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GEOMETRIC CONDITIONS FOR THE
NULL-CONTROLLABILITY OF HYPOELLIPTIC QUADRATIC
PARABOLIC EQUATIONS WITH MOVING CONTROL
SUPPORTS

KARINE BEAUCHARD, MICHELA EGIDI & KAREL PRAVDA-STAROV

ABSTRACT. We study the null-controllability of some hypoelliptic quadratic
parabolic equations posed on the whole Euclidean space with moving con-
trol supports, and provide necessary or sufficient geometric conditions on the
moving control supports to ensure null-controllability. The first class of equa-
tions is the one associated to non-autonomous Ornstein-Uhlenbeck operators
satisfying a generalized Kalman rank condition. In particular, when the mov-
ing control supports comply with the flow associated to the transport part
of the Ornstein-Uhlenbeck operators, a necessary and sufficient condition for
null-controllability on the moving control supports is established. The second
class of equations is the class of accretive non-selfadjoint quadratic operators
with zero singular spaces for which some sufficient geometric conditions on the
moving control supports are also given to ensure null-controllability.

1. INTRODUCTION

We study parabolic equations posed on the whole Euclidean space R?,

(1.1) { (0 + P)f(t,z) = Ly (w)ult, x), z e Rt >0,
) fli=o = fo € L*(R?),

and controlled by a source term u locally distributed in a time-dependent control
subset w(t) € RY. The controllability of partial differential equations with moving
control subsets is at the core of current investigations and the topics of several
recent works [8, 23, 28].

We consider in this work two specific classes of hypoelliptic quadratic parabolic
equations, and we aim at pointing out necessary or sufficient geometric conditions
on the moving control subsets (w(t))ier to ensure null-controllability. In order
to ensure the well-posedness of the evolution equations (1.1), the moving control
subsets are assumed to satisfy the following measurability property:

Definition 1.1 (Moving control support). Let € be an open subset of R and I
be an interval of R. A moving control support on I in Q is a family (w(t))ier of
subsets of R? such that the map (t,z) € I xQ > Lty () is measurable, where 1)
denotes the characteristic function of the moving set w(t).
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The Cauchy problems (1.1) studied in this work will all be well-posed in the
space C°([0,T], L?(R)), for any initial datum fu € L?(R?) and control function
u € L2((0,T) x R%). The previous definition of moving control support (w(t))ser
does not rule out the case when the control subsets are empty w(t) = () at certain
times. Let us notice in particular that if (w(t)):es is a moving control support in
R?, and E is a measurable subset of I, then the family of subsets (@ (t))se; defined
as w(t) = w(t)if t € E, or w(t) = 0 if ¢t € I\ E, also defines a moving control
support in R¢, since 15 (x) = 1p(t)1,4)(x) is a product of measurable functions.

Definition 1.2 (Null-controllability and control cost). Let T' > 0 and (w(t)):efo,1)
be a moving control support on the time interval [0,T] in R%. Equation (1.1) is
said to be null-controllable on the time interval [0,T) if, for any initial datum fy €
L*(R%), there exists a control function u € L?((0,T) x R?), such that the solution
of (1.1) satisfies f(T,-) = 0. If the equation is null-controllable, the control cost
is defined as the smallest positive constant Cr > 0 such that any initial datum
fo € L2(R?) can be steered to zero by means of a control function u € L2((0,T)xR?)
satisfying
lull 20,7y xrey < C7 || foll £2(Rdy-

We consider in this work two specific classes of hypoelliptic quadratic parabolic
equations (1.1). The first one is the class of evolution equations associated to non-
autonomous Ornstein-Uhlenbeck operators satisfying a generalized Kalman rank
condition described in Section 1.1. The null-controllability with fixed control sub-
sets w(t) = wp of these non-autonomous equations was studied by the first and
third authors in [3], and the following sufficient condition for null-controllability on
fixed open control subsets was established in [3] (Theorem 1.3),

(1.2) 3r,6 >0,y € R, 3y € wo, Ba(y',7) Cwo and |y —y'| <6,

where B4(y',r) denotes the open Euclidean ball centered at y’ with radius r. The
second class studied in this article is the class of evolution equations associated to
accretive non-selfadjoint quadratic operators with zero singular spaces described
in Section 1.2. The null-controllability with fixed control subsets w(t) = wq of
these hypoelliptic equations was studied by the first and third authors in [4] (The-
orem 1.4), and was shown to hold for any fixed control subset satisfying the very
same geometric condition (1.2). The results in [3, 4] were some first steps outlining
and providing preliminary insights on the geometry of the control subsets needed to
get null-controllability for these two classes of hypoelliptic non-selfadjoint evolution
equations. However, the geometric condition (1.2) was not expected to be sharp to
ensure null-controllability, and a new breakthrough was then made by Veseli¢ and
the second author in [10], who established that the following notion of thickness
is a necessary and sufficient condition on fixed control subsets to ensure the null-
controllability of the heat equation posed on the whole Euclidean space R? in some
positive time, as well as in any positive time:

Definition 1.3 ((§,«)-thick set). Let 0 < 6 < 1 and o = (v, ..., aq) € (0, 400)%.
A measurable subset S C R? is a (0, a)-thick set in R? if the following estimate
holds:

d
vz e R A(SN(z4[0,a1] X ... X [0,q])) >0 H a;,
j=1
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with \ being the Lebesque measure on R?. A measurable subset S C R? is said to be
thick in R? if S is a (6, o)-thick subset in RY, for some 0 < § < 1 and a € (0, +00)%.

The very same result about the heat equation was obtained independently by
Wang, Wang, Zhang and Zhang in [48]. As the heat equation is a particular example
of Ornstein-Uhlenbeck equations which obviously enjoys the very specific features
of being autonomous, elliptic, as well as having only a diffusive structure with
no transport part, it is then natural to wonder to which extent this thickness
condition is also relevant to ensure the null-controllability of general Ornstein-
Uhlenbeck equations, and whether the null-controllability results obtained in [3, 4]
actually extend for thick control subsets. We therefore aim in this work at sharply
understanding which geometry on the control subsets rules the null-controllability of
Ornstein-Ulhenbeck equations, and how possible transport phenomena induced by
these equations interplay with the geometry of the control subsets. This geometry of
the control subsets naturally ends up to be time-dependent because of the transport
phenomena associated to general Ornstein-Ulhenbeck equations. The results given
in Section 1.1 provide some necessary or sufficient geometric conditions on the
moving control subsets to ensure null-controllability. In the particular case when
the moving control subsets comply with the flow associated to the transport part
of the Ornstein-Uhlenbeck operators, a necessary and sufficient condition related to
the thickness property of the moving control subsets is derived. In a second part of
this work, we consider evolution equations associated to accretive non-selfadjoint
quadratic operators with zero singular spaces. The results given in Section 1.2 show
how those established in [4] can actually extend in the framework of moving control
subsets. For this second class of hypoelliptic quadratic parabolic equations, we
unfortunately provide only a sufficient condition for null-controllability. It would be
of course most interesting to also derive a necessary condition for null-controllability
as for Ornstein-Ulhenbeck equations. However, the transport phenomena at play
for this second class of equations are far more complex and this topic is not studied
in this work.

1.1. Null-controllability of non-autonomous Ornstein-Uhlenbeck equa-
tions.

1.1.1. Non-autonomous Ornstein-Uhlenbeck operators and generalized Kalman rank
condition. We consider the evolution equation

(13) O f — 3Te(AMAM)TVEf) = (B(t)2, Vo f) = lug)(2)u,
’ fli=o = fo € L*(RY),

associated to the non-autonomous Ornstein-Uhlenbeck operator

d
ik (Daj (D05, 4 + D biy(a;0u,, x €RY,
1 i,j=1

(1.4) P(t):%Tr(A(t)A(t) V) + (B(t)r, V,)

>

i,k

N =

where

A= (aijh<ij<d, B=(bij)i<ij<a € CF(I, Ma(R)),
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are smooth mappings with values in real d x d matrices, with I being an open
interval of R containing zero, A(t)” standing for the transpose matrix of A(t). The
well-posedness of the Cauchy problem (1.3) is proved in appendix (Section 6.1).

In order to ensure appropriate smoothing properties in Gevrey spaces, which
are a key ingredient to establish null-controllability thanks to an adapted Lebeau-
Robbiano method when using the abstract observability result in Theorem 3.2, we
assume that the following generalized Kalman rank condition holds:

To that end, we define by induction the sequence of smooth mappings (Ak) k>0 €
(I, Ma(R))" by

(1.5) Viel, Aolt) = A(t),

(1.6) VE>0,Vtel, Apg(t)= %flk(t) + B(t)AL(t).

Definition 1.4 (Generalized Kalman rank condition). The generalized Kalman
rank condition is said to hold at some time T > 0, if T € I and

(1.7) Span{A,(T)z: = € R k >0} =R

The condition (1.7) was shown by Chang [7], and by Silverman and Meadows [40]
to be sufficient for the controllability of the linear control system & = —B(t)x+A(t)u
on the interval I. As noticed in [9, p. 11], the two following vector spaces

Span{A(T)z: = € R% k> 0} # Span{Ay(T)z: zcR%,0<k <d—1},

are in general distinct, as contrary to the constant case studied in Section 2.2, the
Cayley-Hamilton theorem does not apply. However, it was proved by Coron in [9]
(Proposition 1.19) that when the condition (1.7) holds at some time 7' € I, then
there exists a positive constant ¢ > 0 such that

(1.8) Yt e IN(T —&, T4)\{T}, Span{A(t)z: z e RL,0<k<d—1} =R%
This assertion (1.8) can be reformulated as
(1.9)  VtelIn(T—¢eT+e)\{T}, Rank[Ao(t),A(t),...,Aq_1(t)] =d,

where [Ag(t), A1 (t),..., Ag_1(t)] is the d x d? matrix obtained by writing consecu-
tively the columns of the matrices A;(t). The above formula directly relate to the
classical Kalman rank condition (2.4) appearing in the autonomous case.

1.1.2. Geometric conditions for null-controllability. The main result of null control-
lability for non-autonomous Ornstein-Uhlenbeck equations (1.3) contained in this
work is the following one:

Theorem 1.5. Let T > 0 and (w(t))e(o,r) be a moving control support in RY. We
assume that the generalized Kalman rank condition (1.7) holds at time T.

(i) (Sufficient condition). Let § > 0, a € (0,+00)? and E be a measurable
subset of [0,T] satisfying
(1.10) W<rg<T,VO<r<wry, NEN[T-r1T])>0.

If w(t) is a (8, a)-thick subset in R? for allt € E, then the non-autonomous
Ornstein-Uhlenbeck equation (1.3) is null-controllable on [0,T] from the
moving control support (w(t)):eo,1)-
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(i7) (Necessary condition). If the non-autonomous Ornstein- Uhlenbeck equa-
tion (1.3) is null-controllable on [0,T] from (w(t))ic(o,r], then the moving
control support satisfies the following integral thickness condition on [0,T],

T
(1.11) 3r,6 > 0,Vz € RY, / A(Ba(z,7) NR(0,T — t)w(t))dt > & > 0,
0

where Bg(xz,r) denotes the open Euclidean ball centered at x with radius r,
and where R stands for the resolvent of the time-varying linear system

X(t) = B(T —t)X (1),
that is, the solution of the system

(1.12) Rlto. to) = I.

(iii) In particular, if w(t) = R(T —t,0)wo, with wy a fized subset of RY, then the
non-autonomous Ornstein-Uhlenbeck equation (1.3) is null-controllable on
[0, T] from (w(t))eepo,y, if and only if wo is a thick subset in R,

The assertion (i) in Theorem 1.5 extends the result of [3] (Theorem 1.3) to
non necessarily open and possibly moving control subsets since the geometric as-
sumption (1.2) readily implies the thickness condition. We also notice that in the
assumptions of Theorem 1.5, the generalized Kalman rank condition (1.7) is only
supposed to hold at time T', and is allowed to fail for smaller times in the limit of
the constraints highlighted by (1.8). Regarding the assumption (1.10) in assertion
(), and for a given subset £ C R with positive Lebesgue measure, we observe that
condition (1.10) holds for almost every time T' € E, as it holds in particular for any
Lebesgue point 7" in FE, that is, points satisfying the condition

(1.13) lim —A(EN [T —rT+7]) = 1.

r—0 21
r>0
Indeed, condition (1.13) readily implies that

lim SA(E A [T =7, T]) = 1.
=k
The proof of assertion (7) relies on an adapted Lebeau-Robbiano method and an
abstract observability result proved in Theorem 3.2, which is applied to the ad-
joint problem. The result of Theorem 3.2 extends the abstract observability result
established in [4] (Theorem 2.1) to the non-autonomous case and under weaker dis-
sipation assumptions allowing a controlled blow-up for small times in the dissipation
estimates. This generalization with weaker dissipation assumptions is motivated by
various study cases, and is actually needed in Theorem 1.6 (even in the framework
of fixed control subsets) to derive the null-controllability of evolution equations as-
sociated to accretive non-selfadjoint quadratic operators with zero singular spaces.
The assertion (i) in Theorem 1.5 provides a necessary condition for the null-
controllability, which does take into account the transport phenomena induced by
the drift term in the Ornstein-Uhlenbeck equations associated to the drift matri-
ces B. Notice that this condition implies in particular that any point z € R? is
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at distance less than r of the set R(0,T — t)w(t) on a time subset whose Lebesgue
measure is bounded from below as

5
d
> —
Ve e R, AI(x)) > Cord’

with Cy > 0 being the measure of the unit open Euclidean ball in R¢, and
I(z) ={t € [0,T]: Ba(z,r)NR(0,T —t)w(t) # 0}.

The necessary condition (i7) is derived by trying out gaussian explicit solutions in
the observability estimate for the adjoint system. We observe that assertion (i7)
turns out to be useful to produce negative null-controllability results and can allow
to find out cases when null-controllability may require a positive minimal time as
the integral thickness condition can fail for small times while holding for large ones.
We refer the reader to the various study cases in Section 2.

When the moving control subsets comply with the flow associated to the trans-
port part of the Ornstein-Uhlenbeck equations, that is, when w(t) = R(T — ¢, 0)wo
for all 0 < ¢ < T, with wg a fixed subset of R¢, assertion (#i¢) in Theorem 1.5 pro-
vides a necessary and sufficient condition, namely the thickness condition on wqy for
null-controllability to hold on [0, T]. This result allows to directly recover the neces-
sary and sufficient condition for null-controllability of the heat equation established
independently in [10] and [48], as in this case B = 0 and w(t) = R(T —t,0)wy = wy
for all 0 < t < T. Regarding the proof of assertion (iii), the necessary result is a
direct consequence of (i) as condition (1.11) implies that there exist 4, > 0 such
that for all z € R?,

0<d< /OT A(Ba(z,7) N R(0,T — t)w(t))dt = TA(Ba(z,r) Nwy),

which by equivalence of norms in finite dimension, implies the thickness property
of the subset wy in RY. On the other hand, if the subset wy is thick in R?, there
exist some positive constant dg, 79 > 0 such that

Vz e RY, /\(Bd(x,ro) ﬁwo) > 69 > 0.

The control subsets w(t) = R(T — t,0)wp are then (8, a)-thick subsets in R¢ for all
0<t<T,since for all 0 < ¢t < T and = € R?,

M{z+ [-r Y Nw(t)) > M(Ba(z,r) Nw(?))
= |det R(T — ¢,0)|A((R(0,T — t)Ba(z, 7)) Nwp)
coA(Ba(R(0,T — t)a,r0) Nwo) > codo

v

with
codo

(2r)¢

and o = (2r,...,2r) € (0,+00)?. This proves that assertion (iii) is a direct conse-
quence of assertions (i) and (i4) in Theorem 1.5.

The following section provides some applications of Theorem 1.5 with several
study cases of Ornstein-Uhlenbeck equations including the detailed analysis of the
general autonomous case. We prove for instance that the Kolmogorov equation

(1.14) (8¢ + vy — D) f(t, 2, v) = 1 (2,v)u(t, z,v), (t,z,v) € (0,T) x R xR,

r=rg sup |[|[R(T —t,0)|]2>0, co= inf |detR(T —t¢,0)|>0, §j=
t€[0,T) t€[0,T]

>0,
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(7) is not null-controllable on [0, T, for any arbitrary T > 0, when the control
acts on the fixed control subset w made of parallel vertical strips

w= ( U (n—e‘n|,n+s|n‘)) xR CR, xR,,
nez
whose width 0 < g, <1 defines (&,,)n>0 & non-increasing sequence vanish-
ing at infinity lim, 40, =0
(#4) is not null-controllable on [0, T], for any arbitrary T' > 0, when the control
acts on the cone

(1.15) w={(z,v=0az) ER*: —tanfy <o <0} C R, x R, with 0 < 6y <g

(#it) is not null-controllable on [0,7T] with T' < ﬁ, when the control acts on
the cone

(1.16) w= {(x,v =ar) eR?: —tanfy < a < tan@o} C R, xR,

with 0 < fp < 3
We also prove that the Kolmogorov equation with the non-degenerate quadratic

external potential V (z) = 122,

(1.17) (0 +v0y, — 10, —0) f(t, z,v) = 1, (2, v)u(t,z,v), (t,2,v) € (0,T)xRxR,

(¢) is not null-controllable on [0, T, for any arbitrary T > 0, when the control
acts on a strip shaped control subset w = R x (—=L,L) C R, x R,, with
L>0

(i7) is not null-controllable on [0,7] with T" < m — 6§y when the control acts on
the cone

(118) w={(z,v=0az)eR?: 0<a<tanbh} CR, xR, With0<00<g

We also provide in Section 2 examples of moving control supports (w(t)):er that
satisfy the integral thickness condition (1.11) without being thick subsets in R9.

For instance, we prove that:
(i) The cone (1.16) satisfies the integral thickness condition (1.11) associated
to the Kolmogorov equation (1.14) if and only if T' > ﬁ
(#7) The cone (1.18) satisfies the integral thickness condition (1.11) associated
to the Kolmogorov equation with the quadratic external potential (1.17)
when T > 7 — 6y
(¢17) The moving control support (w(t))¢e(o,r] defined by

w(t) = wy/1+ 2ut, where w =[-1,1] U U (n*,n? +n) U (—n? —n, —n?),
n>1

with g > 0, is not thick in R for any 0 < ¢ < T', but does satisfy the integral
thickness condition (1.11) on [0, 7] associated to the one-dimensional heat
equation

(0 — 02) f(t,2) = Ly (z)u(t,z), (t,z) € (0,T) x R,

for any positive time 7" > 0

1.2. Evolution equations associated to accretive non-selfadjoint quadratic
operators with zero singular spaces.
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1.2.1. Miscellaneous facts about quadratic operators. Quadratic operators are pseu-
dodifferential operators defined in the Weyl quantization

1 () r+y
1.19 Y (x, Dy = e=y)eg (=2 dyd.
(119) @D = g [ Sa( ) i
by symbols q(x, £), with (x,¢) € R¥xR?, d > 1, which are complex-valued quadratic
forms

q: Rg X ]Rg — C
(@,8) = q,).
These operators are actually differential operators with simple and fully explicit
expression since the Weyl quantization of the quadratic symbol z®¢#, with (a, 8) €
N24 | + 3| = 2, is given by the differential operator
z*Df + DBz~
2 )
Notice that these operators are non-selfadjoint as soon as their Weyl symbols have a
non-zero imaginary part. The maximal closed realization of the quadratic operator
q“(x, D;) on L?(R%), that is, the operator equipped with the domain
(1.20) D(¢") = {f € L*(RY) : ¢¥(x,D,)f € LQ(Rd)},
where ¢*(z, D) f is defined in the distribution sense, is known to coincide with the
graph closure of its restriction to the Schwartz space [19] (pp. 425-426),
q“(z,D,) : S (RY) — 7 (R?).

Classically, to any quadratic form ¢ : R? x Rg — C defined on the phase space
is associated a matrix F € Myy(C) called its Hamilton map, or its fundamental
matrix, which is defined as the unique matrix satisfying the identity

(1.21) V(w,€) € R*Y(y,m) € R*,  q((x,€), (y,m) = o((2,€), F(y,n)),

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

D, =i"'8,.

d

(1.22) o((2,), (y,m) = > _(&y; — zim;),

j=1

with z = (xlv"'7$d)7 Y= (y17'-"ayd)7 g = (517"'756[) and n= (7717 "'777(1) € (Cd' We
observe from the definition that

= 1 Vﬁvxq vgq
2 —V2iq —V,Veq )’
where the matrices Viq = (ai,j)lgi,jgdy ng = (bzgj)lgi}jgd, VeVeq = (Ci,j)lgi,jgda
VaVeq = (d; j)1<ij<a are defined by the entries
Qij = 8§i751/’jq’ bi’j = a?i’qu’ Cij = a?ivﬂ?jq’ di’j = aii,éjq'

The notion of singular space introduced in [14] by Hitrik and the third author is
defined as the following finite intersection of kernels

2d—1
(1.23) S = ( (M Ker[Re F(Im F)J]) R,

j=0
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where Re F and Im F stand respectively for the real and imaginary parts of the
Hamilton map F' associated with the quadratic symbol ¢,

1, 1 _
Re F=3(F+F), ImF=_(F—F).
1

As pointed out in [14, 17, 18, 33, 38, 39, 46], the notion of singular space plays a ba-
sic role in the understanding of the spectral and hypoelliptic properties of (possibly
non-elliptic) quadratic operators, as well as the spectral and pseudospectral proper-
ties of certain classes of degenerate doubly characteristic pseudodifferential opera-
tors [15, 16, 44, 45]. In particular, the work [14] (Theorem 1.2.2) provides a complete
description for the spectrum of any non-elliptic quadratic operator ¢*(x, D,) whose
Weyl symbol ¢ has a non-negative real part Re ¢ > 0, and satisfies a condition of
partial ellipticity along its singular space S,

(1.24) (z,§) €5, q(x,§) =0 = (2,§) = 0.

Under these assumptions, the spectrum of the quadratic operator ¢“(z,D,) is
shown to be composed of a countable number of eigenvalues with finite algebraic
multiplicities and the structure of this spectrum is similar to the one known for
elliptic quadratic operators [41]. 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 condi-
tion (1.24) 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 [38] (Theorem 1.2.1) to be hypoelliptic and to enjoy global
subelliptic estimates of the type

(1.25) 3C > 0,Vu € Z(RY), [[{(2, Dz))*"ulr2 < C(llg" (z, Dy )ull 2 + ||l z2),

where |- |22 = || - ||2(rey and ((2, D;))* = 1+ |2|* 4+ | Dy |?, 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.

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}. These qua-
dratic operators are known [14] (Theorem 1.2.1) to generate contraction semigroups
(e717");>0 on L?(R?), which are smoothing in the Schwartz space for any positive
time

vt > 0,Vf € L2(RY), 1" fe s (RY.
In the recent work [18] (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 Sll//;(]Rd): 3C >0, Jty > 0, Vf € L2(RY),
Vo, € N4, V0 < t < t,

ClHlal+(8]

(1.26) |27 (e f)l| oo mety < pEES (@22 fl| 2 ga),
2

(laf+]B]+2n+s)

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

ko
(1.27) ( () Ker[Re F(Im F)j]) AR = {0}.
3=0
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The definition and few facts about the Gelfand-Shilov regularity are recalled in
appendix (Section 6.5). Notice that the definition (1.27) makes sense as the singular
space is zero S = {0}. An interesting example of accretive quadratic operator with
zero singular space is the Kramers-Fokker-Planck operator acting on LQ(R?U),

2
(1.28) K=—A,+ UZ 00y — VoV (2)0y, (z,0) € RZ,

with a non-degenerate quadratic external potential V(x) = %x2 for which ky =1
in this case. We refer the reader to the works [4, 33, 38] for other examples of ac-
cretive quadratic operators with zero singular spaces, as e.g. hypoelliptic Ornstein-
Uhlenbeck or Fokker-Planck operators acting on L2-spaces weighted by invariant
measures [4], quadratic operators appearing in finite-dimensional Markovian ap-
proximations of the non-Markovian generalized Langevin equation [33], or models
of chain of oscillators coupled at heat baths at each side [4, 33].

1.2.2. Sufficient geometric condition for null-controllability. The main result re-
garding evolution equations associated to accretive non-selfadjoint quadratic oper-
ators with zero singular spaces is the following sufficient geometric condition for
null-controllability with moving control supports:

Theorem 1.6. Let q : RY x Rg — C be a complex-valued quadratic form with a
non-negative real part Re ¢ > 0, and a zero singular space S = {0}. Let T > 0,
§>0, ac (0,+c0)4, (w(t))tejo, ) be a moving control support in R and E be a
measurable subset of [0,T] with positive Lebesgue measure AN(E) > 0. If w(t) is a
(9, a)-thick subset of R? for all t € E, then the parabolic equation

Orf(t,x) + ¢ (x, Do) f(t, ) = Loy (z)ult, x), z € RY,
(129) { ft‘tzo _ fO c L2<Rd>7 ®)

is null-controllable on [0,T].

The null-controllability from fixed control subsets of evolution equations associ-
ated to accretive non-selfadjoint quadratic operators with zero singular spaces was
studied in the previous works [4, 5], and was shown to hold for any fixed control
subset satisfying the geometric assumption (1.2) in [4] (Theorem 1.4), and for any
fixed thick subset in [5] (Theorem 2.2). The result of Theorem 1.6 therefore extends
these previous results in the framework of moving control supports. In the case of
fixed control subsets, let us mention that Theorem 1.6 actually provides an alter-
native proof to the one given in [5]. Indeed, the proof of Theorem 1.6 relies on an
abstract observability result (Theorem 3.2), that extends the abstract observability
result established in [4] (Theorem 2.1) from which is derived Theorem 2.2 in [5].
However, the abstract observability results are applied with different families of
orthogonal projections. In the work [5], the orthogonal projections at play are the
projections onto the first Hermite modes, whereas in the present work, the orthog-
onal projections are frequency cutoff projections. The spectral estimates (3.1) and
the dissipation estimates (3.2) are therefore of different kinds in the two proofs,
and are linked to smoothing effects in different types of regularity. In [5], the dissi-
pation estimates are derived from a Gelfand-Shilov smoothing effect, that is, some
Gevrey type smoothing effects both for the solutions and their Fourier transforms.
In the present work, the dissipation estimates are derived from a weaker smoothing
effect only given by a Gevrey type smoothing effect for the solutions. Regarding
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the spectral estimates (3.1), we use in this work the quantitative version of the
Logvinenko-Sereda Theorem established by Kovrijkine [21], whereas it was needed
in [5] to derive an adapted version of the Logvinenko-Sereda Theorem for finite com-
binations of Hermite functions. The proof given in the present work is then somehow
more natural than the one derived in [5]. However, it is actually most interesting to
be able to use two different approaches for establishing null-controllability. On one
hand, one can indeed consider more degenerate cases of evolution equations associ-
ated to accretive non-selfadjoint quadratic operators with possibly non zero singular
spaces. This question was recently addressed by Alphonse in [1] (Theorem 1.12),
who obtained some null-controllability results from fixed thick subsets for evolution
equations associated to certain classes of quadratic operators with non zero singu-
lar spaces that enjoy only partial Gelfand-Shilov smoothing effects. Theorem 1.12
in [1] is actually derived from the abstract observability result (Theorem 3.2) es-
tablished in the present work and used with frequency cutoff projections. On the
other hand, the other approach based on the Gelfand-Shilov smoothing effects and
projections onto the first Hermite modes which applies only for evolution equations
associated to quadratic operators with zero singular spaces can be push further by
taking advantage of the up to now unused exponential decay of the solutions in
order to weaken the thickness assumption of the control support. This is the topic
of a work in preparation by Martin and the third author [27].

1.3. Structure of this article. Section 2 is devoted to provide some applications
of Theorem 1.5 and to study specific non-autonomous Ornstein-Uhlenbeck equa-
tions with various moving control supports including the general autonomous case
and various examples of non-thick control supports that still satisfy the integral
thickness condition (1.11) for some positive time. The main result in Section 3 is
Theorem 3.2 which extends the abstract observability result established in [4] (The-
orem 2.1) to the non-autonomous case and under weaker dissipation assumptions
allowing a controlled blow-up for small times in the dissipation estimates. This
abstract result is key in the proofs of Theorems 1.5 and 1.6. Theorem 1.5 is estab-
lished in Section 4, whereas the proof of Theorem 1.6 is given in Section 5. The
appendix in Section 6 recalls various results needed in the core of this work as the
well-posedness of the homogeneous and inhomogeneous Cauchy problems associ-
ated to non-autonomous Ornstein-Uhlenbeck equations in Section 6.1; the Hilbert
uniqueness method in the framework of moving control supports in Section 6.2;
some key uncertainty principles related to thick subsets in R? in Section 6.3; basic
facts and estimates on Hermite functions in Section 6.4; and the definition and
various characterizations of the Gelfand-Shilov regularity in Section 6.5.

2. SOME STUDY CASES OF ORNSTEIN-UHLENBECK EQUATIONS

This section provides some applications of Theorem 1.5 with several study cases
of Ornstein-Uhlenbeck equations.

2.1. Heat equation. By applying Theorem 1.5 to the heat equation, that is, the
autonomous Ornstein-Uhlenbeck equation with A(t) = v/2I; and B(t) = 0,

{ (0 — D) f(t,2) = L(@ult,a), () € (0,T) x RY

21) Flico = fo € L2(RY),
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we recover the following result established for fixed control subsets w C R? in [10,
48]

Corollary 2.1. Let w be a measurable subset of R®. The following assertions are
equivalent:

(i) The subset w is thick in R?
(i4) The heat equation (2.1) is null-controllable from w for some time T > 0
(#i7) The heat equation (2.1) is null-controllable from w in any time T > 0

Proof. We first notice that the generalized Kalman rank condition (1.7) holds at any
positive time T > 0, as Ag(T) = v/2I;. Corollary 2.1 is then a direct consequence
of assertion (#i7) in Theorem 1.5, as here B = 0 and w(t) = R(T — t,0)w = w for
all0 <t <T. O

2.2. Abstract autonomous hypoelliptic Ornstein-Uhlenbeck equations.
We consider Ornstein-Uhlenbeck equations on R¢ in the autonomous case

atf(taz) - %Tr[QVﬁf(t,a:)] - (Bx,fo(t,z» = ]lw t U(t,l‘),
(22) { f|t:0 _ fO c LQ(Rd), ®)

with Q, B € My(R), where @ is a symmetric positive semidefinite matrix. We
assume that generalized Kalman rank condition holds at some time 7" > 0, that is,

(2.3) Span{BkQ%x = Rd, k>0}= ]Rd7

with Q% the symmetric positive semidefinite matrix given by the square root of Q.
In the autonomous case, notice that if the generalized Kalman rank condition holds
at some positive time, then it holds at any positive time. According to the Cayley-
Hamilton theorem, condition (2.3) is equivalent to the classical Kalman rank con-
dition
(2.4) Rank[B|Q?] = d,
where

[BIQ?*] =[Q*, BQ?,..., B'Q7],
is the d x d? matrix obtained by writing consecutively the columns of the matrices
BjQ%. By applying Theorem 1.5, we obtain the following result in the autonomous
case:

Corollary 2.2. Let T > 0 and (w(t)):e[o,7) be a moving control support in R?. We
assume that the Kalman rank condition (2.4) holds.

(i) (Sufficient condition). Let § > 0, a € (0,+00)? and E be a measurable
subset of [0, T] with positive Lebesgue measure A(E) > 0. If w(t) is a (4, a)-
thick subset in RY for all t € E, then the autonomous Ornstein- Uhlenbeck
equation (2.2) is null-controllable on [0,T] from the moving control support
(w(t))iefo,1]-

(77) (Necessary condition). If the autonomous Ornstein-Uhlenbeck equa-
tion (2.2) is null-controllable on [0,T] from the moving control support
(w(t))teo, 1), then the moving control support satisfies the following inte-
gral thickness condition on [0,T],

T
(2.5) 3r,0 > 0,Vz € RY, / A(Ba(z,r)N e(t_T)Bw(t))dt >6>0,
0
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where Bg(xz,1) denotes the open Euclidean ball centered at x with radius r.
(iii) In particular, if w(t) = eT=YBwy, with wy a fived subset of RY, then the
following assertions are equivalent:
a) The subset wy is thick in R?
b) The autonomous Ornstein- Uhlenbeck equation (2.2) is null-controllable
on [0, T] from the moving control support (w(t))epo,1) for some positive
time T > 0
¢) The autonomous Ornstein- Uhlenbeck equation (2.2) is null-controllable
on [0,T] from the moving control support (w(t))iepo,r) in any positive
time T > 0

Proof. The assertions (i¢) and (i) of Corollary 2.2 are a direct rephrasing of the
corresponding statements in Theorem 1.5, since here R(t1,ty) = elti—to)B  with
t1,to € R. It therefore remains to prove assertion (). If E is a subset of [0, 7] with
positive Lebesgue measure, we can find 0 < 77 < T such that

W<rg<T'NVO<r<ry, MEN[T —r,T) >0,

as it is sufficient to take any Lebesgue point 7’ of E. The Kalman rank con-
dition (2.4) implies that the generalized Kalman rank condition (1.7) holds at
time 7”. The assertion (¢) in Theorem 1.5 provides the null-controllability of the
autonomous Ornstein-Uhlenbeck equation (2.2) on [0,7”] from the moving control
support (w(t))iefo,r]. We therefore obtain the null-controllability on [0,7] from
the moving control support (w(t)).c[o,7] by extending the control function to zero
on [T',T]. O

2.3. Translation example with the Kolmogorov equation. The Kolmogorov
equation
(2.6) (0 +v0, — ) f(t,x,v) = 1y (x,v)u(t,z,v), (t,z,v)€ (0,T) xR xR,

with T' > 0, is an autonomous Ornstein-Uhlenbeck equation (2.2) with the matrices

(00 ) o)

The Kalman rank condition holds since

asai-(§ b 5 )

Notice that in this case, the characteristics associated to the drift matrix B follow
horizontal lines and are translations along the z-axis since

s [ 1t
(2.7) VE>0, e (0 1>.

The following result holds true:

Proposition 2.3.
(i) If w is a thick subset in R2 | then the Kolmogorov equation (2.6) is null-

z,07
controllable on [0, T] from the fixed control subset w for any positive time
T>0
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(#7) Ifw is made of parallel vertical strips whose width vanishes to zero at infinity

w= ( U (n—qn|,n—|—5‘n|)) X Ry, where 0 <e, <1 and lim &, =0,
nez n—+oo

with (en)n>0 being a non-increasing sequence, then, for any arbitrary time
T > 0, the Kolmogorov equation (2.6) is not null-controllable on [0,T] from
the fixzed control subset w

(#it) If w is a cone of the type

7r

2 3
then, for any arbitrary time T > 0, the Kolmogorov equation (2.6) is not
null-controllable on [0,T] from the fized control subset w

(i) If w is a cone of the type

w={(r,v=az) €RZ,: —tanfy < o < 0} with 0 < 6y <

w={(z,v=az) €RZ,: —tanfy < a < tanfy} with 0 < fy < g,

then:
1) The integral thickness condition (2.5) on [0,T] holds if and only if
T > tar?é’o

2) The Kolmogorov equation (2.6) is not null-controllable on [0,T] from
the fized control subset w when

0<T<
tan 6

3) The null-controllability of the Kolmogorov equation (2.6) on [0,T] from
the fixed control subset w when
2
tanfy’

is mot covered by the previous results and is an open problem

Proof. The assertion (i) in Proposition 2.3 is a consequence of (¢) in Corollary 2.2.
Regarding the proof of assertion (i¢) in Proposition 2.3, we first observe that the
strip-shaped control subset w is not thick in R2, since

n+N
YN > 1,¥n > N, A({(n,0) + [-N, N’} Nw) < Y 4e;N <4N(@2N + Den_n,

j=n—N

tends to zero when n — +oo. The sufficient condition given by assertion (¢) in
Proposition 2.3 therefore does not hold. According to (2.7), the subset e~*Bw is
composed by parallel strips with the angle arctant with respect to the v-axis as
shown in Figure 1. It follows that for all ¢ > 0, N > 1 and n > ([t] + 2)N + 1,

n+([t]+2)N+1
A({(n,0) + [-N,N]*} ne~"Pw) < > 4e;N
j=n—([t1+2)N-1
<AN(2([t] + 2)N + 3)en—(g+2)n -1,
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where [-] denotes the floor function. The necessary condition for the null controlla-
bility (2.5) therefore does not hold on [0, 7] for any T' > 0, as for all T > 0, N > 1
and n > ([T] 4+ 2)N +1

0< /T A({(n,0) + [-N,N*} ne *Puw)dt <ATN (2([T] +2)N + 3)en—((1)+2)N—1,
0

tends to zero when n — 4o00. For any arbitrary T' > 0, the Kolmogorov equation
(2.6) is therefore not null-controllable on [0, T] from the fixed control subset w.

a)t=0 v b)t>0 v

x
1B 2| 11 2 f /3/4// 1

FIGURE 1. Motion of the union of strips with parameter €,, = 27",
n > 0 under rotation of angle arctant with respect to the v-axis.

We now give a proof of assertion (i7i). Let 0 < p < Z, T > 0 and r > 0. We
denote by

(2.8) Dy = {(z,v) €R*: v=—ztanfy} and Dy = {(x,0) : z € R},

the straight lines composing the boundary of the conic subset w. We notice that
(e_th)te[O,T] is an increasing family of cones whose boundaries are given by the
straight lines e *BD; and e "Dy = Dy. For any t > 0, the line

(2.9) e BD, = {(m,v) €ER?: 2= ZL+ttanfo },

tan 6,

never coincides with Dy. In particular, the subset

R?\ U e Bz =R?*\e T8y,
t€[0,T

is a non-empty open cone. By picking X = (z,v) € R? with a sufficiently large
norm in this set, we can ensure that

By(X,r)ne Buw =19,

for all ¢ € [0,T]. Such a point X violates the integral thickness condition (2.5) in
time T. For any arbitrary T > 0, the Kolmogorov equation (2.6) is therefore not
null-controllable on [0, T] from the fixed control subset w.
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a)t=20 a)t>0

Do d e_tB’Do

90 v.’IF)U

D1

eft’B'Dl

FIGURE 2. Motion of the cone under rotation when t > 0.

We now give a proof of assertion (iv). Let 0 < 6 < 7. We denote
Dy = {(z,v) ER*: v=—xtanby}, Dy = {(z,v) ER*: v=uxtanby},

the straight lines composing the boundary of the conic subset w. We notice that
(e=tB W)¢ejo,7) is a family of cones whose boundaries are given by the straight lines
e *BD; and e *BDy. For any t > 0, the straight line e *BD; is given by (2.9),
whereas

_ I+ttan 0o
T tanb }’
is a straight line with positive slope with the z-axis and converging to the x-axis
when t — +o00.

e B, = {(w,v) €ER?: z

a)t=0 b) 0 <t< -

tan 6y

Dy

o/ 0o oy, G

D1

tB

FIGURE 3. Family of cones (e™*"w);co,17-

We observe that the set R? \ e *Pw is a non-empty cone for any time t > 0. As
above, this implies in particular that for any ¢ > 0, e"*w is not a thick subset in
R? and that assertion (i) in Corollary 2.2 does not apply.

Let 0 < T < tar?@o’ r >0 and y = (z,v) € R? be such that the open Euclidean
ball By(y,r) is contained in the cone R? \ e~75w and tangent to Dy as in Figure 4.
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This ball intersects the set e “*#w only on a time interval ¢ € [0,4(y)) C [0, 7] whose
length £(y) tends to zero when |y| — +oo. It follows that

T T
/ A(Ba(y,r) net=DBy) / A(Ba(y,r) Ne "Buw)dt
0 0
£(y)
= / A(Ba(y,r) ne "Buw)dt < A(Bq(0,7))e(y) ‘y|_>—+>00 0.
0

The integral thickness condition (2.5) is therefore violated on [0,7] when 0 < T <
tafeo. It follows from the assertion (i) in Corollary 2.2 that the Kolmogorov
equation (2.6) is not null-controllable on [0,T] from the fixed control subset w,

when 0 < T <

tan 0o *

— 1 1 2
C) t= tan 6o d) tan g <t< tan 6g
e_tB’Dl
v v
oo, )
2
%7ﬁBD2 - -‘/v‘,QHv‘/QeftBDz

tB

FIGURE 4. Family of cones (e™""w);c0,7]-

"iO‘”/e*tBDz

tB

FIGURE 5. Family of cones (e™*"w);co,77-

Let T > tan0
on [0,T]. Let

line e 78Dy, 91 be the angle between the z-axis and the straight line e "7 BD;.

We aim at proving that the integral thickness condition (2.5) holds

tdl’le < Ty < T, 6 be the angle between the z-axis and the straight
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We observe that 0 < 61 < 51 < 6y. We can choose the parameter T close enough
to —2— so that there exists 0 < Ty < T such that

tan 6o
67T23D2 = eiTlB,Dl .

For any X = (z,v) € R?\ {0} with z > 0, we introduce

arctan(?) ifx >0,
arg(X) =4 —5 ife=0, v<0,
T ifx =0, v>0.

We notice that

- if arg(X) € [—fo, 61], then X belongs to e~ Bw at least for all ¢ € [0, T3]
- if arg(X) € [0, Z], then X belongs to e~ *Pw at least for all ¢ € [T, T
- ifarg(X) € [- %, —6p], then X belongs to e ~*Pw at least for all t € [—15-, T

tan g’

We set T* = min{T>,T — T1,T — m} > 0. By changing X to —X, we easily
notice that any point X = (z,v) € R?\ {0} belongs to e *Pw at least for all ¢ in an
interval Z(X) C [0, 7] of length |Z(X)| > Tx. On the other hand, the point X =0
belongs to the closed cone given by the adherence of e *Pw for all 0 < t < T. By
the conic structure of the set e=*Bw, we can find p > 0 such that for all X € R?
with | X| > p, and for all t € Z(X), e *Bw contains at least half of the ball B;4(X, 1).
This implies in particular that for all X € R?, | X| > p,

T T
/ A(Ba(X,1) e Byt :/ A(Ba(X,1) ne Pw)dt
0 0
7T,

> %)\(Bd(o,l))ﬁ(X)\ > > 0.

By continuity of the translation in L', we notice that the function
T
XeR— / AMBa(X,1) e Buw)dt,
0

is continuous on R2. Furthermore, this function is positive as any point X € R?
belongs to e~*Bw at least for all ¢ in an interval Z(X) C [0, T] of length |Z(X)| > T..

By compactness of the set By(0, p), the above function is therefore bounded from
below by a positive constant on R2,

T T
35 > 0,VX € R?, / A(Ba(X,1)ne 1By dt = / A(Ba(X, 1)ne Bw)dt > 6.
0 0

The integral thickness condition (2.5) then holds on [0,7] with » = 1 and §. This
ends the proof of Proposition 2.3. ]

2.4. Rotation example with the Kolmogorov equation with a non-degenerate
quadratic external potential. The Kolmogorov equation with the non-degenerate
1,.2

quadratic external potential V(x) = 52°, writes as

(2.10) (0 + 00y — 0,V ()0, — 0%) f(t, 2, v)
= (0 + 00y — 20, — O2) f(t,2,v) = 1,,(z,v)u(t, z,v),
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with (¢, z,v) € (0,T) x R xR, is an autonomous Ornstein-Uhlenbeck equation (2.2)

with the matrices
0 -1 0 0
p=(1 %) e=(03)
The Kalman condition holds since

asai-(§ 4§ )

Notice that in this case the characteristics are given by rotations as

B _ cost sint
(2.11) Vt>0, e = ( Cdint cost >

Proposition 2.4.

(i) If the subset w is thick in R?, then the Kolmogorov equation with external
potential (2.10) is null-controllable on [0,T] from the fized control subset w
for any positive time T > 0

(1) If w is made of a strip

w=Rx (~L,L) C R?

z,v?

with L > 0, then for any arbitrary T > 0, the Kolmogorov equation with
external potential (2.10) is not null-controllable on [0,T] from the fized
control subset w

(#3t) If w is a cone of the type

w= {(x,vzaw) ceR?: 0<a<tan00},

with 0 < 0y < 7§, then

a) The integral thickness condition (2.5) on [0,T] associated to the Kol-
mogorov equation with external potential (2.10) fails when T < 7 — 6,
and holds when T > 7w — 6

b) The Kolmogorov equation with external potential (2.10) is not null-
controllable on [0,T] from the fized control subset w when T < m — 6y

¢) The null-controllability of the Kolmogorov equation with external po-
tential (2.10) on [0,T] from the fized control subset w when T > 7m— 6y

is an open problem

Proof. The assertion (i) is a direct consequence of assertion (i) in Corollary 2.2.
We now give a proof of assertion (i¢). The strip-shaped control subset

w=Rx (~L,L) C R?

T,V

is obviously not thick in R?. The sufficient condition (i) in Proposition 2.4 therefore
does not hold. According to (2.11), the subset e *Bw is a strip with width 2L and
angle —t with respect to the z-axis (see Figure 6). Let T'> 0 and N be the smallest
integer satisfying % < N. Let r > 0 and y € R?\ {0}. For any u > 0, the strip

e *Bw intersects the ball By(uy,r) on a union of at most N time intervals

teZ(p)=I(p)U...UIn(p),
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with length |Ij(u)| converging to zero when p — +o00. It follows that
T T
/ A(Ba(py,r) N e(t_T)Bw)dt = / A(Ba(py,r) Ne Pw)dt
0 0

H—r+00

= [ ABdr) e )t S ABAO. )T 0

The integral thickness property (2.5) therefore does not hold on [0,7]. The Kol-
mogorov equation with external potential (2.10) is then not null-controllable on
[0,T] from the fixed control subset w.

a)t=0 b)t>0

z \< 2

FIGURE 6. Motion of the strip R x (=L, L) under a rotation of
angle —t with respect to the z-axis.

We now give a proof of assertion (iii). Let 0 < 6y < F. For t > 0, the subset e~ *Pw
is the cone w rotated with angle —t, see Figure 7.

a)t=0 b)t>0

to

FIGURE 7. Motion of the cone under rotation of angle —t.

For any ¢ > 0, this subset is never thick in R?. The sufficient condition (i) in
Proposition 2.4 therefore does not hold. If 0 < T < 7 — 6, R? \Ute[o,T]eith is a
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non-empty open subset of R2. Let r > 0. If the point X = (x,v) € R? is chosen in
this set with a sufficiently large norm, then

By(X,r)ne Bw =19,

for all ¢t € [0,7]. The cone w does not satisfy the integral thickness condition
(2.5) on [0, T] associated to the Kolmogorov equation with the quadratic external
potential (2.10) when 0 < T' < 7 — y. We now consider the case when T' > 7 — 6
and set T, = inf(T + 0y — 7, 6p) > 0. There exists a positive constant p > 0 such
that for any X = (z,v) € R? with |X| > p, there exists a time set Z(X) with
Lebesgue measure A(Z(X)) > T, > 0 such that

vt e I(X), MBa(X,1)Nne "Pw) > -A(Bq(0,1)).

N —

It implies that
r 1
VX[ > p, / ABa(X, 1) Nne Puw)dt > 5A(Bd(o, 1)T. > 0.
0
By continuity of the translation in L', we notice that the function
T
X eR? / ABy(X,1)ne Buw)dt,
0

is continuous on R2?. Furthermore, this function is positive as any point X € R?
belongs to e *Bw at least for all ¢ in a time set Z(X) C [0,7] with Lebesgue
measure \(Z(X)) > T, > 0. By compactness of the set B4(0, p), the above function
is therefore bounded from below by a positive constant on R2,

T T
35 > 0,VX € R?, / A(Ba(X,1)ne"1Bw)dt = / AN(Ba(X, 1)ne Bw)dt > 6.
0 0

The integral thickness condition (2.5) then holds on [0,7] with » = 1 and §. This
ends the proof of Proposition 2.4.

©

FIGURE 8. Trace of the ball of radius one when the cone rotates.
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2.5. Dilation example. We consider the one-dimensional heat equation
(2.12) (0 = ) f(t,2) = Loy (@)ult, ),
with the moving control support
w(t) = wy/1+ 2ut, where w = [—1,1]U U (n?,n? +n)U (—n? —n, —n?),
n>1

with © > 0. The subset w is not thick in R. Indeed, for all » > 0, there exists
ng > 1 such that for all n > ng,

3 3

(n2+£—r,n2+£+r) Nw = 0.

2 2
Equivalently, for any ¢ > 0, the subset w(t) is not thick in R. However, the following
proposition shows that the heat equation (2.12) satisfies the integral thickness con-
dition (2.5) on [0, T] with the moving control support (w(t))¢e[o,7], for any positive
time 7' > 0. The null-controllability of the one-dimensional heat equation (2.12)
with the moving control subset (w(t)):c[o,7) is an open problem.

—32 22 22 32 42 52 62 72

b)t>0, a=+1+2ut

(1 (N [ \ ()
N 7 X ]
22a

—32a —224

~—
v T~
~—

FIGURE 9. The control subsets w(t) = wy/1+ 2ut at time ¢t = 0
and t > 0.

Proposition 2.5. For all T > 0, there exist some positive constants r,d > 0 such
that

T
(2.13) Vz € R, / Mz =r,z+7r)Nw(t))dt > 6 > 0.
0

Proof. Let T > 0. By symmetry, it is sufficient to establish (2.13) when 2 > 0. We
begin by studying the case when x > max(5, /1 + 2uT). We first prove that for

all z > max(5, /1 + 2uT),
T (z—1)2 1 z4+1\2 1
(2.14)/0 M@ -1+ )nw()dt > ——2 3" ﬁ(1—($_1) (1+%)2>’

K keZ(x)
with
Vo —1 V4 5—1
I(x):{kz -milgkgL}.
(14 2uT)a 2
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Let > max(5,v/1+ 2uT). For any 0 < t < T and k > 2, the set inclusion
(x— 1,2 +1) C 1+ 2ut(k? k* + k),

is equivalent to the two estimates

VId2utk? <z —1,  x+1</142ut(k®+k),

or, equivalently
() )=t () )

‘We observe that the set inclusion

(5 (G50 - )5 ((F) 1) com,

is equivalent to the condition k € Z(x). We finally obtain that

T
/ AM(z—1,z+1)Nw(t / (@=Laz+)n | 1+ 2t k2+k)
0

keI (x)

/ (z =1,z 4+1)N/T+2ut(k* k* + k))dt

and

/OT)\((m—l,x—l—l)ﬁw(t))dtZ Z l((wk;lf_(];_:lk)g)

keZ(x) K
It proves the estimate (2.14). Next, we prove that there exist some positive con-
stants A > 1 and C > 0 such that for all x > A,

(2.15) /OTA((x—l,x+1)ﬂw(t))dt> %.
We first notice that there exists 7 > 0 such that for all 0 < z < n,
x
e 1-3
There exists a positive constant A’ > max(5,+/1 + 2uT) such that for all z > A’,
V-1 1

A+2m): 0

We obtain that for all z > A" and k € Z(x),

1 (1+42uT)% <

k V-1
It implies that for all © > A" and k € Z(x),
ot
1+~ 2k
We can find some positive constants C > 0, C' > 0 and A” > A’ such that for all
x> A",

(2.16)

1 1+ 2uT 1+2uT r/4x+5—1 vr—1 c’
> oS T #Ie) < s (Y - ) <
ez ¥ T @D (@—1) 2 (1+2uT)3 z3/?
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and

1 25
- >
A st

According to (2.14) and (2.16), we obtain that for all z > A",
T 2
(z—=1) 1 x4+ 1\2 x4+ 1\21
_ > — (1= -
/O Mz — 1,2+ 1) Nw(t))dt > > (1-(3) +(35) Qk)

b ez z—1 z—1

=T W) )

8l Q

" €T (x 2NJ keZ(x
S 4C’ L c
N VE T
Finally, there exists a positive constant A > A” such that for all x > A,
4c’ c
S R
JOVEIE T
which establishes the estimate (2.15). We now conclude with a compactness argu-
ment when || < A. For any x € [—A, A], we notice that for all 0 <t < T,

(-1,1) C (z — 24,2+ 2A) Nw(t).

It implies that
T
V2| < A, / A(x — 24,2+ 24) Nw())dt > 2T > 0.
0

It gives the conclusion with r = 24 and 0 = min{%, 2T}, as when = > A,
(x—1,x4+1) C (x—24,2+2A4),
since A > 1. This ends the proof of Proposition 2.5. O

3. AN ADAPTED LEBEAU-ROBBIANO METHOD WITH MOVING CONTROL SUBSETS

Definition 3.1. Let (X,|.||x) be a Banach space. A two-parameters family of
bounded linear operators % (t,s), 0 < s <t < T is an evolution system of contrac-
tions of X if the following three conditions are satisfied:
(1)) VO<s<T, %(s,s) =1dx; V0<s<r<t<T, Ut r)%(rs)
(1) (t,s) = % (t,s) € Lo(X) is strongly continuous for all 0 < s <t
(1) YO <s <t <T, [|[%Z(t,s)|lc.(x) <1
where Idx denotes the identity operator on X and L.(X) stands for the set of
bounded linear operators on X.

= U(t,s)
<T

The following result extends the abstract observability result established in [4]
(Theorem 2.1) to evolution systems and time-varying control subsets. It also allows
some controlled blow-ups for small times in the dissipation estimates that is not
covered by the result of [4] (Theorem 2.1), and that is absolutely needed for various
study cases and in particular for the proof of Theorem 1.6 in the present work.
Despite these improvements, the following proof essentially follows the very same
lines as the one given in [4] (Theorem 2.1).



CONDITIONS FOR NULL-CONTROLLABILITY WITH MOVING CONTROL 25

Theorem 3.2. Let Q be an open subset of RY; T > 0; (w(t))sejo,r) be a moving
control support in Q; (7 )k>1 be a family of orthogonal projections defined on L*(Q);
U (t,s),0<s<t<T bean evolution system of contractions on L*(); d1,mg > 0;
da,c1, ¢}, ca,¢h,a,b,my > 0 be positive constants with a < b and 0 < §; < 0 < T;
E be a measurable subset of [01, 62] with positive Lebesque measure. If the following
uniform spectral estimates with respect tot € F,

(3.1) Vt € F,Vg € LZ(Q),VK‘ >1, ||7Tkg||L2(Q) < Clleclkanﬂ';chLz(w(t)),
and the following dissipation estimates with controlled blow-up
(3.2) Vge L*(Q),Vk>1,¥0; <5<t <y,
1 —c —_s)m b
||(1 — Wk)%(t, S)g”LQ(Q) S We 2(t—s)" 1k ||g||L2(Q),

hold, then there exists a positive constant C' > 0 such that the following observability
estimate holds

(3.3)  fora.e. t* € E,NR> 0,3ty € (t*,t* + R)N E,Vg € L*(Q),

* O *
19 0,y < 50 () |17l
R

(t*,to)NE

In particular, there exists a positive constant C1 > 0 such that

(3.4) Vg e L*(Q), |%(T,0)gll20) < C: / 1% (t,0)917 2 (o sy 41
E
More specifically, let C > 0 be a positive constant verifying
b _ a 90 3p
(35) C > Cf_aCQ b=a ’y'y(ﬁ—ﬁ’y)ﬁ_'y7
with
amy abmq a?
=3, >0, B=2v+ b—a) >0, a=vy+1+a+ - > 0.

Then, there exists Ty > 0 such that, if E = [61,02] = [0,T] with 0 < T < Ty, then

C T
(3.6) 1% (T,0)g]17() < exp <ml> /O 1% (£, 0)g 11 2 oty -

To=a

The proof of Theorem 3.2 relies on a telescopic series argument due to [29] (see
also [30]), and already used in [2, 37, 49]. The proof of the observability estimate
(3.3) uses the following result which is already stated in [47] (Lemma 2.3) and
briefly proved in [25] (pp. 256-257). For the sake of completeness of the present
work, a proof is given:

Proposition 3.3. Let 0 < §; < d2 < 400 and E be a measurable subset of [81, 2]
with positive Lebesque measure. There exist some positive constants 0 < p < 1 and
Co,Cy > 0 such that for almost every t* € E and for all R > 0, there exists a
decreasing sequence (t;);>o of (t*,t* + R) N E such that

tj — t*,
J—+oo
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, b4t tii—t;
) > Y J > J J
(3.7) vi>1, )\((t],72 )mE) _p(72 )>0,
(3.8) Vi>1, tj—tjr1>Coltj—1—1t;)>0
and
(3.9) to —t1 > Cl(to — t*) > 0.

Proof. The above result is proved here with the constants p = %, Coy = % and
Cl = i. The proof can actually be performed with any 0 < p < 1 and related
constants Cy(p) > 0 and C{(p) > 0. For a given measurable subset A of R, we

recall that a Lebesgue, or density, point of A is a point x € A satisfying

1 1 x+r
5)\([:5 -1+ ﬁA) = Z/:pfr 1a(y)dy B‘g) 1.

This property readily implies in particular that

1 1 T+r
r

By Lebesgue theorem, almost every point of A is a density point of A.

Step 1. We begin by constructing a particular subset E of E satisfying A(E) = A(E).
It will be then sufficient to establish Proposition 3.3 for any t* € E. For any m > 1,
we introduce the set

Em:{aeE: V0<7’<%, )‘([Ua”+r]ﬁE)Z%}CE

Let D,,, respectively D, be the set of Lebesgue points of E,,, respectively of E.
The sequence of subsets (E,y,)m>1 is non-decreasing for the inclusion

Ym>1, E,C Em+1-
The sequence of subsets (D, )m>1 is therefore also non-decreasing for the inclusion
Vvm>1, D, C Dyt

According to (3.10), any Lebesgue point of E belongs to a subset E,, for some
m > 1 sufficiently large
Dc |JEn.
m>1
By Lebesgue theorem, we have A(D) = A(E) and A(D,,) = A(Ey,) for all m > 1.
It follows that
AE) = \(D) < )\( U E) = lim AMEn) = lim ADp)= )\( U Dm).

m——+oo m——+o0
m>1 m>1

As |J Dy, C E, we obtain that

m>1
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We set F = U Dy,. Let t* € E and R > 0. There exists m* > 1 such that
m>1
t* € Dyyp». It follows from (3.10) that

%)\([t*,t* +r]NEp-) — 1.

r—0
r>0
There exists 0 < ro < min{R, .-} such that
3
(3.11) VO <r<ro, At 471N Epe) > ZT'

Step 2. Next, we construct by induction a decreasing sequence (¢;);>o of E,,» N
(t*,t* + 7o) such that

ty—t* 3(t; — t*)

4

According to (3.11), the set (t*,t*+7¢) N Ey,~ is not empty. We choose an arbitrarily
point ty € (t*,t* 4+ r¢) N Eyy-. Let us now assume that the points (¢;)o<i<j, with
j > 0, are already constructed and satisfy (3.12) for all 0 <1 < j — 1. We aim at
finding t;41 € (¢*,t* + ro) satisfying (3.12). Since 0 < t; —t* < 19, we deduce from
(3.11) that

(3.12)  tjp1 € [t* + R } A Eme C (£, +170) N Bpe.

3(t; —t*)

0

The set [t* + tjzt* T+ 3(75"4_75*)] N Ep« is therefore not empty, since otherwise the
above measure would necessarily be less or equal than L gt* . It is then sufficient to
choose the point t;4; arbitrarily in this set. The sequence (t;);>¢ is decreasing by
construction of (t*,t* + R)N E.

At t5] N B ) >

1

m*?

Step 3. Let j > 1. Since by construction ¢t; € Ey,« and 0 < r := @ <F <
we deduce from the definition of the set E,,~ that

Mty tj+r)NE) > %r,

which proves (3.7) with p = 2. Furthermore, it follows from (3.12) that for all
J=0,
t—t*
4

3(t; — t*)
4 )

<tjig -t <
which implies that
to—t1 >t (3t +1t*)—1(t )
o—tr=to— (Jtot 3t7) = 2(to :

This establishes (3.9) with C} = . We finally obtain by using anew (3.12) that for
all 7 > 1,

3t;  t\ 1 1 .
tj—thth—(TJrz):Z(tj—t)Zfﬁ(tjfl—t)
1 4 ti 1
> = (t;_ —f(t»—J—)):—t', —t;) > 0.
_16(]1 3\7 7 4 pti-1 = t) >

This proves the estimates (3.8) with Cp = O

L
12°

We can now prove Theorem 3.2.
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Proof. For simplicity, the notation ||-|| refers in this proof to the norm ||-[|z2(q). We
aim at establishing (3.3) with the parameters ¢t* and ¢y given by Proposition 3.3.
We first observe that the estimate (3.4) is a direct consequence of the contraction
property of the evolution system and (3.3). Indeed, by applying (3.3) to some
allowed values of t* € E and ¢, € (t*,t* + 1) N E, we obtain from the contraction
evolution system properties that for all g € L?(Q),

12 (T, 0)g|* = ||% (T t0) % (to,t")% (t*,0)g||* < |% (to,t") % (", 0)g]I*
c

exp (7(”1)/ ”%(tvt*)%(t*vo)g||2L2(w(t))dt
(to — t*)o== 7 J(t to)nE

IN

IN

01/E||%(t,0)9\|%2(w(t))dt-
with

C
Cl = exp (7(“”1) > 1
(t() — t*) b—a
Let us now prove the estimate (3.3). Let 0 < p < 1, Cy, C} > 0 be as in Proposi-
tion 3.3. Let 0 < ¢ < 2. We consider the positive constants

2 20 N\ 5o
(3.13) N = (L)Clbml) >0,
(2 — €)CQCOb_a

By the definition (3.13) of the constant «, we observe that

M= 2+¢)ci1(2y)* > 0.

bmy

(3.14) M= (24¢)e1(29)* = (2 — e)eary®C ™.
Let R > 0. There exists 0 < R < R such that for all 0 < 7 < R,
bmq
v pT (27)° 2 °Cy "
3.15) —— > 1, > (— T ), < ( T)
( ) . 22 ~ P Eclbeé Cocgr2ma—1 = xp e .

Then, for all 0 < 7 < R, there exists an integer k() > 1 verifying

(3.16) 1o 0 <h(r) < 2L

my my s

Tb—a Tb—a

since according to (3.15), the interval ('yr_:%la , 277_%) is of length greater than
1, and is contained in (1,400). Let t* and (¢;),;>0 be as in Proposition 3.3 applied
with the constant R > 0 defined in (3.15). We define

tic1 —t;

Vi > 1, Tj:%w).
We observe from (3.7) and (3.8) that
(3.17) Vi>1, 0<7 <R,

. 1
(3.18) V_] > 1, Tj < FOTJ;H,
(319) V]ZL )\((tj,tj+Tj)ﬂE)2ij
According to (3.16) and (3.17), we can define k; = k(7;) > 1 such that
2
(3.20) Vi> 1, e <k <
Tb—a Tb—a



CONDITIONS FOR NULL-CONTROLLABILITY WITH MOVING CONTROL 29
Step 1. We begin by establishing the following estimate: Vj > 1, Vg € L?(Q),
(3:21)  F(rp)|% (t; + 75, )g1* = ()% (L1 + Tjr, )9

< / 1% (1, 091120 0y
(tj,tj-i-rj)ﬁE

where
M
(3.22) £(5) = exp ( - 71) s> 0.
S b—a

By using successively (3.19), the contraction property of the evolution system, the
Pythagorean identity, the spectral estimates (3.1), the triangular inequality and
Il lz2(w(eyy < Il - [, we obtain that for all j > 1,

67261]6;‘1 9
P7j27/2”%(tj +75,t%)g|
C1

. La
€—2¢1kj

ey % 0.l
1 (tjt+7;)NE

—2c1 k¢
€ J * *
< [ (I, 2 (1.0l + 11— )2 1,491
1 (tj,ti+7)NE
1 * *
</ (31702 )0y + 10 = )2 1,012 )
(tj,tj+Tj)ﬁE
that is
7261](7(‘1
e Jj N 9
P | (tj + 75, t7)gll
2cf

< / (HOZ/(t»t*)gHZLZ(w(t)) F (= 7r,)Z (t,8) 91172 o)
(tj,t]'-‘rTj)ﬁE
11 = )2 (28 )g)? )t
</ (12 (1,9 2wy + 2011 = 7)) % (8,)g]12) .
(tj,tj+7'j)ﬁE

By using successively the dissipation estimates (3.2) and the fact that
te(ty,t;+7) = t—(tjp1+741) 2741 >0,

for any j > 1, we obtain that for all j > 1,

/ (1 — 4, )2 (8. ) g Pt
(tj,ti+15)NE

IN

/ (1 — 7, ) (b s+ 730) % (t41 + 7y, g2t
(tj,t;475)

IN

9~ 2c2[t—(tj41+7541)] " K] 2
/( 1% (1 + 51,9l dt
t

ity Co = (i1 4 ig)]?me

27__ m b
J__o=2e2miih K % (541 + Tj+17t*)g”2'

/2, 2ma
C5Tiy
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We deduce from the previous two estimates that for all j > 1,

PTj —2c1k? * "
(3.23)  He 2| U (t; + 75, t)g))? < 1% (t, 1) 9172 oo )
2c
1 (tj,t;+71;)NE
2Tj —2caT +1 U (t 2
/2 2m26 ]H (]+1 +TJ+17 )g” .
2 Tj41

By first using (3.15), (3.17) and (3.20), and then (3.13) and (3.22), we obtain that
for all j > 1,

PTj —verke < PTj (29)°
7€ > 2 exp ( —2c1-amy ey
2cf 2c TJ

Y

—a

a

exp| — (24 ¢)c 7)1 ) :exp(— %) = f(m).

b—a

Tj J
By using successively (3.20), (3.18), (3.17), (3.15), (3.14) and (3.22), we obtain that
for all j > 1,

27 my b 27; b
J —2CoT. +1k J v
6/272m2e i1l < oI exp | — 2coT i1 ThmT
2 1j+1 2 'j+1 T]b a
2 bmq ,Yb
b—a
S Croa a1 P ( — 262G 71)
COCQ G4+1 b—a
Tj+1

IN

bmy b M
exp ( - (2-8)aly" Ziﬂ) = exp ( - E) = f(741)-
—a b—a
T T
According to the two above estimates, we deduce (3.21) from (3.23).

Step 2. We can now derive the observability estimate (3.3). Summing up the
estimates (3.21) for all j > 1 provides that

(3.24) FEl% (t +1,t)g|* < / 12 (8, £)g 12 oy Ot
(t*,to)NE

since by the contractivity property of the evolution system and (3.22),

M
F (b + 73,0091 < exp (= =z ) gl — 0,
b—a Jj—+oo
J
as 7; — 0 when j — 400, because t; — t* when j — 4o00; and since the intervals
(tj,t; + 7;) are disjoint and included in (t*,%). According to (3.9), the estimate

to—t CO
2 2

T =

(to —t*) > 0,
implies that

o =ex (= —zp) 2w (~ o)

7—1”* to — t*
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(lml
with C = M(& )" . We finally obtain from the contractivity property of the
0
evolution system that

(3.25) (1% (to, t")g|I* < % (1 + 70, t")g]?

C

<exp|——mr / ||%(t,t*)g||2 w(t))dt.
((to—t*)b’;) (t* to)NE et

This ends the proof of (3.3).

Step 3: Estimate of the observability cost when E = [0,T]. We consider the case
when E = [01,02] = [0,T]. Let pr > 0. We define the sequence (¢;);>0 by

T

We notice that on one hand
tj — 0
J—+oo

and that on the other hand, the conclusions of Proposition 3.3 hold with t* = 0
and R = T, since assertion (3.7) holds with p = 1, assertion (3.8) holds with
Co = 3~ and assertion (3.9) holds with C}) = 1 — 5. We can therefore resume the
previous proof and deduce from (3.25) the following observability estimate holds
for all g € L?(9),

T 2
(3.26) |2 (1,091 < |% (5;.0)g]
2T C )
< exp (T‘ZT) /015 1% (,0)g1I T2 ey At
< ¢ ! w 2 d
< exp (T(;:i) ; % (,0)9| 72 @ty dt-
by the contractivity property of the evolution system with the constants
(2+8)ct jqppbmi) e ~ 22utl \ 7%
= (e ) M= (2 2%, C=M(5— )"
((2—5)02 @2+e)a(2), on — 1

By choosing the parameter 0 < ¢ < 2 small enough, the positive constant C' > 0
appearing in the observability estimate (3.26) may be chosen arbitrarily as

~ 22H+1 ZTi C1 bmi \ Tea
3.27 o ( ) 21+a(f2a+ﬂm) ,
(3.27) “\w—1) @ ez

as long as the parameter R = T > 0 is chosen sufficiently small to ensure (3.15) with
this choice of the parameter 0 < & < 2. The estimate (3.27) can be equivalently
written as

2

am
! v14a+ >0

~ . b _a
(3.28) C>2%{"%cy " *h(p), with a= R i

and

onB amy ~ abmq
—_— ith 4= > 0, =27
-1 YT, b=+

h(p) =
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The function h takes its minimum value on (0, 00) at p, such that 2+ = ~f~ and
3P
h(p) = —=——75—=-
V(B =)
If C is a positive constant such that (3.5) holds, we conclude that there exists
To > 0 such that (3.6) holds for all 0 < T < T. O

4. PROOFS OF THE MAIN RESULTS FOR ORNSTEIN-UHLENBECK EQUATIONS

This section is devoted to the proof of Theorem 1.5. Let 7' > 0 and (w(t))¢c[o, 1)
be a moving control support in R, We assume that the generalized Kalman rank
condition (1.7) holds at time T. We begin by noticing that the null-controllability
on [0,T] from the moving control support (w(t))iepo,r] of the equation (1.3) is
equivalent to the null-controllability of the following equation

. fli=o = fo € L*(RY),

as it is sufficient to change the unknown function f to fexp(3 fg Tr(B(s))ds).
This reduction ensures that the adjoint system (4.3) defined below generates a
contraction evolution system on L2(R%). Next, we observe that the L?(R¢)-adjoint
of the operator

1 1

§Tr(A(t)A(t)TV§) +(B(t)z,V,) + 5Tr(B(t)),

is given by
1 1 *
(§Tr(A(t)A(t)TVi) +(B(t)z,Va) + 5Tr(B(t)))
1 1
= §Tr(A(t)A(t)TV§) —(B(t)z,V,) — §Tr(B(t)).
By using the Hilbert uniqueness method, see Proposition 6.4 in Section 6.2, the
null-controllability on [0,77] of the equation (4.1) from the moving control set

(w(t))tejo,r) is equivalent to the following observability estimate with respect to
the moving observation support (w(T" —t))¢cjo,77,

T
42 3C>0m € PRY, o(D)a <C [ Il ot
where g is the mild solution to the Cauchy problem

dug(t,z) — P(t)g(t,z) =0, xe€RY,
(4.3) { o — g0 € L*(RY),

with
. 1 1
P(t) = STr(A(T = AT = )7V3) = (B(T' = t)a, V) = 5 Tr(B(T - 1)).
We deduce from Proposition 6.2 and (6.12) that there exists an evolution sys-

tem (% (t,s))o<s<i< of contractions of L?(R?) such that the mild solution to the
Cauchy problem (4.3) is given by

(4.4) Vgo € L*(RY), VO <t <T, g(t) = %(t,0)g0 € L*(R?).



CONDITIONS FOR NULL-CONTROLLABILITY WITH MOVING CONTROL 33

4.1. Sufficient condition for null-controllability. Let 7 : L2(RY) — Ej be
the orthogonal projections onto Ej, the closed subspace of L?(R%)-functions whose
Fourier transforms are supported in the cube [k, k]?,

(4.5) E,={f e L*RY) :supp f C [~k, K%}, k>1.

The normalization of the Fourier transform used throughout this work is the one
given by (6.6). Instrumental in the proof of assertion (i) in Theorem 1.5 are the
following dissipation estimates similar to the ones established in [4] (Proposition 3.2)
in the autonomous case and in [3] (Proposition 2.2) in the non-autonomous one.
However, the result of [3] (Proposition 2.2) cannot be directly applied here and its
proof needs to be revisited as follows:

Proposition 4.1. Let T > 0. We assume that the generalized Kalman rank con-
dition (1.7) holds at time T. Then, there exist some positive constants 0 < £ < T,
m1 > 0 and cg > 0 such that

(4.6) Vgo € L*(RY), V0 < s <t <& Vk>1,

_ aym12
(1 = )% (t, 8)goll p2ray < € 07" F I go| p2(ra),

where % is the contraction evolution system on L?(RY) associated to the adjoint
system (4.3) given by Proposition 6.2.

Proof. There exists a positive constant 0 < ¢ < T such that (T'—¢,T 4+ ¢) C I,
since [ is an open interval and T' € I. We first aim at establishing that there exist
some positive constants ¢ > 0, 0 < € < € and a positive integer m; > 1 such that

(4.7) VEERIVO<t<T<E, / |A(T — s)TR(t,8)T¢?ds > c(T — t)™ €],
t

with | - | being the Euclidean norm on R? and R being the resolvent of the time-
varying linear system
(4.8) X(t) = B(T —t)X(t).

We recall for instance from [9] (Proposition 1.5) that this resolvent satisfies the
following properties

(4.9) Vi, 7 €1[0,T), R(t,7)R(r,t) =14, (0:R)(t,7)=—R(t,7)B(T — 7).
We notice from (1.5), (1.6) and (4.9) that for all £ > 0 and ¢,7 € [0,T],

dk
drk

We consider the function

fe(t,T) = /tT |A(T — s)TR(t,5)T¢|?ds, t,7€0,T],

(4.10) (AT —7)"R(t,7)T) = (-1)"A(T — 7)"R(t,7)".

depending on the parameter ¢ € R?. According to (4.10), we easily check by the
Leibniz formula that

(4.11) Yk > 0,7 € [0,T],

(05 fe) (8, 7) = (1)

Ea
YRy
N
N——
o
o
d
~
|
\i
S
=
=
3
~
!
m
o
<.
—~~
N~
|
2
~
2y,
—~
J@F
B
~—
=
I
>~
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where (-,-) denotes the Euclidean scalar product on R%. The generalized Kalman
rank condition (1.7) holding at time 7" implies that

(4.12) F]o Ker(Ax(T)T) nR? = {0}.
k=0

By induction, we easily check from (4.11) that for all £ > 0,

k
(4.13) VO <1< 2k+1, (95£)(0,0) = 0= ¢ € [ Ker(A;(T)") NRY.
§=0
According to (4.11), (4.12) and (4.13), it follows that for all £ € R%\ {0}, there
exists k¢ > 0 such that

(4.14) V0 < j <2k, (83f)(0,0) =0

and

(4.15) @ 00,0 = (e o
3

We aim at proving that for all ¢ € S%~1 (the unit sphere), there exist positive
constants c¢¢ > 0, 0 < & < ¢ and an open neighborhood V¢ of £ in S~ such that

(4.16) YO <t <1 <E&,VneVg, / |A(T — )T R(t, ) n|ds > ce(r — )2t
t

By analogy with [42] (Proposition 3.2), we proceed by contradiction. If the assertion
(4.16) does not hold, there exist sequences of non-negative real numbers (¢;);>o,
(T1)1>0 satisfying

(4.17) Vi>0, 0<t<m<e, lim ¢ = lim 7 =0,
l—+oco

l—+o0

and a sequence (1;);>o of elements in S~1 so that

(4.18) Jim =&,
and
(4.19) liiinoo W /tl l |A(T — s)T R(t;,8)"m|?ds = 0.
We deduce from (4.19) that
1 ti+t
(4.20) lginm =t Ogtsgusitl /tl |A(T — s)TR(t;,8) m|?ds = 0.

Setting

1

(421) ul(x) = W

ti+z(mi—t)
/ |A(T — s)TR(t;,8)"m|?ds > 0,
ty

for any 0 < z < 1, we can reformulate (4.20) as

(4.22) lim sup |u(z)] =0.
l—>+000§x§1
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By writing that

r 2]{:5-‘1-1 ] ‘
(4.23) fo(ti,7) = [ AT =) R, ) mPds = Y o) (r — )7
ty
(T _ tl)2k§+2
(ng + 1)!

§=0
1
/ (1 — )21 @32 1, ) (t, t + s(r — 1)) ds,
0

with al(j) = (8% f)(t1, 1) (311, we notice from (4.11) that there exists a positive
constant M > 0 such that

(4.24) VI >0,v7 € [0, T,

1 1
It follows from (4.21), (4.23) and (4.24) that
2ke+1 al(j)

{L‘j‘ S M(Tl —tl)$2k§+2.

§=0
It follows from (4.17), (4.22) and (4.25) that
(4.26) lim sup |pi(x)] =0,
l—=+00 p<z<1
with
2ke+1 a(j)
— l J
(4.27) p(@) = 2) (1 — tz)2"~‘s+1—jx
j=

By using the equivalence of norms in finite-dimensional vector spaces, we deduce
from (4.26) that

o)
(4.28) V0 <j<2ke+1, lim L

l—+oo (17 — tl)2k£+1_j =0

We obtain in particular that

(4.29) lim a{**¢™ =0

l—+oc0

According to (4.15), this is in contradiction with the fact that

2ke+1
- @ke+1) _ . (0 fo )t t) 1 e +1

4.30) 1 - _ .

(4:30) o Jim T = @i f00.0>0

By covering the compact set S~ ! by finitely many open neighborhoods of the form
(‘/ﬁj)lgg’SN7 and letting ¢ = inflngN Ce; > 0,0 < €= inflSjSN{éﬁjv 1} < g,
my =1+ sup;<;<n ke, > 1, we conclude that

VEERI VO <t <7 <Eé, / |A(T — S)TR(t, 5)T§|2ds >c(r—t)™ |§\2
t

It ends the proof of the estimate (4.7). We can now derive the estimates (4.6).
Let % be the contraction evolution system associated to the adjoint system (4.3)
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given by Proposition 6.2. We deduce from (6.4) in Proposition 6.2 that for all
0<t<7<Tand gy € L*R?),

431) @ 0O = e (5 [ B - 5)as)

< (R 07 exp (~ 5 [ 1A - R(r ) eds).

where the resolvent R is defined in (4.8). We deduce from (4.7) and (4.31) that for
all0<t<7<é& k>1and gy € L?>(R?),

(4.32) (|(1 = 7)% (7, £)gol|72 ey

_ Lef[ Tr(B(Tfs))ds/ |§6(R(’T, t)Tf) |267 f: \A(Tfs)TR(T,s)TE\stdf
(2m)4 EERI\[—k k]
- d|det(R(t’7))|ef[Tr(B(Tfs))ds/ |97J(§)|2eff[IA(Tfs)TR(t,s)TﬁVdsdé
(2m) R(t,7)T £eRIN [—k, k]
1 / ~ 2 _ _t)"ll‘ ‘2
< o3 |Go(&) e g,
(2m)% g2kl R(t,r)T -1

since
Vti,t9,t3 € [O,T], R(tl,tg)R(tg,t3) = R(tl,tg),
see e.g. [9] (Proposition 1.5), and by Liouville formula

Vi, T € (0,7, det(R(T, t)) = exp (/tT Tr(B(T - s))ds),

see e.g. [6] (Proposition I1.2.3.1). We deduce from (4.32) that there exists a positive
constant co > 0 such that for all 0 <t <7 <& k>1and g € L2(Rd),

my 2

(4.33) (L= m) % (7, ) gol T2 sy < €227 go |2 .

It proves the estimate (4.6) and ends the proof of Proposition 4.1. (]

We can now resume the proof of assertion (i) in Theorem 1.5. Let § > 0,
a € (0,4+00)? and E be a measurable subset of [0, 7] satisfying

(4.34) W<rg<T,VO<r<m9, MEN[T-rT]) >0.

We assume that w(t) is a (J, @)-thick subset in R? for all t € E. In order to establish
assertion (7) in Theorem 1.5, we prove that the observability estimate (4.2) holds
by applying Theorem 3.2 (formula (3.4)) with % the contraction evolution system
on L?(R%) associated to the adjoint system (4.3) given by Proposition 6.2, ; = 0,
0 < d = min(é,rg) < T, € given by Proposition 4.1 and the moving control support
(@(t))tejo,r) defined as

G(t)=w(T—1), telo,T].

Proposition 4.1 shows that the dissipation estimates (3.2) hold with ¢4 =1, my =0
and b = 2. Regarding the uniform spectral estimates (3.1), we notice that w(t) is a
(8, @)-thick subset in R? for allt € T — E = {T — s : s € E}. It follows from (4.34)
that the subset E = (T — E) N[0, d,] is therefore a measurable subset of [0, dy] with
positive Lebesgue measure as

AE) = M(T — E)N[0,085)) = M(EN [T — 85, T)) > 0.
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We deduce from Theorem 6.7 that the uniform spectral estimates (3.1) hold with
E C [0, 2] and the parameters

d

(4.35) a=1, ¢ =2Ca/ln (%) >0, = (%d)m > 0.

We can therefore deduce (4.2) from Theorem 3.2. This ends the proof of assertion (i)
in Theorem 1.5.

Remark 4.2. Let C > 0 be a positive constant verifying

o> 2 eam(5)) ()"

where the positive constants ca > 0 and my > 0 are given by Proposition 4.1, and
C > 1 is the universal constant given by Theorem 6.7. We deduce from Theorem 3.2
that there exists a positive constant 0 < Ty < T such that, if E = [T,T] with
To <T < T, then the following quantitative observability estimate holds

2 (md 2 c =T 2
Yoo € L2, oDy <o (=) [ 1ol

where g is the mild solution to the Cauchy problem (4.3). This provides a quantita-
tive estimate of the observability cost with respect to the characteristic parameters
related to the thickness property of the moving control support. On the other hand,
let us notice that the positive parameter my > 0 is actually independent on the
control support.

4.2. Necessary condition for null-controllability. This section is devoted to
give a proof of assertion (7¢) in Theorem 1.5. Let T > 0. We assume that the non-
autonomous Ornstein-Uhlenbeck equation (4.1) is null-controllable on [0,77] from
(w(t))tejo, 7], or equivalently, that the adjoint system (4.3) is observable on [0, 7]
from (w(T —1t))o<i<T, that is, there exists a positive constant C' > 0 such that any
solution of (4.3) satisfies the observability estimate (4.2). We aim at finding some
positive constants > 0 and d > 0 such that

(4.36) Vz € R, /T A(Ba(z,m) N R(0,T — t)w(t))dt > & > 0,
0

where By(z,r) denotes the open Euclidean ball centered at z with radius r, and R
stands for the resolvent of the time-varying linear system X (t) = B(T —t)X, given
by the solution of (1.12). In order to derive this necessary condition, we try out
the observability estimate (4.2) with explicit gaussian solutions of (4.3) centered
at z € R%. The computation of the Fourier transform of the solution of (4.3) with
respect to the space variable is performed in appendix (Proposition 6.2), see also
[3] (Appendix A.2),

—~ 1 t ~ _1rt —s T s T ¢12 s
g(t,f) = eXp(i/ Tr(B(T _ s))ds)gO(R(t, O)Tﬁ)e 5 Jo JA(T—5)" R(t,s)" €|°d 7
0

when 0 <t < T and £ € R?, or equivalently

t
(@31 (6.6 =exp(5 [ (BT~ 5))ds)a(R(t,0)7g)e VRO,
0



38 KARINE BEAUCHARD, MICHELA EGIDI & KAREL PRAVDA-STAROV

where
(4.38) Q= / "RO0.9A(T — AT — T R(0, 5)"ds,
0

is a symmetric positive semidefinite matrix for all 0 < ¢t < T. Let z € R%. We
consider the gaussian initial datum

Je—z|?
go(x) = e 2 N

with a > 0. Since

. a _alel? e
90(&§) = (2ma)ze” 2 e "%,

we deduce from (4.37) that for all 0 <t < T and ¢ € R4,
1 [ ,
3t.€) = (2ma)fexp (5 [ T(BT ~ ))ds)e HYITRIOTEF i w0,
0

with My = Q: + aly. We deduce from (4.38) that M; is a symmetric positive
definite matrix for all 0 < ¢ < T, and that the estimate

VO<t<TVeeR? alef <|VMal = (Mpz)-z < (a+|Qr|)]?
implies that
(4.39) VO<t<T, 0<a<detM,

and for all 0 < ¢t < T and z € R?,

(4.40) +||Q H\l‘l_l M; Y = |/, $|<TI$|

By using Liouville formula
(4.41) Vi, r € [0,T), det(R(r,t)) = exp ( / Tr(B(T—s))ds),
t

see e.g. [6] (Proposition 11.2.3.1), and computing the inverse Fourier transform, we
obtain that

d
2

« 1/t 1 1 2
- _ =" _ = _ =3V M, (R(0,t)z—2)|
g(t, ) = texp( 5 /0 Tr(B(T s))ds)e 2 .

By using the substitution rule with y = R(0,T)x — 2z, and anew the Liouville
formula, we notice that the left-hand-side term in the observability estimate (4.2)
is a positive constant independent of the parameter z,

d
4.49 C, = T, 2)|2de = — / VM gy 0.
(4.4) v= [ o) Pin = o [ VI gy

According to (4.39), (4.40), (4.41) and the substitution rule with y = R(0,t)x — z,
the right-hand-side of the observability estimate (4.2) can be bounded from above
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up to the positive constant C' > 0 as

/ / g(t, x) 2dacdt
w(T— t)
Oéd —1 2
= Tr(B(T — s))d —IV M (ROD2=2)1" g0 dt
[ aiwgen(= [ mwa-sw)([ o )
T d
[ [ T
o det My \ Jr(o,t)w(r—t)—
/ / e a+||QTH dydt
R(0,8)w(T—t)—
w2 T ly|2
</ (/ e ”+||QTH dy)dt+/ (/ G*Wdy)dt
0 Ba(0,r)N[R(0,t)w(T—t)—2z] 0 ly|>r

| 2

S/O A(Ba(0,7) N [R(0, t)w(T —t) —Z])dt-l—T/lybrecHrIyilQTdy'

for any r > 0. Since by dominated convergence theorem
ly|?

hm 67 at+QrI dy = O7
r—+00 ly|>r

there exists a positive constant ry > 1 such that
2
CT/ e a+|IIC‘?TH dy < g
lyl>ro 2
It then follows from (4 2) and (4.42) that for all z € R4,
0< i< 0/ (Ba(0, 70) N [R(0, )o(T — 1) — 2])dt,
or equivalently by translation invariance of the Lebesgue measure that for all z € R?,

T
0 < < / (Bu(z, ro)R(O0, t)eo(T—t)) dt = / A(Ba(z, 7o) R(0, T—t)eo(t)) dt.

It establishes the integral thickness condition (4.36) with 6 = . This ends the
proof of Theorem 1.5 as we have already checked that assertion (iii) is a direct

consequences of assertions (i) and (i¢) in Theorem 1.5.

5. PROOF OF THE NULL-CONTROLLABILITY FOR QUADRATIC EQUATIONS WITH
ZERO SINGULAR SPACES

This section is devoted to the proof of Theorem 1.6. Let ¢ : RZ x Rg — C be
a complex-valued quadratic form with a non-negative real part Re ¢ > 0, and a
zero singular space S = {0}. Let T > 0, § > 0, a € (0,400)%, (w(t))iepo,1] be a
moving control support in R? and E be a measurable subset of [0, 7] with positive
Lebesgue measure A(E) > 0. We assume that w(t) is a (8, a)-thick subset of R? for
all t € E. By the Hilbert uniqueness method [9] (Theorem 2.44) and its extension
to the moving control support case as presented in Proposition 6.4 for Ornstein-
Uhlenbeck equations®, the result of null-controllability on [0,7] from the moving

IThe very same proof can be readily adapted to the quadratic case.
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control support (w(t))epo,r] given by Theorem 1.6 is equivalent to the following
observability estimate
T

/|9(T7 z)[Pdx < CT/ / lg(t, x)|?dxdt,
R 0 w(T—t)
for the adjoint system

(5.1) { Oig(t, ) + q*(x, Dy)*g(t, ) = 0, (t,z) € (0,400) x RY,
. gli=o = go € L*(R?),

that is, there exists a positive constant Cp > 0 such that
T
Voo € LR, e "0 gl < Cr [ 17 gl syt
0

The L%(R%)-adjoint of the quadratic operator (¢*, D(¢")) defined in (1.19) is given
by the quadratic operator (g%, D(g")), whose Weyl symbol is the complex conjugate
g of the symbol q. We notice that the assumptions of Theorem 1.6 hold for the
quadratic operator P = ¢"(z, D) if and only if they hold as well for its L?(R%)-
adjoint operator P* = g"¥(x,D,). In order to prove Theorem 1.6, it is therefore
sufficient to prove that, if g : RZ x Rg — C is a complex-valued quadratic form with
a non-negative real part Re ¢ > 0 and a zero singular space S = {0}, and if E is
a measurable subset of [0, 7] with positive Lebesgue measure A(E) > 0, such that
w(t) is a (6, a)-thick subset of R? for all t € F, then there exists a positive constant
C7 > 0 such that

T
(5.2)  Vgo € L*RY), le”" goll72(ma) < CT/O e golI72 () -

We establish the observability estimate (5.2) by applying Theorem 3.2 (formula
(3.4)) with the contraction evolution system % (t,s) = e~ (#=%)4" for 0 < s < t,
defined by the contraction semigroup (e7*");>o on L?(R?). As in the proof of
Theorem 1.5, we consider anew the orthogonal projections 7, : L?(R?) — E}, onto
E), the closed subspace of L?(R%)-functions whose Fourier transforms are supported
in the cube [k, k]?, with k > 1. We deduce from Theorem 6.7 that the uniform
spectral estimates (3.1) hold with the subset E and the parameters

(5.3) a=1, ¢1 =2C|a|ln (%d> >0, ¢ = (%d)Cd > 0.

The next result establishes the dissipation estimates (3.2) with §; = 0, dy = to,
my = 2ko + 1, mao = (2kg + 1)(d + 1) and b = 2. Let us point out that Proposi-
tion 5.1 does not rule out some blow-up for small times in the dissipation estimates.
The assumption of dissipation estimates with controlled blow-up (3.2) is then really
essential and the result of [4] (Theorem 2.1) does not apply even in the case of fixed
control subsets. The observability estimate (5.2) is then deduced by applying Theo-
rem 3.2 (formula (3.4)). Up to the proof of Proposition 5.1, the one of Theorem 1.6
is then complete.

Proposition 5.1. There exist some positive constants c3 >0, ¢ >0, 0 <to <T
such that for all 0 <t <tg, g € L>(R%), k > 1,

L w 1 e tZRot12
10 =m)e™ gliewn < Fmmame ™ ol



CONDITIONS FOR NULL-CONTROLLABILITY WITH MOVING CONTROL 41

where 0 < kg < 2d — 1 denotes the smallest integer satisfying

( ﬁ Ker[Re F(Im F)j]) AR = {0).

Jj=0

Proof. The proof of Proposition 5.1 relies on basic estimates on Hermite functions
recalled in Lemma 6.9, see appendix (Section 6.4). In the work [18] (Theorem 1.2),
Hitrik, Viola and the third author have shown that the contraction semigroup

(e7'");>¢ is smoothing for any positive time in the Gelfand-Shilov space S; //5 (RY),
Vg € LA(RY), ¥t >0, e7'"g € S)/2(RY).

We refer the reader to the appendix (Section 6.5) for the definition and some charac-
terizations of the Gelfand-Shilov regularity. More specifically, we deduce from [18]
(Proposition 4.1) that there exist some positive constants Cy > 1 and to > 0 such
that

12kg+1
e ©o

—Ay 2y ow
(—As+z]7) ,—tq Co,

(5.4) Y0 < t < to, ’

<
Lo(L2(RY))
with £.(L?(R%)) the space of bounded linear operators on L?(R?), that is,

(5.5) Y0 <t<tyVge L*R?),

w 2Rt L 41y 4 2d
Yo 19, @) pama e 0 D < g1 72 gay,
yENd

where (®.,),cne denotes the Hermite basis whose definition is recalled in appendix
(Section 6.4). We deduce from (5.5) that

(5.6) V0 <t <ty VyeNVge L*(RY),
w _ 2kg+1
(7" g, @) 2| < Coe™ o D gl 2oy,

Forany 0 < t < tg and g € L%(R?), the exponential decay of the Hermite coefficients
(5.6) ensures that the function

et g = Z (e_tqwg, Q)2 me)®,y € S (RY),
~yENd

belongs to the Schwartz space with convergence of the above series in the Schwartz
space .7 (R%), see for instance [43] (Proposition 1.2). By continuity of the operator
298 . S (RY) — Z(R?), with a, 8 € N¢, we obtain that

2200 (e7' " g) = D (e g, @) pa(payz®0L B, € S (RY),
~yENC

with convergence of the series in . (R%), and a fortiori in L?(R?). We deduce from
(5.6) and Lemma 6.9 with r = 1/2 that for all o, 3 € N¢ & > 0, 0 < t < to,
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g € L*(RY),
(5.7) ||lz*0f (e " Dlr2rey < Z (e D) L2 ray |2 P Y2 re)
~yENd
3 1
a 22¢32 [a]+]8] 42 o+ 9 4 =
<28, (7) Val /B! e @h1+d) 5di
0 nf(e2,1) B ||9||L2(Rd) Z

yEN

. . 2kn+1
With the choice ¢ = 282
acy

0<t<to, ge L3R,

> 0, it follows from (5.7) that for all o, 3 € N,

(5.8) 1207 (™" g)l| 2 (ra)

3 1
d 2ze2 la|+[8] 42 0+1
SQzCO . 2ko+1 .\ 1 \/7\/ ||g||L2(Rd) Z
1nf((2tdco )z,1) et
We notice that
2k +1 too _ 2k +1
b TS (D)
~yENd k=0
S 1|Z/<J+d yd= 1_f2,?o+1’C
: *2"’ ! (k4 d)yTte” — 20 (ktd) 20 g
< -+ e Co .
S @-0 & )
k=0
It follows from (5.9) that for all 0 < ¢ < %o,
+o0 (2ko+1
,2k0+1 1 _t2k0+1$ 1 5 d
(5.10) Z e < S 1)!(i1iyl)xd+1e %o )(Z k2)e <o
yENd =
d(d+1)Cgt 1y 9o,
S +(2ko+1)(d+1) (Z kz)e o

since

Vo >1, z0t! ! (t2k0+1x)d+l(d+ DICEH _ (d+1)ICgt! eron,
x>1, 27 = 0

(d+1)! Co t2ko+1)(d+1) = ¢(2ko+1)(d+1)

We deduce from (5.8) and (5.10) that there exists a positive constant C; > 1 such
that for all o, 3 € N4, 0 < t < tg, g € L*(R?),

Lt|al+8]

o _ o
G1) 0l e < g VAl Bl

By using the Parseval formula, we deduce from (5.11) that for all 3 € N¢, 0 < t < ¢,
g € L*(RY),

— Cw d o w
(5.12) [|€°e 1" gl 2ray = |1 F (05 (e7*" g)) || 2may = (2m)2 (|02 (€7 g) || L2 roy

CH‘\B\
V ||g||L2(]Rd)a

d
< (2 [ S,
> ( 7T) t2k0+1(|/8|+2d+2)



CONDITIONS FOR NULL-CONTROLLABILITY WITH MOVING CONTROL 43

where F denotes the Fourier transform on R%. We obtain from (5.12) that for all
0<t<ty, g€ L*(R?),

t2k0+1 ) o
€] )e‘tq‘”g

802

(5.13) H exp (

1 t2k0+l 18] Qﬁﬁ
L2y = Zdﬁ< 8C? ) le e gll 2 ey
BeN

u 1 /#2ko+1\ 8| CIQIBHI
<ot Y 5(5er ) memmman V@l

BENd

d o 1
< (27)2m< Z M>||g”L2(Rd)»
BeNd

since 1/(26)! < 28131, By using that

1 X/k+d-1\1 ==
Sa-r (T DEe g

BeN k=0

we obtain that for all 0 < t < tg, g € L?(R%),
t2k0+1

2 ft;‘
scz IEP)e

It follows that there exists a positive constant C; > 1 such that for all 0 < t < ¢,
g € L*(RY),

24(21)2 Cy
Lo®d) TRy 1902 @a)-

(5.14) H exp (

t2k0+1
502

(5.15)  ||exp (o leP) ey
We obtain that for all 0 < t < tg, g € L2(R9), k > 0,

(5.16) (1 = Dp i (§))e"" gll L2 (ma)

< C
L2(Rd) — +(2ko+1)(d+1) ||g||L2(Rd)~

t2k0+1 9 t2k0+1 9 —
—_— 7t ¢
= || = 1 ke (@ exp (- scz l¢ Jexo ( scz I¢] ) L2 (re)
t2k0+1 9 t2k0+1 9 —
_ k )H ( ) “tqv
< eXp( 802 P ez 61| o gy
C t2k0+1

2 2
S Rty &P ( - Wk )Ilglle(Rd),

where 1j_j, xja denotes the characteristic function of the set [—£, k]¢. This ends the
proof of Proposition 5.1. O

6. APPENDIX

6.1. Well-posedness of the homogeneous and inhomogeneous Cauchy prob-
lems. This subsection is devoted to recall from [3] (Appendix A.1) the well-posedness
of the homogeneous and inhomogeneous Cauchy problems for non-autonomous
Ornstein-Uhlenbeck equations.

We first study the well-posedness of the homogeneous equation

Oik(t,x) — Py(t)k(t,x) =0, (t,x) € (to,T1) x R4,
(61) { k|t:t0 _ kO GOLQ(Rd)7 0: 71
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associated to the non-autonomous Ornstein-Uhlenbeck operator

(62) Polt) = 5 Te(Ao(1)Ao(1)"V2) — (Bo(t)e, Vi) — 5Tr(Bolt), 1t € (To,Th),

2
with Ty < to < Ty and Ao, By € C°([Ty,T1], M4(R)). In order to define the
concept of weak solutions, we introduce the space E(tg,T7) of functions ¢ €
C%([to, Th], L?(RY)) satisfying

(i) (-, x) € C*((tg, T1),C) for all z € R?
(i) o(t,-) € C*(R?,C) for all t € (to,T1)
(iii) The functions d,¢ + (Bo(t)z, V), V2, ¢ belong to L?((tg, T1) x RY)

We consider the following notion of weak solutions:

Definition 6.1. Let Ty < tg < Ty, Ag, Bo € C°([Ty, T1], Ma(R)) and ko € L*(RY).
A weak solution to the Cauchy problem (6.1) is a function k € C°([to, T1], L*(R%))
such that k(tg) = ko in L?(R?), and satisfying for all ¢ € E(tg, Ty), t. € (to, 1),

[ (e 0ptte )~ koot o)) = [ [ K(t.0)(@uptt, ) + Pale) olt, ) o,
R4 to R4

with

(6.3) Py(t)* = %Tr(AO(t)AO(t)TVi) +(Bo(t)z, V) + %Tr(Bo(t)), t € (T, T}).

We establish the following result:

Proposition 6.2. Let Ty < Ty, Ay, By € C°([Ty, T1], My(R)) and 7 = {(t,to) :
To <tog <t <Ti}. There exists a strongly continuous mapping
v T = L(L*RY)),
(t,to) — %(tﬂfo),

with L.(L?(R?)) denoting the space of bounded linear operators on L*(R?), satisfy-
mng

(1) VIo <t <Ty, %(t,t) =1d2(rae)
(41) VIp <to <t1 <ta <Ti, Ul(ta,t1)% (t1,t0) = % (t2,t0)
(iii) For all ko € L*(R%), the function k(t) = % (t,to)ko is the unique weak
solution to the Cauchy problem (6.1)

Furthermore, the Fourier transform of the function k(t) = % (t,t0)ko is given by
(6.4) E(ﬂ &) = %0 (RO (t, to)Tf)e% ftto TY(BO(S))dSe*% ftto |AO(S)TRO(75»8)TE\2<157

where Ry denotes the resolvent associated to the linear time-varying system X(t) =
Bo(t)X (), that is, for all Ty < to,t < T,

(6.5) { %(t’to) = Bo(t)Ro(t,%0),
. RO(tO»to) =1
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In the above statement, the normalization of the Fourier transform with respect
to the space variable is given by

(6.6) E(t,&) = [ k(t,x)e " 4da.

Rd
Following [36] (Chapter 5, Section 5.1, Definition 5.3, p. 129), the two parameter
family of bounded linear operators (% (t1,%2)), t,)c# is called the evolution system
associated to the homogeneous equation (6.1). More specifically, we shall say that
the mapping % (¢, 1) is the evolution mapping associated to the family of operators
s € [to,t] — Po(S)

Proof. Let Ty < to < T and ko € L?>(R?).

Step 1. We first derive heuristically an explicit expression of the Fourier transform k.
To that end, we consider k a smooth solution to the Cauchy problem (6.1) and define
the function K : [tg, T1] x RY — C by

(6.7) k(t,x) = K (t, Ro(to, t)).

We recall for instance from [9] (Proposition 1.5) that for all Ty < t,ts,t3 < T7,
(6.8) Ro(t1,t2)Ro(t2,t1) = Lo,  Ro(t1,t2)Ro(t2, t3) = Ro(t1,t3)

and

(6.9) VT < t1,te <T1, (02Ro)(t1,t2) = —Ro(t1,t2)Bo(tz2).

According to (6.8) and (6.9), the function K is well-defined and a direct computa-
tion provides that

(6.10) (0uk)(t,z) + (Bo(t)z, (Vik)(t, ) = (8 K)(t, Ro(to, t)x).
It follows from (6.1) and (6.10) that

K (t,y) — 3Tr(Ro(to, 1) Ao(t) Ao(t)" Ro(to, )" V5 K (t,y))
FT(Bo(0)) K (1) = 0,
K|t:t0 = ko € L2(Rd)

By taking the Fourier transform, we deduce that

{ 0K (t,m) + 3| Ao(t)" Ro(to, ) Tnl* K (t,m) + 3Tr(Bo()) K (¢,m) = 0,

~

K (to,n) = ko(n).
It leads to the following explicit expression
7> _ 7 =21 [ 1Ao(s)T Ro(to,s)"nl?ds _—% [I Tr(Bo(s))ds
(6.11) K(t,n) = ko(n)e 0 e 0
S

for all (t,n) € [to, T1] x R By using the Liouville formula

(612) Vi, ty € [TQ,Tﬂ, det(Ro(tg,tl)) = exp (/tz» Tr(BO(S))dS)’

t1

see e.g. [6] (Proposition I1.2.3.1), and the substitution rule with y = Ry(to, t)z, it
follows that

k(t,&) = /Rd K (t, Ro(to, t)z) e~ dx = |det(Ro(t, to))| /Rd K(t,y)e (Fobtow)€ gy
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that is

E(Lf) = ltt HBeE g (t Ro(t, to)Tg)
=ko (Ro(t,to)Tf)eE Jio Tr(Bo())ds =3 [y, | Ao(s) ™ Ro(t,)" €| ds

b

since Ro(to,s)T Ro(t,to)? = (Ro(t,to)Ro(to,s))T = Ry(t,s)T. We obtain the for-
mula (6.4).

Step 2. We prove that the L2-function k whose Fourier transform is given by (6.4),
is a weak solution to the Cauchy problem (6.1). We easily notice that k(tg) = ko
and k € CO([to, T1], L2(R?)). Then, we use the change of function

(6.13) o(t,x) = ¥ (t, Ro(to, t)x)|det (Ro(to,1))]-

According to (6.8), the function 1 is well-defined. It follows from the Liouville
formula (6.12) that

(6:14)  (9rp)(t,7) + (Bo(t)x, (Vaip) (8, 7))
= |det (Ro(to, t)) [ (9t (t, Ro(to, t)x) — Tr(Bo(t))1b(t, Ro(to. t)z)),

since det (Ro(to,t)) € R for all Ty < ¢t < Ty. According to (6.7), (6.13) and (6.14),
it is sufficient to prove that for all ¢ € E(to7 Ty), to < t. < T,

/Rd (K (te, )0 (te, y) — ko(y)(to, y))dy
= /‘ . /Rd K(t,y) <3t¢ + %Tr(RO(tO’t)AO(t)AO(t)TRo(to,t)Tviw)

- LBl ) .

where E(to, T1) stands for the space of functions 1 € CO([to, T1], L2(R?)) satisfying
(i) (-, y) € C*((to,T1),C) for all y € R?

(i3) (t,-) € C*(R4,C) for all t € (to, Ty)

(#1) The functions 9y, V24, ¢ belong to L*((to, T1) x R%).

For all ¢ € E(to,Tl) and ty < t, < T, it follows from the Plancherel theorem,
(6.4) and (6.7) that

//K(ty) (&sw + %Tr(Ro(tmt>Ao(t)Ao(t>TRo(to7t)TV;LQﬂ/J) - %TT(Bo(t))¢>dydt

to R4

:(2%61 / / Rt ) (008 — 51 Ao(6) Rolto, 67 0[25 — STe(Bo(t)) ) ()i

to R4

=

Wit |dnt = [ (Rteon)iee.n = Bto.btto.n) b
Rd

:/(K(t*,y)w(t*,y) *K(to,y)w(to,y))dy:/(K(t*,y)w(t*,y)*ko(y)w(to,y))dy-

R4 R4



CONDITIONS FOR NULL-CONTROLLABILITY WITH MOVING CONTROL 47

Step 3: Definition and properties of the evolution system. For all (t,tg) € J and
ko € L?(RY), we define % (t,to)ko as the L?-function k(t) whose Fourier transform
is given by (6.4). With this definition, we easily check that % (t,t) = Id 2 ga) for all
Ty <t < Ty, and that the mapping % is strongly continuous from .7 to £.(L?(R%))
thanks to Plancherel theorem. On the other hand, with k1 = % (t1,t0)ko, k2 =
U (ta,to)ko and ks = % (t2,t1)k1, it follows from (6.4) that for all Ty < tg < t; <
to <17, ko € LQ(Rd),

Fu(€) = o (Ro(t, o)) e 4 THBo(o)ds =4 i3 140(0)T Ro(ta,9)eds

~

Ez(f) = ko(Ro(tmto)Tf)e? Jit Tr(Bo(9)ds , =} [i |40(s)" Ro(ta,s) €| ds

and
7{;\3(5) — 7{\1 (RO(tZ,tl)T£)€2 f’2 Tr(Bo(s))ds _l ‘AD(S)TRO(t27S) 5‘ ds
= ko(Ro(t1, 750)T1'“30(t2,t1)T£)e2 Ji Te(Bo(s))ds
w o= S 1A0(8) Ro(t1,8) " Ro(ta,t0) € ds ;= 4 [2 [ Ao ()" Ro(t2,5)"€|ds

= ka(9),

since .
Ro(tl,s)TRO(tQatl)T = (RO(tQ,tl)Ro(tl, S)) = Ro(t27s)T

and

T
Ro(t1,to)" Ro(ta, t1)" = (Ro(ta, t1)Ro(t1,t0))” = Rolt2,t0)”.
It proves that for all Ty < tg < t; <ty <17,

U (to,t1)% (t1,t0) = U (L2, to).

Step 4: Uniqueness of the weak solution to the Cauchy problem (6.1). Let k be a
weak solution to the Cauchy problem (6.1) associated with the initial datum kg = 0.
It follows that for all ¢ € E(to,Th), to < tx < T1,

(6.15) /k(t*, oty x)de = // t, ) (Owp(t, ) + Po(t)*o(t, x))dxdt.

to R4
Let tg < t. < Ty be fixed. We aim at proving that k(¢.) = 0. To that end, we

consider a sequence (g,)p>1 of C§°(RY) functions satisfying
pgﬂf}m 19p = k(t)ll L2 (ra)-
By Plancherel theorem, we observe that

(6.16) lim g, — k(t)] 2 gee) = 0.

p—>+o0

Following the very same strategy as in the two first steps, we build a weak solution
©p : (to,ts) x RT — C to the Cauchy problem

{ 8t80p(t x) + Po(t)* ‘Pp(tvl") =0,
<Pp|t t. = Op-

By deriving a similar formula as in (6.4), we notice that the function ¢, is smooth
in the space variable as its Fourier transform in the space variable is compactly
supported. This similar formula as in (6.4) also shows that the function ¢, is
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smooth in the time variable. It follows that the function ¢, is a pointwise solution
of the equation

V(t,x) € (to,te) X R, Oppp(t, ) + Po(t)*@p(t,z) = 0.

Furthermore, we easily check that ¢, is an admissible test function. Then, we
deduce from (6.15) and (6.16) that

vp > 17 /k(t*,x)gp(x)dx = (k(t*)7gp)L2(]Rd) = 07
R4
implying that k(t.) = 0, when passing to the limit p — 4o00. It ends the proof of
the uniqueness of the weak solution to the Cauchy problem (6.1). [

Regarding the inhomogeneous equation

Oth(t,x) — Po(t)h(t, ) = 1, (z)ult, ), (t, ) € (to, T1) x R4,
(6.17) { PR eOLQ(Rd), ® 0

with (w(t))serr,,r,) being a moving control support in R4, we use the notion of mild
solutions defined in [36] (Chapter 5, Section 5.5, Definition 5.1, p. 146):

Definition 6.3. Let Ty < tg < T1, Ag, By € CO([To,Tl],Md(R)), ko € LZ(Rd),
u € LY((to,T1), L*(R)) and (w(t))te[ry,my] @ moving control support in R®. The
mild solution to the Cauchy problem (6.17) is the function h € C°([to, T1], L*(R%))
given by

W(t) = % (¢, to)ho + / U (1, 9)[Looyu(s))ds,

with equality in L2(RY) for all t € [to, T1], where % stands for the evolution system
giwen by Proposition 6.2.

6.2. Hilbert uniqueness method. This section is devoted to the proof of follow-
ing characterization of null-controllability. This result extends the one established
in [3] (Proposition 2.8) to the case of moving control support:

Proposition 6.4. Let Ty < 0 < T4, Ag, By € C°([Ty, T1], Ma(R)), Py(t) be the non-
autonomous Ornstein-Uhlenbeck operator defined in (6.2) and Py(t)* its L*(RY)-
adjoint given in (6.3). Let T € (0,T1) and (w(t))ic(o,1) be a moving control support
on [0,T] in R?. The null-controllability on [0,T] from the moving control support
(w(t))eepo,r) of the system

(6.18) { Osf(t,x) — Po(t) f(t,z) = L) (z)ult, ), (t,x) € (0,T1) x R4,

' fli=o = fo € L*(RY),
is equivalent to the existence of an observability constant C' > 0 such that, for all

go € LQ(Rd), the mild solution to the Cauchy problem
(6 19) { atg(t7x) _PO(T_t)*g(tvx) :07 (t,l’) € (O7T_TO) X Rdv
) gli=o = go € L*(RY),

satisfies

T
/\g(T7 x)2dx < C/ / lg(t, x)|*dzdt.
R )

0 w(T—t
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Instrumental in the proof of Proposition 6.4 is the following result:

Lemma 6.5. If % stands for the evolution system given by Proposition 6.2, then
the L2-adjoint % (t,to)* of the evolution mapping % (t,to) is equal to the evolution
mapping % (t—to,0) associated to the family of operators s € [0,t—tg] — Po(t—s)*.

Proof. Let Ty < tg <t < Ty and go € L*(R?). Setting g(t — to) = %N(t — 10,0)go,
we deduce from Proposition 6.2 with the suitable substitutions that
(6.20) g(t —t0,¢) =

%o (R(t — o, O)Tg)e—% Jito Tr(Bo(t—s))ds ,— % . yto \Ao(t—s)TR(t—to,s)Tglzds,

where R stands for the resolvent associated to the system X (s) = —By(t — 5) X (s),
that is,

{ %775(57 50) = —Bo(t — S)R(S7 SO)a
R(s0,50) = I4-

According to (6.5), we notice that
(6.21) R(s,80) = Ro(t — s,t — sp)-
It follows from (6.20) and (6.21) that
(6.22)  g(t —t0,€) = go(Ro(to, t)Tf)e_% Jig Te(Bo(o))ds =4 Jiy 1Ao(s) " Ro(tos) ¢ l*ds
We deduce from Plancherel theorem, (6.4), the substitution rule with n = Ry (¢, t)7¢,
the Liouville formula (6.12) and (6.22) that for all kg, go € L?(R%),
1 -~ =
<%(tat0)k0790>L2(Rd) = W /Rd k(taf)90(§>d§
R L s L As Te?gee—— d

:/ Fo(Ro(t, to) T€) e o T(Po(ds =3 [ 140(e) Rotu,0)Te sy 08

R4 (27T)d

_ Eo(n)e_% It Tr(Bo(s))dse—% JE 1 Ao(9)T Ro(t,9)" Ro(to,) | ds= o 7y (Ro(to,t)Tn) dn

R g0 (2m)d

:/Rd Eo(n)m@d% = /Rd ko()g(t — to, @)dx = (ko, U(t — t0,0)90) 12y
Ro(t,s)" Ro(to, )" = Ro(to,s)”, |det(Ro(to,1))] :exp(—/ Tr(BO(S))dS)_

to
This ends the proof of Lemma 6.5. (I

Qu

Proof. We can now resume the proof of Proposition 6.4. We consider the following
linear mappings
Cy: LARY) — L2(RY),
fO = U (T’ O)fO
and
Cs: L*(0,T)xRY) — L2(RY),
u fOT U (T, s)[1y(syu(s)]ds.

For any fo € L%(R?), the function Cy(fo) = k(T) is the weak solution at time T to
the Cauchy problem (6.1) associated to the initial datum ko = fo, with ¢, = 0. On
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the other hand, for any u € L?((0,T) x R%), the function C3(u) = h(T) is the mild
solution to the Cauchy problem (6.17) at time 7" associated to the initial datum
h() = 0, with to =0.

The null-controllability of the non-autonomous Ornstein-Uhlenbeck equation
(6.18) on [0,T] from the moving control support (w(t)):epo, 1) is equivalent to the
set inclusion

Co(L*(RY)) € C3(L2((0,T) x RY)),
since the mild solution at time T is given by f(T) = Ca(fo) + Cs(u). According
to [9] (Lemma 2.48), this set inclusion is also equivalent to the existence of a positive
constant M > 0 such that for all gy € L?(R%),

(6.23) 1C3 90l 2 rey < MIIC5 90l 22((0,7) xR

where C3 and C3 denote the adjoint operators. We deduce from Lemma 6.5 that

(6.24) C590 = % (T,0)"g0 = % (T, 0)g0 = g(T),

where g is the weak solution of (6.19). On the other hand, it follows from Lemma 6.5
that for all u € L2((0,T) x R?),

(6.25) (U>C§90)L2((O,T)><Rd) = (CBU>QO)L2(Rd)

T T

= /0 (%(T, )Ly (syu(s)], gO)LQ(Rd)ds = /0 (u(s), L% (T, S)*gO)LZ(]Rd)dS
T T

= /) (u(5)7 ]lw(s)%(T - S, O)QO)Lz(Rd)dS = A (U(S), ﬂw(s)g(T - 8))L2(Rd)d57

where g is the weak solution of (6.19). It follows from (6.24) and (6.25) that the
estimate (6.23) reads as

T

/|9(T,x)|2dx < M2/ / lg(t, x)|?dxdt.
R4 0

w(T—t)

This ends the proof of Proposition 6.4. O

6.3. Miscellaneous facts about thick subsets in R?. In the works [34, 35],
Panejah addressed the problem of characterizing the subsets S C R? for which the
semi-norm || - || 12(s) defines a norm on specific vector subspaces of L?(R%). For the
vector subspace given by L? (Rd)—functions whose Fourier transforms are supported
in a fixed compact set of R%, the thickness property of the subset S turns out to be
a necessary and sufficient condition for the semi-norm |||/ z2(g) to be a norm on this
vector subspace, see Definition 1.3. This result was established by Panejah in the
one-dimensional setting. In the multidimensional case, Panejah only proved that
the thickness property is a necessary condition for the semi-norm || - ||z2(g) to be
a norm. The full equivalence in the multidimensional setting was then established
independently by Logvinenko and Sereda [26], and by Katsnelson [20].

Theorem 6.6 (Logvinenko-Sereda [26], Katsnelson [20]). Let S be a measurable
subset of R%. The two following assertions are equivalent:

(i) S is a thick subset in RY
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(ii) For all bounded subsets ¥ C RY, there exists a positive constant C(3%,S) > 0
such that

Ve LARY), supp F C 2, || fllz2ray < C(S, )| fllzzcs)-

We refer the reader to the monographs [13, 31] for detailed introductions on this
topic. Let us only notice for now that the estimate in assertion (4¢) is actually a
spectral estimate in the common terminology used in control theory. In order to use
this kind of the spectral estimates in control theory, it is then essential to understand
how the positive constants C'(X,.5) > 0 do depend on the bounded subsets ¥. This
problem was addressed by Kovrijkine who established in [21] (Theorem 3) the
following quantitative version of the estimate (i7):

Theorem 6.7 (Kovrijkine [21]). There exists a universal constant C > 1 such that
foralld>1,0<6 <1, a=(a,...,aq) € (0,+00)?, B = (B1,...,84) € (0,+00)<,
for all (8, )-thick set S in R? and for all f € L?*(RY) whose Fourier transform is
supported in a parallelepiped with sides parallel to the coordinate axes with length
respectively B1,..., Bq then

d C(()vﬁ-’rd)
) T

(6.26) iz < (5
where o - § = Z?zl a;B; denotes the Euclidean dot product.
6.4. Hermite functions. This section is devoted to set some notations and recall

basic facts about Hermite functions. The standard Hermite functions (¢, )n>0 are
defined for x € R,

LY et e L dyn e dld

where a is the creation operator

_L( i)

ay = \/5 x dr .

The family (¢,,)n>0 is an orthonormal basis of L?(R) composed by the eigenfunc-
tions of the harmonic oscillator

Hi=-A,+2> =) 2n+ 1P, 1= P,
n>0 n>0
where P, stands for the orthogonal projection
Pnf = (f, én)L2®)Pn-
It satisfies the identities
(6.28) Vn >0, ardn=vVn+lonil, a_¢p=non_1 (=0sin=0),

where

(6.29) ay = % (33 ¥ %).

Instrumental in the core of this work are the following estimates on the Hermite
functions given in the next lemma. They are an adaptation in a simpler setting of
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the analysis led in the work [22] (Lemma 3.2). The same estimates were also estab-
lished in [24] (Lemma A.1) while using a different normalization for the harmonic
oscillator and the Hermite functions. For the sake of completeness, we adapt the
proof given in [24] with the normalization used in the present work:

Lemma 6.8. We have
(k+14n)!

(6.30) Vi, k>0, |20k énl|L2m) <277 -

(6.31) Vr> ,Ve > 0,Yn,k,1 >0,

1 r+1 e’ k41
\\xka;¢n\|L2(R) < V2((1 = 60) exp(ern 2—)+5n0)(%) ! (KD (1",

where 6,0 stands for the Kronecker symbol, i.e., 6,0 =1 if n =0, 6,0 = 0 if
n # 0.

Proof. The estimate (6.30) is trivial if £ = [ = 0, since the family (¢,,)n>0 is an
orthonormal basis of L?(R). We notice from (6. 28) and (6.29) that

1 n+ 1
6.32 TOp = —=(ay +a— n+1 + n—1,
(6.32) o \/5( + Yon = A/ —5—Pn+1 \/7¢ 1
1 n+1
6.33 Oz, = —=(a_ —a n— n
(633 bn = Sl — it = | B6as b
This implies that
2n+1 2n+1
|2¢nllL2®) = 5 102 nllL2®) = 7

since (¢n)n>0 is an orthonormal basis of L?(R). It follows that the estimate (6.30)
holds as well when (k,1) = (1,0) or (k,I) = (0,1). We complete the proof of the
estimate (6.30) by induction. We assume that the estimate holds for any k,l > 0,
k+1<m,withm > 1. Let k,I > 0 such that k41 = m. It follows from (6.32) and
(6.33) that

We deduce from the induction hypothesis that
1250 o L2y
n+1 n _
< Tﬂxkai%HHm(m +4/ §|\33k5;¢n71||L2(R) + 2" bull L2 ey

kfl—1 (k+l+n+1)' n+1
: (1+ )

=2 VE+T+n+1)(k+1+n)

n!

o ket (k+1+n+1)
n!

)
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n n+1
o0 oulley < |/ 3l P e+

k+é—1 (k+l+n+1)!(l+ n )
VE+T+n+1)(k+1+n)

2% 0L i1 |l 2wy

<2

n!

k:+é+1 (k+l+n+1)!

<2
- n!

This ends the proof of the estimate (6.30). We now prove the estimates (6.31).
When n = 0, we deduce from (6.30) that

Yk, 1> 0, |20 dollpem < 275 /(k + 1) < 26FVEWV,
x (R)

since

(6.34) (k 2— l) = % < % (k "’ l) — gk+l

=0 J

<.

It follows that
1 2r+ler k41
Vr> - k1> kol < 2(7) k(1)
r= 27V5>07v y 701 ||{E ax¢0”L2(R) > \[ inf(sr,l) ( ) ( ) ’
since
27‘+16r

Vr > %,Vs >0, 2MHVEIVI < 2k (k)T < ﬁ(mf(gm)k+l(k!)r(1!)r.

The estimates (6.31) therefore hold when n = 0. When k =1 = 0 and n > 1,
the estimates (6.31) also hold since ¢y | z2®) = 1. From now, we may therefore
assume that £k + 1> 1 and n > 1. We notice that for all n > 1,

+oo n\mn “+o0
n!l=T(n+1)= / e tdt = (—) / ne” (g s
0 € 0

2 (&) [ et (2 -2 ()

so that

It follows that
1 n r
(6.35) Yr > §7Vn >1, n? <V2Vnlen < \/ﬁ(n!e") .

We distinguish two cases. When 1 < k + 1 < n, we deduce from (6.30) that for all
r>1/2and e >0,

k !
(6.36) [le* 0L onllom < 28 LA oty )™ < 0% (o)

< (2)" oy (22

uidn )r < (Z)ml exp(ern? )((k + D))"
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When k +1>n > 1, we deduce from (6.30) and (6.35) that for all » > 1/2,

k+1 ! ,

6.37) 2’0 nll e < 2°F % <2F (k+1+n)7T

<2 (2k+20)"T < V2(2e") (K + D)

It follows from (6.36) and (6.37) that for all * > 1/2, e >0,n>1, k+1>1,
2e” k+1 1

—_— ) ((E+ D"

e D) o)D)

By using anew (6.34), we finally obtain that for all» > 1/2,e >0, n > 1, k+1 > 1,

2rtler kit !

[ —— 2r NranT

inf(sr,l)) exp(ernz ) (k)" (I1)".

The estimates (6.31) therefore hold when k¥ + 11 > 1 and n > 1. The proof of

Lemma 6.8 is complete. O

%k nllam < V(

0k bnl ey < VE(

The d-dimensional Hermite functions (4 ),end,
d
(I)a(x) = H d)a]‘ (Ij)a T = (xla "'7xd) € Rd7 a = (ala "'aad) € Nda
j=1

is an orthonormal basis of L?(R?) composed by the eigenfunctions of the d-dimensional
harmonic oscillator

Hao= -0 +]af* =) @Qlal+dP,, 1= > P,
aeNd aeNd

with |a| = @i + ... + ag, when a = (aq,...,aq) € N¢ where P, stands for the
orthogonal projection

Pof= (f7 q)a)L2(]Rd)q)a~
It satisfies the identities

(638) a+,j<I>a =+\/a; + I(I)OH_@]., CL_J‘I)a = ,/ajq)a_ej ( =0 si aj = O),

with (eq, ..., eq) the canonical basis of R?, where

1 d
6.39 = 7( . 7)
( ) aiv] \/§ x] + d(IJj

By tensorization, the estimates proved in Lemma 6.8 can be readily extended to
the multidimensional setting as follows:

Lemma 6.9. We have

ait18l | (a+ B +7)!

(640) Va, 8,7 € Nd7 HxaaxB(I)’YHLQ(Rd) <2 5

b
with a! = H?Zl aj!, when a = (aq,...,aq) € N and |a| = a1 + ... + ag,

1
(6.41) Vr > 5 Ve > 0,Va, B,y € N¢,

ortler )\OCI-HB\

[ 4 2=
1205 @ || L2 (ray < 2% ((1-05,0) exp(erd|y|?)+0,,0) (m

(a)" (8",
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where 0,9 = H?Zl 04,0 stands for the Kronecker symbol, i.e., 6,0 = 1 if v =

(0,...,0), or dy,0 =0 if v # (0,...,0).

6.5. Gelfand-Shilov regularity. We refer the reader to the works [11, 12, 32, 43]
and the references herein for extensive expositions of the Gelfand-Shilov regularity
theory. The Gelfand-Shilov spaces S*(R?), with y,v > 0, g+ v > 1, are defined as
the spaces of smooth functions f € C*°(R?) satisfying the estimates

34,0 >0, [0°f(x) < CAll(alre =" 2 eRY o e N
or, equivalently

JA,C >0, sup 2702 f(x)] < CAlFBl(Q (B, a, 8 e N
rcRd

These Gelfand-Shilov spaces S¥(R?) may also be characterized as the spaces of
Schwartz functions f € .#(R?) satisfying the estimates

3C>0,3e >0, |f(x)| <Ce " zeR: |f(©) < Ce " ¢ e RY

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

Shilov space S} //5 (R?). More generally, the symmetric Gelfand-Shilov spaces S% (R?),

with ¢ > 1/2, can be nicely characterized through the decomposition into the Her-
mite basis (Py)qend, see e.g. [43] (Proposition 1.2),

feSHRY & fe LXRY), 3ty > 0, [|((f, o)L expltolal™)) +00

e lizuay <

1
& feLA(RY), 3t >0, [eMd" fl|2ma) < +00,

where Hy = —A, + |z|? stands for the harmonic oscillator.
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