w = (w1, ws). The system of equations describing this model is
given by

dl’l = yldt

dCL‘Q = ygdt

dy1 = =0y, V(z)dt 4+ zdt

dys = — 04,V (z)dt + zodt

dz1 = —yz1dt + yr1dt — /27T dw,
dzg = —yzodt + yxodt — /27 T5dws.

Setting 17 = O‘éh and Th = O‘%h, the corresponding equation for the density g of particles
is

(7.1)

vy 2
(7.2) hdwg+ Jai(=hd,) (h@zl G xl)) g

v 2 =
+ Zag(-ho,) <h8Z2 R xQ))g n (y WOy — (VaV(z) — 2) - hay)g —0.

For simplicity, we consider the case when h = 1, v = 2 and d = 1. Furthermore, we
consider the case when the external potentials are quadratic

1 1 1
(7.3) Vi(zy) = iaac%, Va(ze) = ibx%, Ve(xr — x9) = §c(x1 — 1),

with a,b,c € R. Let a > 0 be a positive constant. We assume that the parameters satisfy
the following conditions

1
(7.4) a>§max(oz1,oz2), a1 >0, ay>0, (a+c—1)(b+c—1)—c*#0.

When these conditions hold, we can deduce from Theorems and the following
results:

Proposition 7.1. Let w be an open subset of RS _ satisfying . Setting

z?yiz

2 2
Y z _20
|2|+|2|z-:1:, My=¢e€a,
when the conditions hold, the evolution equation

atg(tvx,yv Z) + al(_an)(azl + 0%1(21 - l'l))Q(t,Q?,y, Z)

+ag(—0s,) (0 + 0%(22 —22))9(t,z,y,2) + (y- 0 — (VaV(z) — 2) - 8y) g(t, z,y, 2)
= u(taxay7 Z)]lw(x7y7 2)7
gli=o = go € L*(R, M 'dzdydz),

O(z,y,2) = V(z) +

posed in the space L*(R%, M 'dxdydz) is null-controllable from the set w in any positive
time T > 0, with a control function u € L*((0,T) x RS dt @ M dxdydz) supported in
[0,T] x w. On the other hand, the mild solution to the evolution equation

Ohg(t, .y, 2) + a1(=02) (02 + 2 (21 — 1)) g(t, 7y, 2)

1

—1-042(—822)((9,22 + 0%(22 - :Eg))g(t,:v,y, z) + (y <Oy — (Vi V(z)—2)- 8y)g(t,x,y, 2) =0,

2

gli=0 = go € L*(R®, M dadydz),
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satisfies the following observability estimate:

VYT > 0,3Cr > 0,Ygo € L*(RS, M dadydz),
T

2 2
19 a0tz e < € [ 190 it
0

Proof. We consider the operator

P =ai(~0.) (0. + jl(zl ) +an(—02) (0 + OZ(ZQ ~ )
+(y-0r = (VaV(2) = 2) - 9y).

We associate to the operator P acting on L?(R%, M 'dxdydz) the quadratic operator
¢ (X, Dx) acting on L?(RS dxdydz) defined as

_1 1
(7.5) My?PME =q"(X,Dx) — 2,
with X = (x,7,2) € R%. The explicit computation of the quadratic operator
w 1 2 1
(76) ¢"(X,Dx) = (=0 + (o1 =) (8 + (o = ) (&1 =)+
1 2 1
a2< — 0y + E(ZQ - x2)> (322 + (072 — E) (20 — xz)) + (y- 0 — (VaV(x) — 2) - 0y) + 2,

is led in [50, Section 4.3]. Its Weyl symbol is given by

q =1 + @ + Bi(z1 — 21)? + Ba(22 — 22)? +i[261(1 (21 — 1) + 2622 (22 — 72)
+y1&1 + Y2l —m ((a + )z — cxg — zl) — 772( —cx1+ (b+c)zg — 22)],
with

aq 2 1 a9 2 1 aq (6D)
/8127(7_7>7 /82:7(7_7)7 6127_17 62:7_15
a\a;  « a\ay  « o o

where the notations &, 1, ¢ stand respectively for the dual variables of x, y, z. The condition
1
a>g max (o, ag),

ensures that this quadratic symbol has a non-negative real part Re ¢ > 0. On the other
hand, some algebraic computations led in [50, Section 4.3] show that the Hamilton map
F of the quadratic symbol ¢ satisfies to

Ker(Re F) NRY = {(z,y,2,&n,¢) €eR?: (=0, 2 =2},
Ker(Re F) 1 Ker(Re Fln F) R = {(1,y,2,€,1,() €RZ: y=n=C=0, x =2},
Ker(Re F) N Ker(Re FIm F) N Ker(Re F(Im F)?) NR"
={y=&=n=(=0,z=2, (a+c—1)z1 —cxa=0,—cx1 + (b+c— 1)zy = 0}.
According to ([7.4)), the singular space is therefore equal to zero S = {0}.
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Let w be an open subset of R satisfying condition (1.6). We can therefore deduce from
Theorem applied to the quadratic operator ¢“ (X, Dx) that the parabolic equation

{ Oih(t, X) + q¥(X, Dx)h(t, X) = u(t, X)1,(X),

(77) h’t:() =hg € L2(R6, dX),

is null-controllable from the set w in any positive time 7' > 0. Let go € L*(R%, M;1dX).
By using that the mappings
T: L3RS, dX) — L2(RS, M;ldx) T':L*RO, M_'dX) — L*(R® dX)
v =V Mav ’ v — \/./\/la_lv ’
are isometric, we consider a control function u € L?((0,7) x RS dt ® dX) supported in
h

[0, T] x w such that the mild solution h to the equation (7.7)) with initial datum hg = T g
satisfies h(T,-) = 0. We deduce from (7.5 and (7.8)) that the mild solution

g=¢e*Th € LA (RS, M 1dX),

(7.8)

to the equation
Org(t, X) + a1(=02,) (9, + 2 (21 — 11))g(t, X)
+042(—822)(8Z2 + o%(@ - xg))g(t,X) + (y 20 — (VaV(z) — 2) - (%)g(t,X)
= u(t, X)1,(X),
g’t:() =490 S L2<R67M;1dX)7
with the control function supported in [0,7] x w,
a(t, X) = e*Fu(t, X) € L*((0,T) x R, dt ® M ;'dX),

satisfies g(T,-) = 0. It proves that this equation is null-controllable from the set w in any
positive time 7' > 0.

On the other hand, we deduce from Theorem applied to the quadratic operator
q¢“(X, Dx) that for all T' > 0, there exists a positive constant Cp > 0 such that

T
(7.9) Vho € L*(RS,dX), |le " PX)ng |12, o 4xy < Crr / le™ " P ho |72 .y -
0

According to (7.5)), the semigroup (e~*);>0 on L?(R%, M_1dX) is given by
(7.10) Vgo € (RS, MY dX), Wt >0, e gy = eXTe 10" (XNPx)g—1g0

where (e*4"(X:Px)),5 ¢ denotes the L?(R™, dz) contraction semigroup generated by ¢% (X, Dx).
By observing that

et (XPx)g =1 g, |22 (®s ax)

—tP
le”™* 9oll 2w Az 1ax) = €
and
||e_tp.90”L2(w7M;1dx) = 62tH€_tq (X7DX)$_190||L2(w,dX)7

we deduce from ((7.9) and (7.10)) that the operator P satisfies the observability estimate
T
Vg € L*(R°, M 'dX), ”e_TPgH%Q(]RG,M(;ldX) < CT/O !\e_tpg\liQ(MM&ldX)dt,

with Cp = e*TCp > 0. This ends the proof of Proposition a



NULL-CONTROLLABILITY OF HYPOELLIPTIC QUADRATIC DIFFERENTIAL EQUATIONS 31

8. APPENDIX

8.1. Spectral inequality for Hermite functions. This section is devoted to the proof
of a spectral inequality for Hermite functions. To that end, we use the following result
proved by Le Rousseau and Moyano in [38, Proposition 3.2]:

Proposition 8.1. (Weight function for elliptic Carleman estimate). Let S > 0, Q =
(0,5) x R™ and w be an open subset of R™ satisfying (@ There exists a function
¥ € C3([0, 5] x R Ry) such that

(8.1) Y e WH([0,5] x R),

(8.2) V(s,z) € Q, [(Vsat)(s,2)| = C,
(8.3) Ve e R"\w, (0s¢)]s=0 > C,
(8.4) (Os9))]s=s < =C' <0, ¥l=s=0,

with C > 0 being a positive constant.

In order to establish the spectral inequality for Hermite functions, we need to derive a
global Carleman estimate for the augmented elliptic operator

P=-Agu+|z)* =02 - Ay + |z,
on the set @ = (0,5) x R™.
Proposition 8.2. (Global elliptic Carleman estimate). Let w be an open subset of R™
satisfying (@ and 1 the weight function given by Proposition . With
o(s,z) = exp(Mp(s,z)), A =1,
there exist some positive constants C > 0, 19 > 1 and Ay > 1 such that
(8.5) €917y + Tl 29l 720y + T Vs 20l 72 )
T 71O (Dg) ol e gy + 762 1059l sms gy + T2 lgloms 22

< (€7 Pgl2a(0) + 762 (Va0 s—sZaan

+ 77 (29)ls=5 | Fa(rny + Tl (D59)|s=0l72(.)):
with A = Xg, for all T > 19 and g € C?([0, S];.7(R", C)) verifying g|s—o = 0.

Proof. The proof of this result is a slight adaptation of the proof of Proposition 3.3 given
in [38]. Compared to the estimate appearing in [38] (Proposition 3.3), there are two
additional terms in the estimate (8.5) coming from the quadratic potential |z|? in the
operator P. More specifically, there is the extra term
2
THewxgHL?(Q),
appearing in the left-hand-side of the estimate (8.5) and the extra term

77| (29)|s=s 172 n);
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appearing in its right-hand-side. In the following proof, we only emphasize the differences
with the one given in [38, Proposition 3.3].

We observe that P = P + |z|2, where P denotes the operator appearing in the proof
given in [38, Proposition 3.3]. Keeping the very same notations as in [3§], the conjugated
operator

EP =P T, 1> 1,
can be written as _ _
P, = A+iB,
with A = A1 + Ay + Ag, B = B+ Eg, where the operators Ay, Ao, B, Eg are the same as
the ones defined in [38, p. 3205], whereas the additional operator As is given by Az = |z|2.
Let 0 < p < 2 be positive parameter. Following [38, p. 3206], we next write

Ep—l—T,uAgp:A—i—iB,

with B = B1+Bg and By = —it(1+p)Ag. Forv € C?([0, S]; .7(R, C)) verifying v|s—¢ = 0,
by expanding the square of the norm

5 2 112
[Pov + Tl v||720) = [[Av + iBvl|72 (),
we obtain from Proposition [8.1] that

(8.6) Re(Av,iBv) 12y = Y Lik S |Povll3aig) + Ox(m)Ivl32()
1<5<3
1<k<2

where the terms I;; are explicitly computed in [38, formulas (3.13) to (3.16)] for any
1 <7,k < 2. On the other hand, the new terms

I3 = Re(A30,iByv)12(g), 1<k <2,
are given by
I3o =7(1+ ,u)/ l2v|? Ay 2o dads
Q
I3 = 27Re</ |2|*v(dsp 05T + Vg - VxU)d:L‘ds) = Js1 + BT3,
Q

with

J31 = —T/ lzv|202pdxds — 7'/ [v|?div(|x|* V) dzds
Q Q

= —T/ 202 A pip drds — 27/ vz - Vypdzds,
Q Q

(8.7) BT3, = T/ |zv]205¢0] s—sd,
RTL
since v|s—¢ = 0. Following [38], we deduce from that
(8.8) Re(Av, iBv) gy = J + BT < 1 Btl2i) + Or(r) 012,

with J = J +J31 + I3, BT = BT + BT3 1, where the terms J and BT are defined in [38),
p. 3207]. We first study the interior terms:



NULL-CONTROLLABILITY OF HYPOELLIPTIC QUADRATIC DIFFERENTIAL EQUATIONS 33

Interior terms. Following [38], we have
(8.9) J = / (T370|v]? + 71| Vs20|? + Tye|zv|?)dads + X,
Q

with
X=X- 27/ %% - Vaopdrds, o = plg 2o,
Q

where the terms 7y, 1 and X are defined in [38, p. 3208]. It is established in [38, formula
(3.18)] that

(8.10) 0 2 A% 2 M,
when A > 1 is sufficiently large. On the other hand, we deduce from ({8.1]) and (8.2) that
2 = 1w = HA(Dsat))p + pN | Vs a2 N,

when X\ > 1 is sufficiently large. It provides a new positive term in the left-hand side of
the estimate of the type

(8.11) 7')\2/ lzv|?pdrds > 7')\2/ |zv|2dads,
Q Q

since ¢ > 1, as » > 0. We observe from Proposition (8-9), (3.10) and (8.11) that the
additional term in X given by

—27/ [v|?x - Vppdds = —27/\/ [v|?x - (Vo)) pdads,
Q Q
can be absorbed
‘27’/ |U|2:L"-ng0d:pds‘ 57’1/2>\/ |xv\2g0d:cds+73/2)\/ lv|>@dxds,
Q Q Q
when the parameters A and 7 are sufficiently large by the following positive term

/ (A% |z 2o + T3N3 0| dads,
Q

since ¢ > 1, appearing in the estimate from below of the term J. By taking advantage
of the estimate from below of the term J in [38, formula (3.19)] and by choosing the
parameter A sufficiently large (fixed) and the parameter 7 sufficiently large (arbitrary), we
obtain that

(8.12) J 2 70l T2y + TIVsavl2q) + Tllzvll7zg)-
We next study the boundary terms:
Boundary terms. It follows from Proposition and (8.7) that

n

BTy1 =1\ / |20 05tp|s—gda 2 —TA / |(2v)]s=s|da,
Rn
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since p|s=g = 1. Putting together this estimate and the lower bound on the term BT
given in [38, formula (3.23)], we obtain that there exist some positive constants Cy, C; > 0
such that for sufficiently large values of the parameters A > 1 and 7 > 1,

(813) ﬁ > CO(TSA?)HU‘S:SH%Q(R") + T)\Has'l)|s=SH%2(Rn) + TA||¢1/28$U|S:O”%2(Rn))
= C1(TAValezs 72 @ny + TANZV]s=5 172 @ny + TN 2050]s=0l[72 (o))

By collecting the estimates (8.8)), (8.12)) and (8.13]) obtained for the interior and boundary
terms, we deduce that

73|’UH%2(Q) + 7'||Vs,a:”H%2(Q) + 7“33””%2(@ + 7'3Hv|s=SH%2(Rn)
+IH85U|S=S||%2(RW,) + THasU|s=OH%2(Rn)
S ||P@U||%2(Q) + TQH”H?}(Q) + THsz|S=SH%2(Rn) + T||xv|s:S||%2(Rn) + THasU|S=0H%2(w)a

when the parameters A > 1 (fixed) and 7 > 1 (arbitrary) are sufficiently large. For
sufficiently large values of the parameter 7 > 1, it follows that
TSHUH%2(Q) =+ T||Vs,x”H%2(Q) + TH337)”%2(Q) + T3HU|S=SH%2(Rn)
+IHaSU|s:SH%2(R") + THas’U|s:OH%2(Rn)
N ||P@U||%2(Q) + T”VzU|S=SH%2(Rn) + T||$U|s:S||%2([Rn) + 7’H35v|s:0\|%2(w).

We observe that all the above calculations still make sense when taking v = e¢"¥g, with
g € C?([0,S];.Z(R",C)) verifying g|s—o = 0. By using classical arguments, we finally
obtain the estimate (8.5)). This ends the proof of Proposition O

We deduce from the global Carleman estimate derived in Proposition the proof of
the spectral inequality for Hermite functions:

Proof of Proposition Let N > 1 and (by)aens € CY'. We consider the function

sinh(sv/2|a| +n)
8.14 uls,r) = ba a\T .
(8.9 )= 3 o)™ L

This function belongs to the space C2([0, S];.(R™, C)). It satisfies the conditions u|s—¢ =
0 and Pu = (—0? — A, + |z|*)u = 0, since

Va e N, (=g + [2)te = (2la] + n)ta.

Applying the global Carleman estimate given in Proposition provides that for all
Tz 70,

(8.15)  72|luls=s | F2gn)
< C(H(vxuﬂs:SH%?(R") + H(xu”s:SH%?(R") + eTMH(asU”s:O”%?(w))’
with 0 < M = 2exp(Aosup,e,, ¥(0,2)) — 2 < +o0, where 1 € W3([0, 5] x R") is the
non-negative weight function given in Proposition We observe that
(816) ||u|s:SHi2(]Rn) _ Z |ba|2<Sinh(S\/ 2|Oé’ + n))Q '
=N V2|al+n
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On the other hand, by using the classical formula

Ma
f ¢J rwa e; — V& + 177Z)a+ejv

we deduce that for all 1 < j § n,

sinh(S+/2|a|4+n) 2
ba (0, Ya
a|z<:N (Oeyye) Vaaltn L2 ®rm)

h(S+/2|al4+n) 2 sinh(S+/2|al+n)
ba\/ sinh(5+/Zlaftn) bar/
la‘ng fo" wa €j /2|a)+n L2(Rn) |a|z<:N J ¢a+63 /2|a)+n

: 2
IN 4+ 1 b2 (Snh(Sy2laf+n) ) ©
( +>|a|§N|ar( L)

It follows that

1002 1) s=5I7 2y =

IN

L2(R")

IN

sinh(S+/2|a| + n)
(8.17) (Vo) s=sl22gny < nE2N +1) > |bal?
2 Py 2 )

By using the other classical formula

\/ﬁfﬁj% =V + 1Ware; + /X Pa—e;,

we obtain by using the very same lines that

o (sinh(S+/2|a] + n))Q

(818)  [l@w)ls=slfe@n < n@N+1) D [bal’(

<N V2|al+n

We deduce from (8.14), (8.15), (8.16), (8.17) and (8.18) that for all N > 1, 7 > o,
(ba)OcEN" € CNna

- Slnh(S\/m) TM
(12 — 2nC(2N + 1 };Nyby( NerED ><Ce HO; batbol| e

By taking v = max{7o, /2nC(2N + 1) + 1}, we obtain that for all N > 1,

o _ 1 o (sinh(S+/2|a] 4+ n) CeTNM
EN!ba\ < & |};Nlbar e e ) < H|Z batbal

This ends the proof of Proposition [£.2]

UJ

8.2. Gelfand-Shilov regularity. We refer the reader to the works [25], 26], [49] 58] 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

JA,C >0, [0%f(x)| < CAll(al)re a7 eR" aeN",
or, equivalently

JA,C >0, sup |2°0%f(x)] < CACHBIQ (B, a,B e N
PISING
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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, |flx)<Ce = zerr,  |f(&)] < Ce T ¢ e R

In particular, we notice that Hermite functions belong to the symmetric Gelfand-Shilov
space Sll//g(R”) More generally, the symmetric Gelfand-Shilov spaces S, (R™), with p >

1/2, can be nicely characterized through the decomposition into the Hermite basis (Vy ) aenn,
see e.g. [58] (Proposition 1.2),

fe SR & feL*(RY), 3t >0, |[((f ¥a)r2 exp(tola|2)) < 400

aeN? HlQ(N")
1
& f e L*(R"), 3t >0, "™ fll2@n) < +00,
where H = —A, + |x|? stands for the harmonic oscillator.

8.3. Adapted Lebeau-Robbiano method for observability. This appendix is writ-
ten in collaboration with Luc Millexﬂ7 and provides a proof of Theorem

Proof. For simplicity, the notation || - [| refers in all the following to the norm || - || z2(q).

Step 1: We begin by establishing the following estimate: Vg > 0, 30 < 73(¢) < to,
M (q) > 0,

(819) VO <7 <74(9).¥g € L(Q),  fo(m)e™ gl — folar)llgl® < / e g 72 dt,
2

where
(8.20) fa(s) = exp ( - M£)>, s> 0.
gb—a

To that end, we consider
3c12Tm N 515
Vg >0, ~(g) = (Climy :
Coqb=e
We observe that
(8.21) Vg >0, cy(q)’27™ =3¢ (27(q))aq_%.
For all ¢ > 0, we can find 0 < 7((q) < to such that for all 0 < 7 < 7(q),
27v(q))" b
(8.22) 7(2) > 1, z > exp ( - W), 12 < exp (C”(Z?n )
Tb—a 4 Tb—a 02 OIMrb—a

Let ¢ > 0, 0 < 7 < 7)(q) and g € L%(Q2). There exists a positive integer k(g,7) > 1
verifying

(8.23) 1< 7(3) <k(gT)< 27&)’

Tb—a Tb—a

2Université 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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since according to li the interval (7(q)77%,2fy(q)77%) is of length > 1, and is
contained in (1,400). We deduce from the Pythagorean identity, the triangular inequality
and (2.1 that for all t > 0, k > 1 and g € L?(f2),

6—201 k®

1
TH@”‘QH2 < T(HMGMQIIZHI(1—7%)6”‘9”2) < iHﬂketAglliz(prll(1—7Tk)6tA9H2

< ||€tAgH%2(w)+||(1—7Tk)€tA9”%2(w)+||(1—7Tk)€tA9H2 < ”etAQH%Q(w)+2||(1—7Tk)€mg”2»

6—201ka

since | - [[z2() < || - || By integrating the previous estimate on the interval (3, 7), and by
using the contraction property of the semigroup, we deduce from (2.1)) and (2.2) that for
allk>1,0< 7 <tpand g € L2(Q),

,
a ]. a
20 G edg s [ e g ar

T

(1" gl1 22y + 201 (1 = me)et ) dt

T 2 _ m1.b

< [ (het e + 5 e gl
3 2
2

(VAN
wﬂ\o ™|

,
T _ T\ym
< Il + e g
3 2
2

Setting M (q) = 3c1 (27(q))a, we deduce from 48.20D, (I8.21[), QS.ZZD and 1) that for all
q>0,0<7<7)(q),

T o2k 5 T oo (_ 20(27(@)*
(8.25) e =1 eXp( o )
3c1(2v(g)* ()
> - - _ _
> exp (==t = e (= g = S0
and
b b
T m2e(3)mh@n)® « T o (262700 ~ en(g)
8.26 2 < 2 < 2
( ) C% e 2 < C% exp( oy > exp( QWTE)
3e1(2v(g)” M(q)
=exp( — ) =exp (= ——am ) = fola7).
< (qT) b—a ) ( (qT) b—a > a

Then, the estimate (8.19) readily follows from the estimates (8.24]), (8.25)) and ({8.26).

Step 2: We can now derive the observability estimate ([2.3)) from a telescopic serie argument
due to [47] (see also [48]) and already exploited in [2), 52} 63].
We consider the parameters 1) = 7)(3), M = M(3) and the function f = f1 defined in
2

Step 1 for the choice of parameter ¢ = % We set

(8.27) Cp = M2« >0, Ty=2r)>0.
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For 0 < T < Ty, we define for all & > 0,

T

(828) Tk — W y

To=1T, Thy1 =Ty — 7%.

By applying the estimate (8.19) to the function eTk+144 with the parameter 73, we obtain
that for all £ > 0 and g € L*(Q2),

Tk
FE) [T AgI2 = Flrppn)llAg|? < / et g2 .t

Thk41

Summing up the previous estimates for all k£ > 0 provides that

To T
(829)  f(r)le"gl? = f(mo)lle™ gl S/O IetAQIIQLQ(w)dtZ/O e 1172 ) dt;

since

T, — 0
k——+o00

and by the contractivity property of the semigroup

M
FE) e Agl? < exp (= = )lgl? — 0.
kafa ——+00

We deduce from (8.27)), (8.28)) and (8.29) that

- C T
(8.30) VO < T < Ty, Vg € L*(Q), |eT4g|?> < exp (Tb;) /0 e g117 2 dt-

Setting

pr=1e,
(s :exp( ~M1> > 1,
Tobfa

and by using anew the contractivity property of the semigroup, it follows from (8.30) that
for all T > Ty, g € L*(Q),

] Ty
& 2
(8.31) leTg|> < le24g|? < 02/0 e g[17 2 ., dt

Ch T oA
< Cyexp (Tam>/0 le! 9”%2(@‘#‘

b—a

With C = sup(C1,Cs) > 1, we deduce from (8.30)) and (8.31) that

Toia
e 917 2., dt.
0

b—a

(8.32) VT > 0,¥g € LA(Q), [leTg|? < Cexp (TC’">

This ends the proof of Theorem [2.1] O
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