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SMOOTHING PROPERTIES OF FRACTIONAL ORNSTEIN-UHLENBECK
SEMIGROUPS AND NULL-CONTROLLABILITY

PAUL ALPHONSE AND JOACKIM BERNIER

AssTracT. We study fractional hypoelliptic Ornstein-Uhlenbeck operators acting on LZ(R™)
satisfying the Kalman rank condition. We prove that the semigroups generated by these operators
enjoy Gevrey regularizing effects. Two byproducts are derived from this smoothing property. On
the one hand, we prove the null-controllability in any positive time from thick control subsets of
the associated parabolic equations posed on the whole space. On the other hand, by using the
interpolation theory, we get global L? subelliptic estimates for the these operators.

1. INTRODUCTION

1.1. Motivation. Given s > 0 a positive real number, B = (B; j)i<i j<n and Q = (Qi j)1<i,j<n
real n X n matrices, with () symmetric positive semidefinite, we aim in this work at studying the
fractional Ornstein-Uhlenbeck operator

1
(1.1) P=3 Tr*(—-QV?2) + (Bx,V,), z€R",
equipped with the domain
(1.2) D(P) = {u € L*(R™), Puc L*R")}.

This operator is composed of Tr*(—QV?2) the Fourier multiplier whose symbol is (Q¢, £)*, where
(-, ) stands for the canonical Euclidean scalar product on R", and (Bz, V) the differential operator

defined by
<BZL', VI> = Z Z Biyjl'jazi.

i=1 j=1
Under an algebraic condition on B and Q% (the symmetric positive semidefinite matrix given by
the square root of ), we investigate the regularizing effects of the semigroup (e ~*%);>¢ generated
by P on L?(R"), the null-controllability of the parabolic equation associated to P and the global
L? subelliptic properties enjoyed by P. This algebraic condition is the so-called Kalman rank
condition

(1.3) Rank[B | Q2] =n,
where

[B | Q%] =[Q%,BQ%,...,B"'Q%],
is the n x n2 matrix obtained by writing consecutively the columns of the matrices B/Qz. Equiv-
alently, B and Q% satisfy the Kalman rank condition when there exists a non-negative integer
0 <r <n-—1 satisfying
(1.4) Ker(Q?)NKer(Q2BT)N...NKer(Q? (BT)") = {0}.

This equivalence is proved in Lemma in Appendix.
A particular case of fractional Ornstein-Uhlenbeck operator is the fractional Kolmogorov oper-
ator
P=v-Vo+ (=A%, (z,v) € R*™,

obtained for
0, I ol 0, On
w po(® k) wa o=2t(% %),
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It plays a substantial role in kinetic theory since the fractional Kolmogorov equation

Ou(t, z,v) +v- Vau(t,z,v) + (—Ay)*ut,z,v) =0, t>0, (z,v) € R?",

u(0) = up € L*(R"),
where 0 < s < 1, turns out to be a simplified model of the linearized spatially inhomogeneous
non-cutoff Boltzmann equation. We refer the reader e.g. to [T, 12, 19, B1] for extensive discussions
about this topic.

The fractional Ornstein-Uhlenbeck operators also naturally appear in stochastic theory. Con-
sidering the stochastic differential equation in R™,

dX: = BX; dt + QzdNy,
Xog=2 € R",

where N, stands for a 2s-stable Lévy process, the fractional Ornstein-Uhlenbeck semigroup is the
transition semigroup of the process (X;):>0, see e.g. Examples 1.3.14 and 3.3.8 in [2].
In the rest of the introduction, we denote by

(1.6) L= —% Tr(QV?2) + (Bx, V)

the usual Ornstein-Uhlenbeck operator, corresponding to the case when s = 1. These operators
acting on Lebesgue spaces have been very much studied in the last two decades. The structure of
these operators was analyzed in [I8], while their spectral properties were investigated in [24] 28].
The smoothing properties of the associated semigroups were studied in [10} [T}, 13} 21, 24 28] and
some global hypoelliptic estimates were derived in [4] [IT] 13 [28]. We also refer the reader to [T} 22]
where the operator L is studied while acting on spaces of continuous functions. We recall from
these works that the hypoellipticity of the Ornstein-Uhlenbeck operator £ is characterized by the
following equivalent assertions :

1. The Ornstein-Uhlenbeck operator £ is hypoelliptic.

2. The symmetric positive semidefinite matrices

t
(1.7) Qt:/ e *BQe B ds,
0

are nonsingular for some (equivalently, for all) ¢ > 0, i.e. det@Q; > 0.
3. The Kalman rank condition (L3)) holds.
4. The Hérmander condition holds :

VZL'ER”, RankE(Xl,XQ,...,Xn,Yo)(ZL') =n,
with
Y0:<B-Tav$>a Xi:Zqi,jaZja i=1,...,n,
j=1

where £(X7, Xs,...,Xn, Yy)(z) denotes the Lie algebra generated by the vector fields
Xl,XQ,...,Xn and YO
at point z € R™.

1.2. Regularizing effects of semigroups. First, we derive an explicit formula for the semigroup
generated by P on L?(R™). The case of the hypoelliptic Ornstein-Uhlenbeck operator £ is treated
by Kolmogorov in [I6], where he proves that the semigroup (e‘tﬁ)tzo generated by L has the
following explicit representation :

1 Lo —b
—tL — —3{Q) " 2y.),, (o—tB
e () = ——F——= e ? ule™"Pz —y)dy,
() (2m) 2 \/det Q¢ /n ( y)dy
when ¢ > 0, where the symmetric positive semidefinite matrices @; are defined in (7). Since
e "y is given by a convolution, it follows from the properties of the Fourier transform that the

above formula writes as
A 1 t 1
(1.8) e~teu() = P exp {‘ 2 / Qe ¢ df} a(e'e).
0

In this work, without any assumption on B and Q%, we prove (after studying its basic properties)
that the operator P generates a strongly continuous semigroup on L?(R") and we derive an explicit
formula for its Fourier transform, extending (L8] :
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Theorem 1.1. The fractional Ornstein-Uhlenbeck operator P defined in (1)) and equipped with
the domain (L2)) generates a strongly continuous semigroup (e~'F);>o on L%(R™) which satisfies
that for all t > 0 and u € L*(R"),

_ 1
e Pull rogny < €2 B | L2 (rny,

and

;’P\u — eTr(B)t exp |:% /t |Q%€TBT . |25 dr a(etBT.).
0

A natural question is then to investigate the regularizing properties of this semigroup. In this
direction, Y. Morimoto and C.J. Xu proved in [26] that any solution u of the fractional Kolmogorov
equation

{ atu(t,.’I],U) +uv- (vmu)(ta z, U) + (_A’U)su(taxav) = Oa > Oa ((E, U) € RQna
£(0) = fo € L2(R*™),

belongs to the Gevrey type space G2= (R™) for any time ¢ > 0. We denote by G'z= (R™) the space
of regular functions f € C°°(R"™) satisfying

(1.9) 3e>1,Va e N, |02 (2)|| p2@ny < Hol (al)3s.

Note that, quite often, Gevrey regularity is defined locally in space, and not uniformly as in this
work. We refer the reader to [30] for the basics about Gevrey regularity. Here, we generalize this
result by proving that the semigroup generated by P enjoys similar smoothing properties, and we
derive a sharp control of the associated seminorms.

In our context, this regularizing effect is anisotropic and the characteristic directions are given
by (Vi )k>o0 the sequence of nested vector spaces

(1.10) Vi = Ran(Q?) + Ran(BQ?) + ... + Ran(B*Q?) C R", k>0,

where the notation Ran denotes the range. Assuming that the Kalman rank condition (L3) holds,
we consider 0 < r < n — 1 the smallest integer satisfying (L4). We observe from (LI0) that the
following strict inclusions hold :

(1.11) VoCWVC...CV,=R"

Moreover, we define Py, the orthogonal projection onto the vector subspace Vi for all 0 < k < 7.
All over the work, the orthogonality is taken with respect to the canonical Euclidean structure.
We notice from (LII) that P, is the identity matrix. The following theorem is the main result of
this paper and shows that the structure (LII)) of the space R™ induced by the family (Vi)o<k<r
allows one to sharply describe the short-time asymptotics of the regularizing effects induced by the
semigroup (e~*%);>¢ in the Gevrey type space Gz (R™)

Theorem 1.2. Let P be the fractional Ornstein-Uhlenbeck operator defined in (1) and equipped
with the domain (L2)). When the Kalman rank condition (L3)) holds, there exist some positive
constants C' > 1 and 0 < tg < 1 such that for allk € {0,...,7}, ¢> 0,0 <t <ty and u € L*(R"),

ctte q
[(PrDz) e Pul| L2 (n) < iz B G35 |ul| L2y,
where Py, is the orthogonal projection onto the vector subspace Vi, defined in (LI0) and 0 < r < n-—1
is the smallest integer satisfying (L4). In particular, we have that for all ¢ > 0, 0 < t < ty and
u € L2(R"),
+a .
(Dz) e~ P ul| L2(rn) < i ¢ T g3 ul| g2y,

since P, is the identity matriz.

In this statement and all over this work, we denote D, = —id,.. By using the factorial estimate
NN < eNN! which holds for any positive integer N > 1, see (0.3.12) in [27], we notice that the
result of Theorem implies in particular that there exist some positive constants C' > 1 and
0 < tp < 1 such that for all k € {0,...,r}, N € N (the set of all non-negative integers), 0 < t < ¢
and u € L*(R"),

_ 01+N 1 1
(1.12) H(]P)sz>N€ tPuHLz(Rn) S tN(ZTk) ez Tr(B)t (N!)25

‘UHLQ(]R”)-
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~P);>0 is smoothing in the Gevrey space GTls(R”), since P, is the

Therefore, the semigroup (e
identity matrix, with a global control of the seminorms in O(t~N(z+7)) for small times t — 0.
This control is sharpened in Ot~V (ﬁ““)) in the degenerate directions given by the ranges of the
matrices Py, with 0 < k <r — 1.

Theorem can be stated with the matrices Q2 (BT)* instead of the projections P, :

Corollary 1.3. Let P be the fractional Ornstein-Uhlenbeck operator defined in (LI) and equipped
with the domain ([[L2)). When the Kalman rank condition (3] holds, there exist some positive
constants C > 1 and 0 < t9 < 1 such that for all k € {0,...,7r =1}, ¢ > 0, 0 < ¢t < to and
u € L?(R"),

L(BTVE . Vap—tP < C'™ iy s
[{Q=(B")"Dy)le™" " ul| L2rn) < a4k € =

u L2(R")>
Jul

and

q,—tP cita 1Te(B)t L
||<DI> e UHLZ(]R”') S tq(%-i-?“) e?2 q25 HUHLZ(R")’

where 0 <1 < n —1 is the smallest integer satisfying (L4)).

Remark 1.4. Let £ be the hypoelliptic Ornstein-Uhlenbeck operator defined in (L6]). Similar
properties of regularizing effects for the semigroup (e ~**);>¢ on a weighted Lebesgue space Li (R™),
were obtained on the one hand by A. Lunardi in [2I] when the matrix @ is assumed to be positive
definite and on the other hand by B. Farkas and A. Lunardi in [I1] and by M. Hitrik, K. Pravda-
Starov and J. Viola in [I3] in the degenerate case when the matrix @ is only symmetric positive
semidefinite. More precisely, when the semigroup (e’t‘:)tzo admits an invariant measure p, which
is known to be equivalent [§] (Section 11.2.3) to the fact all the eigenvalues of the matrix B have
a negative real part, the result of [I3] (Corollary 3.3) and a straightforward induction state that
there exists a positive constant C' > 0 such that for all (a,8) e N*, 0<t<1and u € Li (R™),

Ot Hlal+]

aqB(, —tL _
(1.13) 1220z (e w)llz ) < g

(@)= (827 Jlullzz @),

where we denote by Li(R") the Lebesgue space with weight p and 0 < r < n — 1 the smallest
integer satisfying (L4)). Notice that the index r has the same role in the control of the regularizing
effects of the semigroup (e7*#);>¢ acting on the weighted space LZ(R™) in (LI3) as in the control
of the Gevrey regularizing effects of the semigroup (e~*%);>¢ acting on L?(R") in (LI2) when
s=1and k=r.

1.3. Null-controllability. In a second step, we study the null-controllability of fractional
Ornstein-Uhlenbeck equations posed on the whole space :

{ Ocf(t, )+ Pf(t,x) = u(t,x)l,(z), t>0, xR,
f(0) = fo € L*R"),

where w C R™ is a Borel set with positive Lebesgue measure and 1, is its characteristic function :

(1.14)

Definition 1.5 (Null-controllability). Let 7' > 0 and w be a Borel subset of R™ with positive
Lebesgue measure. Equation (II4) is said to be null-controllable from the set w in time T if, for
any initial datum fo € L?(R™), there exists u € L?((0,T) x R™), supported in (0,7") x w, such that
the mild (semigroup) solution of (I.I4)) satisfies f(T’,-) = 0.

By the Hilbert Uniqueness Method, see [6] (Theorem 2.44), the null-controllability of the equa-
tion (LI4) is equivalent to the observability of the adjoint system

Org(t,x) +P*g(t,z) =0, t>0, x € R,
9(0) = go € L*(R™).
We recall the definition of observability :

(1.15)

Definition 1.6 (Observability). Let 7" > 0 and w be a Borel subset of R™ with positive Lebesgue
measure. Equation (LIH) is said to be observable from the set w in time T if there exists a
constant Cr > 0 such that, for any initial datum go € L?(R"), the mild (semigroup) solution of

(LI9) satisfies

T
(1.16) 19(T, )|y < Cr / ot 2o, dt.
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The null-controllability of hypoelliptic Ornstein-Uhlenbeck equations
L.17) of(t,x) — 2 Te(QVE) f(t, ) + (Bx, Vu) f(t,2) = u(t,z)l(z), t>0, z€R",
' 1(0) = fo € L*(R™),

corresponding to the case when s = 1, is studied by K. Beauchard and K. Pravda-Starov in [3]
(Theorem 1.3). More precisely, the two authors prove that the equation (LIT) is null-controllable
in any positive time, once the control set w C R™ satisfies

(1.18) 35,7 > 0,Vy € R", 3y €cw, B(y,r) Cwand |y—1y| <.

Their proof is based on a Lebeau-Robbiano strategy that we shall also be using in this work.
The case where B =0,, and Q = Q%In, corresponding to the fractional heat equation

Of(t,x) + (—A)° f(t, ) = u(t,z)ly(z), ¢>0, z€R™
f(0) = fo € L*(R™),

is widely studied. When 0 < s < 1/2, A. Koenig proved in [15] (Theorem 3) that this equation
is not null-controllable in any positive time, once w C R™ is open with w # R". Furthermore, no
positive null-controllability result is known with non trivial measurable control supports for such
s. This is not the case when s > 1/2, since then, L. Miller derived in [25] the null-controllability
in any positive time of (LI9) for control subsets w C R™ which are exteriors of compacts sets, see
Subsection 3.2, and more specifically Theorem 3.1, in [25]. A. Koenig also studied this equation for
s =1/2 in [14], but only on the one-dimensional torus T and proves that when w = T\ [a, b], with
[a, b] a non-trivial segment of T, the equation (I.I9) is not null-controllable in time T for all T' > 0.
The case when s = 1 corresponding to the heat equation is now fully understood with the recent
striking results by M. Egidi and I. Veselic in [9] and G. Wang, M. Wang, C. Zhang and Y. Zhang
in [32] establishing that the heat equation posed on the whole Euclidean space is null-controllable
in any positive time if and only if the control subset w C R™ is thick. The thickness of a subset of
R™ is defined as follows :

(1.19)

Definition 1.7. Let v € (0,1] and a = (a1,...,a,) € (R})". Let C = [0,a1] x ... x [0,a,] C R™.
A set w C R™ is called (v, a)-thick if it is measurable and

Ve e R", |wn(x+C) Z'y]:[aj,
j=1
where |w N (z + C)| stands for the Lebesgue measure of w N (z + C). A set w C R™ is called thick
if there exist v € (0,1] and a € (R%)" such that w is (v, a)-thick.

Note that the thickness is weaker than the condition (I.I8) considered in [3].

By taking advantage of the smoothing effect of the semigroup (e *%);>0, we aim in this work at
proving that the fractional Ornstein-Uhlenbeck equation (LI4) is null-controllable in any positive
time from thick control subsets of R™, once s > 1/2 :

Theorem 1.8. Let P be the fractional Ornstein-Uhlenbeck operator defined in (1)) and equipped
with the domain (L2). We assume that s > 1/2, and that the Kalman rank condition (L3)) holds.
If w CR™ is a thick set, then the parabolic equation

{ Of(t, )+ Pf(t,x) =u(t,z)l,(z), ¢t>0, ze€R"
f(0) = fo € L*(R™),

s null-controllable from the set w in any positive time T > 0.

(1.20)

Remark 1.9. Theorem [[.§ extends Theorem 1.3 in [3] (concerning the null-controllability of
hypoelliptic Ornstein-Uhlenbeck equations) to thick control subsets, and the result by L. Miller
mentioned above since it implies that the fractional heat equation (LI9) is null-controllable in any
positive time, once s > 1/2 and the control subset w is thick.

Example 1.10. If w C R" is thick, the fractional Kolmogorov equation posed on the whole space
A f(t,x,v) +v- (Vo f)(t,2,0) + (=A0)° f(t,2,0) = u(t, z,v) L (z,0), >0, (z,0) € R,
£(0) = fo € L*(R*"),

where s > 1/2, is null-controllable in any positive time T > 0, since the matrices defined in (5]
satisfy the Kalman rank condition ([3)).
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By using the change of unknows g = e_%Tr(B)tf and v = e_%TT(B)tu, where f is a solu-
tion of (L20) with control u, we notice that the result of Theorem is equivalent to the null-
controllability of the equation

Org(t, ) + Peog(t,x) = v(t,z)1,(x),
1.21) kg (t, ) 2() (t, 2) 1 (z)

g(O) = fO €L (]Rn)a
where

1 ) 1

(1.22) Peo =5 Tr*(—QV?2) + (Bx, V) + 5 Tr(B).
We prove in Corollary that the adjoint of the operator P., equipped with the domain
(1.23) D(Peo) = {u € L*(R™), P.uc L*(R")} = D(P)
is given by

1 1
(Peo)” = 5 Tr*(—QV3) + (= Bz, Vg) + 5 Tr(=B),
with domain D(P). Moreover, —B and Q? also satisfy the Kalman rank condition (I3). There-
fore, by the Hilbert Uniqueness Method, the result of null-controllability given by Theorem [L.§] is
equivalent to the following observability estimate :

Theorem 1.11. Let P., be the operator defined in (L22) and equipped with the domain (L23).
We assume that s > 1/2, and that the Kalman rank condition (L3]) holds. If w C R™ is a thick
set, there exists a positive constant C > 0 such that for all T > 0 and u € L*(R"),

_ C o
(1.24) le™"Peou| 72y < Cexp <T>/0 lle™"Peoul| 72,y dt,

T2s-1
where 0 <r < n—1 is the smallest integer satisfying (L4).

The result of Theorem[I_§ can be refined when the operator P stands for the fractional Laplacian.
Indeed, for all s > 0, the thickness of the control set w C R™ turns out to be also a necessary
condition for the null-controllability of the fractional heat equation (I9) :

Theorem 1.12. Let s > 0, T > 0 be some positive real numbers and w C R™ be a measurable set.
If the fractional heat equation ([LI9) is null-controllable from the set w in time T > 0, then w is
thick.

Remark 1.13. Let s > 1/2 and w C R™. The results of Theorem and Theorem imply
that for all positive time T' > 0, the fractional heat equation (I.I9) is null-controllable from the set
w in time T if and only if w is thick. Therefore, these two theorems extend the result [9] (Theorem
3) by M. Egidi and I. Veselic.

1.4. Global subelliptic estimates. Finally, we derive global L? subelliptic estimates for the
fractional Ornstein-Uhlenbeck operator P. Let £ be the hypoelliptic Ornstein-Uhlenbeck operator
defined in (LE). In the work [4], M. Bramanti, G. Cupini, E. Lanconelli and E. Priola proved global
LP estimates for £, with 1 < p < co. More specifically, they showed that for every 1 < p < oo,
there exists a positive constant Cj, > 0 such that for all u € C§°(R"™),

IPo Do [*ull Lorny < Cp [l Lull Lony + el Logeny]

where the operator |PyD,|? denotes the Fourier multiplier associated to the symbol |Poé|?, with Py
the orthogonal projection onto V; the vector space defined in (ILI0). This result provides global
LP estimates of the elliptic frequency directions, since the standard symbol of £ is given by

(1.25) Q3¢ + i(Bz,€), (z,£) € R*™

However, the result of Bramanti and al. does not provide any control for the degenerate frequency
directions R?™ \ V. Despite the operator £ may fail to be elliptic, its hypoelliptic properties
induced by the Kalman rank condition allow to expect that some controls of the non-elliptic
frequency directions still hold.

In this work, we consider specifically the L? case and we aim at establishing global L? subelliptic
estimates for P in all frequency directions :
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Theorem 1.14. Let P be the fractional Ornstein- Uhlenbeck operator defined in (1)) and equipped
with the domain (L2). When the Kalman rank condition (L3) holds, there exists a positive constant
¢ > 0 such that for allu € D(P),

D PeD) o ul| oy < ¢ [[[Pullp2@n) + lullz2@n]
k=0

where Py, is the orthogonal projection onto the vector subspace Vi, defined in (II0) and 0 < r < n-—1
is the smallest integer satisfying (L4).

This result can be reformulated with the matrices Q2 (BT)k .

Corollary 1.15. Let P be the fractional Ornstein- Uhlenbeck operator defined in (ILIl) and equipped
with the domain (L2). When the Kalman rank condition (I3) holds, there exists a positive constant
¢ > 0 such that for allu € D(P),

r—1

1 25 _2s
D Q2 (BT Dy) 5 ul| 2 gy + [(Da) 5 ul| 2y < ¢ [|Pull 2y + el p2@m]
k=0

where 0 < r < n—1 is the smallest integer satisfying (L4).

When the parameter 2s is a positive integer, this result proves that P enjoys a global L2
subelliptic estimate
1{D2)** 0| 2mny S |IPullp2@ny + 1wl L2@n),

with loss of
2rs

- 1+ 2rs

derivatives compared to the elliptic case.

Remark 1.16. Notice that Corollary [[L.TH extends the result of Theorem 1.4 in [13] to a class of
accretive quadratic operators associated to quadratic forms with non-trivial singular spaces (see
e.g. (1.7) in [I3] for the definition of this notion). Indeed, let us consider ¢%“(x, D) the quadratic
operator defined as the Weyl quantization of the quadratic form ¢ : R} x R? — C defined on
the phase space by ([25). An immediate computation shows that the singular space of ¢ is
S =R" x {0}, see e.g. [3] (p.11). Since ¢*(z,D,) = L + 3 Tr(B), it follows from Corollary [.15]
that there exists a positive constant ¢ > 0 such that for all u € D(L),

r _2
IAGul 2@y + D> AT T ull 2y < ¢ [16%(, Da)ull 2y + l[ull L2
k=1

with the notations of p.624 in [I3]. In addition, it conforts the conjecture made in [I3] that the
power over the operator Ag in [13] (Theorem 1.4) should be 2.

Remark 1.17. In the work [1I], B. Farkas and A. Lunardi provided a sharp embedding for the
domain of the hypoelliptic Ornstein-Uhlenbeck operator £ with invariant measures acting on L?
spaces, in some anisotropic weighted Sobolev spaces. We will not recall here this result in detail
but we point out that the regularity exponents that define the anisotropic weighted Sobolev spaces
in question are given by 2/(1 + 2k), with 0 < k < r and 0 < r < n — 1 the smallest integer
satisfying (I4]), and that these exponents are also the regularity exponents appearing in Theorem
[LT4 applied with P = L, corresponding to the case when s = 1.

An immediate consequence of Corollary [[.15]is the following :

Corollary 1.18. Let P be the fractional Ornstein- Uhlenbeck operator defined in (ILIl) and equipped
with the domain (L2). When the Kalman rank condition (IL3) holds, there exists a positive constant
¢ > 0 such that for allu € D(P),

H(Bm, vw)“HLZ(Rn) <c [H,PUHLZ(]R") + HUHLZ(R”)} .
Example 1.19. Since the matrices defined by (LH) satisfy the Kalman rank condition (L3)), and
the associated smallest integer satisfying (L)) is r = 1, there exists a positive constant ¢ > 0 such
that for all u € D(P),
lv- (Vau)lL2@en) + 1{Da) T ull L2@en) + (Do) *ull L2gen) < ¢ [IIPullz2@en) + llullz2gen)]
where P stands for the fractional Kolmogorov operator defined by
P:’U~VI+(7AU)S, (ZL',’U) ERQ"
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Outline of the work. In Section [B] we establish the Gevrey smoothing effects for semigroups gener-
ated by fractional Ornstein-Uhlenbeck operators under the Kalman rank condition, after checking
in Section 2] that these semigroups are well-defined. Thanks to these regularizing effects, we study
the null-controllability of fractional Ornstein-Uhlenbeck equations in Section H, and L? subellip-
tic estimates enjoyed by fractional Ornstein-Uhlenbeck operators in Section Section [0 is an
appendix containing the proofs of some technical results.

Notations. The following notations and conventions will be used all over the work :

1. The canonical Euclidean scalar product of R™ is denoted by (-, -) and |-| stands for the associated
canonical Euclidean norm.

2. For all measurable subset w C R"™, the inner product of L?(w) is defined for all u,v € L?(w) by

(1 0)pa) = [ ulala) do

while || - ||z2(.) stands for its associated norm.

3. For all function u € ¥ (R™), the Fourier transform of u is denoted by @ or & (u) while F ~!(u)
stands for its inverse Fourier transform and ¥ (u), & ~!(u) are respectively defined by

(€)= F(u)(§) = / e Ou(e) de and FH(u)(x) = (Qi)n / et a(g) de.

With this convention, the Plancherel theorem states that

Vu e SR"),  [ullfe@ny = 2m)" ullZ2@n).

4. The Japanese bracket (-) is defined for all z € R™ by (z) = (1 + |z|?)z.

5. For all real n x n matrix M € M, (R) and all non-negative real number ¢ > 0, |MD,|? and
(MD,)? are the Fourier multipliers associated respectively to the symbols |[M&|? and (ME)9.

6. For all measurable subset w C R™, 1, stands for the characteristic function of w.

2. FRACTIONAL ORNSTEIN-UHLENBECK OPERATORS
This section is devoted to the proof of Theorem [[11

2.1. Graph approximation. We begin by studying the graphs of fractional Ornstein-Uhlenbeck
operators. We prove that the Schwartz space & (R™) is dense in their domains equipped with the
graph norm, by using the symbolic calculus and convolution estimates. Then, we compute the
adjoints of these operators, and we study their positivity.

Proposition 2.1. Let P be the fractional Ornstein-Uhlenbeck operator defined in (1)) and
equipped with the domain (L2). Then, for all w € D(P), there exists (ug)i a sequence of & (R™)
such that

lim w,=u and lim Puy=Pu in L*(R").
k—+o00 k——+o00

Proof. For all kK > 1, we consider the pseudodifferential operator

|22 D2
where D, = —id,, ¢ € C§°(R) is such that 0 <1 < 1,1 =1 on [-1,1] and Suppt C [-2,2], and
a > 0 is a positive constant satisfying (2s — 1)a < 1. Since 4 is compactly supported, we get that

(2.2) Vk > 1, tp(z,Dy): L*(R™) — C°(R™) C ¥ (R™).

Let us first check that

(2.3) Vk > 1,Vu € L*(R"), klirf Yr(z, Dy)u=u in L*(R™).
—4o00

Let u € L?(R™). We have that for all k > 1,
19k (2, Do )u — ul| L2 (mm)

|z[? D3 |z[? |z[?
< v <F () T2 u—1 ez ull 2wy + |90 7z u— ul L2@n)

D; ||
< v 120 u — ul|p2@ny + |9 Tz u—ulr2@ny — 0,

k—+oo
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from the dominated convergence theorem and the Plancherel theorem. Thus, (23] is proved. Now,
we consider v € D(P) and up = ¢y(x, Dy)u for all kK > 1. As a consequence of (Z2) and (Z3)),
(ur)k is a sequence of Schwartz functions that converges to u in L?(R™). Since Pu € L?*(R") by
definition of D(P), we can apply once again (2.3) to get that

lim ¢y (2, Dy)Pu="Pu in L*(R").
k—+oo
If the operators 9 (z, D,) and P were commutative, the proposition would be proven. It is not
the case but to conclude, it is sufficient to check that

(2.4) lim [P,¢x(z,D;)Ju=0 in L*(R™).

k— o0

We write

[’P”(pk(x’Dm)] = [(Bxa vz>awk($,Dz)] + 1

92 [TI‘S(—QV§), lﬂk(% Dm)]a

and consider the two commutators separately.

1. By definition of the commutator,

(2.5) [(Bz, V), ¥x(z, Dy)u = (Bx, Vi (Yr(x, Dy)u)) — Yr(x, Dy ){Bx, Vyu).
First, we notice that

|z

(26) (B2 0, D230 = (B9 [ (B ) v (£2) o))

0. o (5 () 0 (5) o ()

= 2o (M) v (£2) ur v (B2) tov (£2) v

The last term of the previous equality also writes as

o1 o() o () v

o (M) 5 (Zewreov (L) @) + onte DB V20

Indeed, it follows from a direct computation that

7 (1Be (2 ) Vo)) = 8Veow (16 ) 6 = ~ew () 57em)
- e Ve [ (5) a - o (B vemmea

— (B¢, Ve [w (%)])A— ( (',ilj) [(BT¢,Veu) + Tr(B)a)

IS

2 2\ I s
- e ov (5h)a-v () [e7e va) + mma).
that is

Brv () V) = -5 (e (BR ) @) + o (82) (B V),

since we also have that
F ((Bx,Vu)) = (iBV, i) = —(Ve, BT ¢a)
—(BT¢,Veu) — (Ve, BTE)u = —(B'¢, Veu) — Tr(B)a.
It follows from (1)), 23), (Z8) and 2.71) that for all & > 1,
(2.8) [(Bx,Va), ¥u(x, Dg)lu

= Zimoa (BD) o (B ) u-v (BD) 5 (Zrwreav (K) ).
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Now, let us prove the following convergence

2 2
(2.9) i | (B, <%) " <,€’i> P——
On the one hand, since ¢’ is bounded and v¥’(0) = 0, we get by homogeneity that
(210) cup |2 (B, 2)0" (1) ey < o,

ot k2 L2
and
(2.11) Vo € R", 2 (Bz, )y’ <@) — 0
/{32 k2 k—+o0

On the other hand, the following convergence

. D2 R
lim ¢ k;; u=uwu in L*(R™),

k—+oo

and the classical corollary of the Riesz-Fischer theorem, see e.g. Theorem IV.9 in [5], prove that
up to an extraction,

(2.12) ’L/J(D—g)’u — u a.e. on R",

k2o k——+o0

and give the existence of v € L?(R™) such that for all k,

(2.13) o (2 )l < o
Then, (29 is a consequence of (ZI0), II), (Z12), I3) and the dominated convergence theo-

rem. By arguing in the very same way, we derive that

9 2
limoo ||W(BT§,€>¢ (EJQ) Ul 2@y = 0,

k—+

and as a consequence of the Plancherel theorem, since v is bounded,

|z|2 g-1( 2 pr €7 -~
(2.14) pHm % e (B oY’ e ) 0 ) lr2gny =0.
Finally, we derive from (2.8]), (IZQI) and (ZI4) that
(2.15) klir}rl [(Bx, V), ¥r(z, Dy)Ju =0 in L*(R™).
—+00

2. Now, we prove that

(2.16) kglf [Tr*(—QV2), ¢x(x, Dy)Ju =0 in L*(R™).

Since Fourier multipliers are commutative, we have
|z

S S z Di
[Tr®(—QV2), ¢x(x, Dy)u = [Tr* (—QV?2),¢ (?>]U;€, where v, = (k:%‘) u,
and it follows from the Plancherel theorem that

(2.17)  [[[Te*(=QV2), ¥x(x, Da)lull 2(mn)

1 1o R R R Lo
= on? Q=€ (k" B(k€) * Oi) — k" B(kE) * (|Q=E|* T) || L2 mny

where
p(z) = ¢(|z*), = €R™
Moreover, we have that for all £ € R,
(218) Q=€ (K"@(kE) * 5i) — K"B(kE) * (|Q=&|* )
= [ K (QEEP ~ Q) 3k ~ m)a(n)n

When 2s > 1, we use Lemma [6.5] which yields that there exists a positive constant ¢ > 0 such that

ve R, [IQEE — 1QEn| < e (i — 0l + e — ),
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to derive from ([2I7) and (ZI8) that
(219) ([T (=QV2), vk, Da)lull L2y < cllk™ (12| B(RE)]) * 0k l| L2

+cllk™ (IENBHEEN) * (€177 Tkl) ] 2

Yet, as a consequence of the Young inequality and a change of variable, we first get that
(2.20) IE™ (1% B(KE)]) * [Tklll L2ny < K™ [E1* R L ) |1k ]| L2 )
< E2NEP RO @y 1] 22 gem) e
It follows from the very same arguments that
(2.21) 1% ([ENBEE)I) * (1€1* = or]) | L2z
< [IK"1E1BRE) L1 I1€1*~ o (k™€) | L2 m)
< kDB | L@ €175 (€ Low @y [Tl L2y o O

since (2s — 1)ae < 1. Then, 2I6) follows from ZI9), (Z20) and Z2I)).

When 0 < 25 < 1, Lemma yields that there exists a positive constant ¢ > 0 such that
(2:22) vem e R, [IQFE — Qi < clg —nf*

Thus, it follows from (ZIT), 2I8), (Z20) and 222) that
I (- QV), e D)l ey < cllB™ (1K) = [l ey~ 0,

and (Z.I6]) is proved in this case. Therefore, we derive (Z4]) from (ZI5]) and (2.I6), which ends the

proof of Proposition 2.1

11

O

Thanks to Proposition 21, we can compute explicitly the adjoints of fractional Ornstein-

Uhlenbeck operators :

Corollary 2.2. The adjoint of the the fractional Ornstein-Uhlenbeck operator P defined in (1))

and equipped with the domain ([L2) is given by
1
P =3 Tr*(—QV?2) — (Bz,V,) — Tr(B),
with domain
D(P*) = {u € L*(R"), P*uec L*R")}.
Proof. Let Q be the pseudodifferential operator defined by
1
Q = 5T (~QV2) — (B2, V.) — Te(B),
and equipped with the domain
D(Q) = {u e L*(R"), Qu € L*(R™)}.
Let u € D(P) and v € D(Q). From Proposition 2] applied respectively to the operators

1. 1.
3 Tr¥(-QV2) + (Bx,V,) and 3 Tr*(—QV?2) — (Bz, V,.),

there exist some sequences (ug); and (vg)r of & (R™) such that

lim w,=u, lim Puy="Pu in L*(R"),
k— o0 k—+oo

and
lim v, =, lim Qu, = Qu in L*(R").
k——+o00 k——+o0
Yet, it follows from an integration by parts that
Vk >0, (Pug,vi)r2mn) = (Uk, Qui)r2®n),
and passing to the limit, we deduce that

<PU,U>L2(Rn) = (u, Q'U>L2(]Rn).
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This equality shows that D(Q) C D(P*) and P*v = Qu for all v € D(Q). Conversely, if v € D(P*),
we get that for all u € ¥ (R"™),

<Q’U,U>y/(]Rn)7y(Rn) = <’U,m>L2(Rn) = <’U,'PU>L2(Rn) = <P*’U,ﬂ>L2(Rn) = <P*U,u>5ﬁ/(Rn)1y(Rn),
where (-,-)g/(rn),#®n) stands for the duality bracket of &'(R™) and #(R"), which proves that
Quv = P*v € L3(R) and D(P*) C D(Q). O

Another consequence of Proposition 2.1 is the positivity property of fractional Ornstein-
Uhlenbeck operators up to a constant :

Corollary 2.3. Let P be the fractional Ornstein-Uhlenbeck operator defined in (1) and equipped
with the domain (L2). Then, we have that for all u € D(P),
1
Re(’Pu,u)Lz(Rn) + 5 TI‘(B)||U||2L2(R7L) > 0.

Proof. Let w € D(P). From Proposition 2] there exists a sequence (uy), of & (R™) such that

lim wy =u, lim Puy="Pu in L*R").
k——+o00 k——+o0

It follows from Corollary 2.2] that for all £ > 0,
1 s
(Puk, ug)p2(mny = §|| Tr2 (—QV2)ur||72@ny — (uk, (B, Va)ur) L2y — Te(B) |[ugl|72 @ny

= | T2 (—QV2)ull72(gny — (urs Pur)r2@ry — Tr(B)|luk 72 (gn)-
Therefore, we have that for all £ > 0,

1
Re(Puk, ur)r2@n) + 5 Te(B)|lurl|72(gny > 0,
and Corollary follows passing to the limit. a

2.2. Generated semigroup. By using some basics of the semigroup theory, we now prove that
fractional Ornstein-Uhlenbeck operators generate strongly continuous semigroups. First, we need
to check that the operators are densely defined and closed :

Lemma 2.4. The fractional Ornstein-Uhlenbeck operator P defined in (ILI]) and equipped with the
domain ([L2) is densely defined and closed.

Proof. P is densely defined since D(P) contains the Schwartz space & (R™). Now, we consider
u,v € L?(R") and (ux) a sequence of D(P) such that

lim ug=u and lim Pug=v in L*(R").
k—+oo k—+oo

We have that for all p € ¥ (R"™),
(Puk, ) ®n), o ®n) = (Uk, P*@)p2@n) — (U, P*p)r2®n) = (PU, )51 (Rn), o (&)

k—+oo
On the other hand, the following convergence holds for all ¢ € & (R™),

1. ’ n ny — ’ n n
k_&TOOW’Uk,@y ®),% (R") = (U, ©) 97 (®n),% (R,

and it implies that v = Pu. This shows that P is a closed operator. O

Proposition 2.5. The fractional Ornstein-Uhlenbeck operator P defined in (L)) and equipped with
the domain (L2)) generates a strongly continuous semigroup (e~'F);>o on L%(R™) which satisfies
that for all t > 0 and u € L*(R™),

(2.23) e P ull pogany < €2 B | pa(rny.
Proof. We consider the operator

1 1 X 1
Peo =P+ 5 Tr(B) = 5 Trs(-QV?2) + (Bx, V,) + 5 Tr(B)
equipped with the domain D(P). It follows from Corollary that the adjoint of P., is given by
1 1
(Peo)’ = 3 T (-QV2) ~ (Ba, Vi) — 5 Tw(B),

and Corollary shows that both P, and (P.,)* are accretive operators. Therefore, the exis-
tence of the strongly continuous contraction semigroup (e~¢7¢¢);> follows from the Lumer-Phillips
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theorem, see e.g. Chapter 1, Corollary 4.4 in [29], since P, is a densely defined closed operator
from Lemma[ZZl As a consequence, P generates a strongly continuous semigroup (e ~**);>¢ which

satisfies (223)). O

In the following of this subsection, we compute the Fourier transforms of semigroups generated
by fractional Ornstein-Uhlenbeck operators. We begin with some non-rigorous calculus to derive a
formal expression of these Fourier transforms. Let u = e *Pug be the mild solution of the equation

du(t,z) + 2 Tr*(—QV2)u(t, ) + (Bz, Vy)u(t,z) = 0,
{ u(0,-) = up € L2(R™).
By passing to Fourier side, @ is the solution of the Cauchy problem
{ D(t,€) + 5|QE>a(t, &) — (BTE, Ve)u(t, €) — Te(B)i(t,€) = 0,
u(0,-) = .

tBTE)eTr(B)t_

We consider the function v implicitly defined by u(t, &) = v(t, e An immediate com-

putation shows that v satisfies
T o4
v(t,m) + 31Q2 e~ B |20 (t, ) = 0,
U(Oa ) = 1/1‘67
and therefore,

<Mm{1ﬁ0439ﬂ@w

Finally, we deduce that the Fourier transform of the function w is given by

1,6 = e [ [ QR e Tt )
We justify these informal calculus in the following lemma and proposition :

Lemma 2.6. Lets > 0, B and Q be real nxn matrices, where Q is symmetric positive semidefinite.
For all t > 0, we consider the bounded operator T(t) : L>(R™) — L2(R"™) defined by

(2.24) T(t)u = "B exp {_—/ 1Qze™B" . |*dr ] A, we L*R™).
Then (T(t))t>0 defines a strongly continuous semigroup on L*(R™) satisfying
(2.25) Vvt > 0,Yu € L2(Rn), ||T( )u||L2 (R™) <e2 Tr(B)tHuHL2(Rn).
Proof. The fact that (T'(t)):>0 satisfies the semigroup property, that is

Vi, s >0, T(t+s)=T(t)T(s),

follows from a direct computation. We check that it is strongly continuous, i.e.

(2.26) Vu € L*(R™), lim [|T(t)u — ul|2zn) = 0.
t—0+
Let u € ¥ (R™). First, we have the following convergence :

2.27 li T(t 2Ry = 2(Rn
( ) t_lgl [ ( Jull L (R = ||ull L (R7)-

Indeed, as a consequence of ([2:24]) and a change of variable, we get that
1Ty 1 ¢ 1 _ T ~
(2.28) HT( Jull2@ny = €2 1 (BY|| exp [5/0 |Qze "B . |2sd7'] UllL2mny-
Moreover, the following convergence stands almost everywhere on R"
3 Tr(B)t exp |:__/ |Q— —rBT |25d7_:| U —> a,
t—0
and the following domination holds

de > 0,Vt € [0, 1], |62 (Bt exp [——/ |Q’ —rEs |25d7'} u| < clul.
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Therefore, (Z27)) is a consequence of the dominated convergence theorem. Moreover, since @ is a
continuous function, we have that for almost all £ € R™,

—

(2.29) lim T(t)u(€) = u(g).

t—0+
Thus, by applying a classical lemma of measure theory (see Lemma in appendix) and the
Plancherel theorem, we get

(2.30) lim (| T(t)u — ul[ 2mny = 0.

t—0+

When u € L?(R"), we consider (uy)x a sequence of ¥ (R™) converging to u in L?(R"). It follows
from ([2:28) and the Plancherel theorem that for all ¢ > 0,

||T(t)u - U||L2(Rn) < ||T(t)u — T(t)ukHLz(Rn) + ||T(t)uk — Uk—”LZ(Rn) + ||uk - U||L2(Rn,)
1Ty
<ez T (B)t”’u;€ — u||L2(]Rn) + ||T(t)uk - uk||L2(]Rn) + ||’u;€ - u”Lz(Rn).
Thus, it follows from (230) that
limsup ||T(t)u — ul|p2rry < 2||ux — ul||p2gny — 0,
t_>0+p|| (t) Iz (R) > [l Iz (R )k—>+oo

and ([226]) is proved. Finally, (2:25) is straightforward consequence of (Z28)) and the Plancherel
theorem. This ends the proof of Lemma a

Proposition 2.7. Let P be the fractional Ornstein-Uhlenbeck operator P defined in (LI) and
equipped with the domain (L2). Then, we have that for all t > 0 and u € L*(R™),

o t
e—tPy — eTr(B)t exp [%/ |Q%eTBT ) |25d7' a(etBT.).
0

Proof. We consider (T'(t));>o the strongly continuous semigroup defined on L?*(R™) by (Z24) and
(A, D(A)) its infinitesimal generator. It is sufficient to prove that A = —P to end the proof of
Proposition 2.7 since it implies that e 77 u = T'(t)u for all t > 0 and u € L*(R").

1. We first check that ¥ (R™) C D(A) and
(2.31) Vu e S(R"), Au= —Pu.

Let u € S (R™). It follows from the mean value theorem that

(2.32) Ve e R Ve [0,1],  [T(tul) —a()| < sup DT () ul®),_.| It
T7€|0,

Yet, we get from (Z24) that for all 7 € [0,1] and £ € R™,

(233) 8tm(§)‘t:7— — eTT(B)T exp [%/ |Q;eT,BT§|25dT/:|
0

(-310% o0+ (57 Vet + 1B ("),

and as
= 71 128~ T ~ ~
Pu=1[QF - "0 — (BT Vei) — Te(B)E,
we have that
(2.34) O (t)u(€),—, = =T (T)Pu(§).
Since u € & (R™), it follows from (Z33)) that
Jew > 0,¥6 €R™ Y7 €[0,1], 0T (R)ul€)),_ | < —=.
1+ [¢|"
Combining this estimation with (232), we get that
1 = c
2.35 \ R",Vt € (0,1 —|T(t —u < A
(2.35) EeR Ve (L1, FTME) ~ ) < e

Moreover, we deduce from (2:34)) that

o — o~

Vf € an 8tT(t)U(§)|t:0 = 7Pu(§)7
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and this equality can be written as
) 1 —— N _—
(2.36) Ve e R™, lim {—(T(t)u(f) - u(f))] = —Pu(f).
t—0t | T

As a consequence of ([2:37), (Z36) and the dominated convergence theorem, it follows that

t—0t

. Lo - =~
(237) lim [;HT(t)u — UHLZ(RT")] = ||PUHL2(R")-
We deduce from ([Z36), 237), Lemma [6.2] and the Plancherel theorem that
1
lim [—(T(t)u — u)} = —Pu in L*R").
t—0+ | t

Therefore, u € D(A) and Au = —Pu. This proves that (23] holds.

2. The second step consists in proving that (—=P) C A. Let u € D(P). It follows from Proposi-
tion 2] that there exists (ug)r a sequence of Schwartz functions satisfying
(2.38) lim up =wu, lim Pu,=Pu in L*(R").

k——+o0 k——+o0
We deduce from [2.31) that Auy = —Puy, for all & > 0 since ux € S (R™) and (238)) implies the
following convergence

lim (uy, Aug) = (u, —Pu) in L*(R™) x L*(R").

k—+oo

It follows from the classical corollary of the Hille-Yosida theorem that A is a closed operator, see
e.g. [29] (Chapter 1, Corollary 3.8). Therefore, u € D(A) and Au = —Pu € L*(R"). We proved
that (—P) C A.

3. Finally, we check that A C (—P). Since both operators —P and A are infinitesimal generators
of strongly continuous semigroups satisfying from Proposition 2.5 and Lemma [2.6] that for all ¢ > 0
and u € L*(R"),

B)t

_ 1 1
lle tPuHLZ(]Rn) < ez T lullL2rny and HetAU||L2(]Rn) SezTr(B)tHuHLz(Rn),

it follows from [29] (Chapter 1, Corollary 3.8) that there exists a real number y > £ Tr(B) such
that the linear operators —P — i : D(P) — L%(R™) and A — p: D(A) — L?(R"™) are bijective. Let
u € D(A) and v = (A—p)u € L*(R™). Since the operator —P — i is bijective, there exists a unique
w € D(P) such that v = (—P — p)w. By using that (—P) C A, we deduce that v = (4 — p)w.
Since A — p is injective and v = (A — p)u = (A — p)w, we get that w = w € D(P). This implies
that A C (—P) and then A = —P. O

Theorem [I.] is now a consequence of Propositions and 271

3. GEVREY REGULARIZING EFFECTS OF FRACTIONAL ORNSTEIN-UHLENBECK SEMIGROUPS

In this section, we prove Theorem Let P be the fractional Ornstein-Uhlenbeck operator
defined in () and equipped with the domain (L2Z). We assume that the Kalman rank condition
(C3) holds and we denote by 0 < r <n — 1 the smallest integer satisfying (L4]). Moreover, for all
0 < k <, we consider P, the orthogonal projection onto the vector subspace Vj, defined in (L.I0).

3.1. First estimates. The next proposition states that the semigroup (e_”))tzo is smoothing in

the Gevrey type space G2= (R?™) defined in (CY), but only provides rough controls of the associated
seminorms :

Proposition 3.1. There exists a positive constant C' > 1 such that for all k € {0,...,r}, ¢ > 0,
0<t<1andue L*(R"),

Ms 119 q
[|IPxDy| %™ ul| p2mny < C*H [—t} ez TE Bt g5 |ull £2(Rn),s

t%Jrk
where
1 1
t 1 T B t 1 BT T2
M = sup [ [ 1ate ledT} [/ Qber slkdf} .
gesn—1 LJo 0

We check in Lemma further in this section that M} is well-defined and satisfies 0 < M} <
+00. Moreover, the study of the asymptotics for small times of the term M; appearing in the
above statement is also postponed further in this section.
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Proof. The key ingredients of this proof are on the one hand the explicit formula for the Fourier
transform of the evolution operators e % derived in Theorem [l and on the other hand some
properties of the orthogonal projections I, ..., II,. defined by

1. IIp the orthogonal projection onto Vg,
1
2. ;41 the orthogonal projection onto Wy, with Vi1 =V, @ Wy, forall 0 < k <r —1,

where the orthogonality is taken with respect to the canonical Euclidean structure, obtained by
A. Lunardi in [22]. We begin by deriving from the Plancherel theorem and Theorem [Tl that for
all k€ {0,...,7},¢>0,0<t<1and ue PR,

Tr(B)t
(2m)3

It follows from Lemma 3.1 in [22] that there exists a positive constant ¢ > 0 only depending on B
and @ such that

_ I N (s
1T D |%e™ P u| L@y < [ T1k€] exp {2/ Q™ ¢ dr | w(e'” &) L2 @ny-
0

C

k€ {0, b vt e (0,1),  |[The™(Q) 73| < 5,
t2

where the symmetric positive semidefinite matrices @), are defined in (7). We recall from the
introduction that the non-degeneracy of the matrices @); is implied by the Kalman rank condition.
Therefore, we have that for all k € {0,...,7},¢>0,0<t <1 and u € (R"),

4 _Te(B)t
3.1) |IMeDs|%e Pl 2@ < | | =
1) D e Puliege < | 2] G

ﬁ
(@26 €l exp H / Qe g dT] e 6l L.
Note that from the definition (7)) of Q,

(3.2) Ve (0,1),VEE€R", |(Q)FeP e = (Que'P e P e) = /O Qe e

Let £ € R™\ {0}, and (p, o) be the polar coordinates of &, i.e. £ = po with p > 0 and o € S*~1L.
Then, it follows from ([B2]) and the estimate

Yq > 0,Vz > 0, z9e " < {i} & ,
2es
that for all 0 < ¢t < 1,

t
(33) Q) ¢ ep [‘%/ Qe e ‘”}

t - :
) 1
= |:/ |Q%€TBT0'|2dT pq exp |:_§ (/ |Q%€TBTO'|2S dT) p25:|
0 J 0
[1ateopar| [ [N@ber opar] T[] < gpye [4]7,
0 1120 2es - es

-t ot —3=
wp= s | [1@te e | [late ]
nest—1 [Jo 0
Therefore, we deduce from B1)), (33)), a change of variables and the Plancherel theorem that for
all k€ {0,...,7},¢>0,0<t<1and ue PR,

IN

where

s14 a
P CMt 1 Tv(B)t q]2s
(3.4) 11T D [Te™ ]| L2(rmy < [t§+k] e2 [;} l[ull L2 @n)-

By using that for all & € {0,...,r}, Pr = Iy + ... + I;, we obtain from Lemma and the
Plancherel theorem that for all k € {0,...,7},¢>0,0<t <1 and u € (R"),

(3.5) [IIPeDy|%e™ P ul|p2mny = [I|Io + ... + ) Dz |%e™ul p2gan)
k
< (r 4 D)@Y D, |7 P ul| ).

=0
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We then deduce from [B4]) and B8] that for all k € {0,...,r},¢>0,0<t <1 and u e L R"),

k N
- — M L v <
PR D[ %e™ P ul| 2any < (r+ 1)@+ Y L—+] e3 T B g u| gy
j=0

L TeMp ]

_ 1y a

< (r4 1) E [t%—:’“} ez " g3 |l L2 @y
Jj=0

_ eME? 1, a
= (r 4 1)y [_] er TP g | oy,

t%Jrk

The previous inequality can be extended to all u € L?(R™) since the Schwartz space & (R") is
dense in L?(R™). This ends the proof of Proposition Bl O

3.2. Study of the term M. In order to obtain sharp asymptotics of the seminorms
[P D%~ P ul| 2(rn) as t — 0T, we need to study the term

¢ 3ot —25

(3.6) M; = sup [/ |QieTBT§|2dT} [/ |QieTBT§|25dT} .
gesn—1 LJo 0

Lemma 3.2. For all s >0 and t > 0, M} is well-defined and 0 < My < 4o0.

Proof. Let a € {2,2s}. We first check that

(3.7) vt > 0,V¢ € ST, /t Q2B ¢|2dr > 0.
Proceeding by contradiction, we assume that ’
/ Qe grar ~0,
0
where ¢ > 0 and £ € S"1. Since 7 > |Qze™B" £|* is continuous on [0, ], it follows that

(3.8) vrelo,t], Qe e=o.

By differentiating the identity (B8] with respect to the 7-variable and evaluating at 7 = 0, we
deduce that

vke{o,....,r}, Q*(BT)*¢=o0.
We obtain from (L4) that & = 0. This proves [3.7)) contradicting that & € S*~!. By using the
compactness of S”~1 and the continuity property with respect to the &-variable, it follows that the

term M} is actually well-defined and satisfies 0 < M} < +o0. O

We aim at studying the asymptotics of the term M} as ¢ tends to 0F. First, we set for all

gesn,
t 1 T % t 1 T _%
ts,ﬁ = |:/ |Q§€TB £|2d7_:| |:/ |Q§eTB €|28d7':| )
0 0

As an insight, we begin by studying the term M7, for small times ¢ > 0. To that end, we consider

ke=min{0<k<r, QBT A0},
which is well-defined by definition of 7 in (L4]). On the one hand, we observe that
2ke F1+2ke

t t
1 rBT 2 N Lo DT ke ¢12 T —1O% (BT \ke £)2
it par ~ 10HBTYE [ ar = 10H (BT s

Similarly, we have

t1+2k58
(1 + 2]{358)(165!)25’

t
1 .pgT 1
/O Q2B ¢2dr -~ Q% (BT )keg|?s
and as a consequence, it follows that
s (1 + 2kes) >
Unfortunately, some numerics suggest that the previous convergence does not stand uniformly on

¢ € S"71, and therefore, the study of the term M} when t — 0% requires a more careful analysis.
The Jensen inequality provides a first global estimate :

1_ 1
t27 2s
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Lemma 3.3. For allt > 0, we have
M; < t2735  when s >1, and M; > t272  when 0 < s <1.

Proof. When s > 1, we deduce from the Jensen inequality that for all ¢ > 0 and ¢ € S™~!,

1

1 t N T 2 1 t 1 T i %
! fteren] <[ fidcrend.

and therefore M < 3725, Similarly, M} > +2725 when 0 < s < 1. O
To deal with the case when 0 < s < 1, we shall use the following instrumental lemma :
Lemma 3.4. Let E be a real finite-dimensional vector space and Ly, Ls : E — R be two contin-
uous functions satisfying for all j € {1,2},
VA >0,YP € E, L;j(A\P)=M\L;(P),
and
vPe E\{0}, L;(P)>0.
Then, there exists a positive constant ¢ > 0 such that

VP S E, Ll(P) S CLQ(P)

Proof. Let || - || be a norm on E and S the associated unit sphere. Since E is finite-dimensional,
S is compact. Moreover, L1 and Lo are continuous and positive on S, and as a consequence, by
homogeneity,
Jdei,c2 > 0,VP € E, Li(P) < c1||P|| and ||P|| < caLa2(P).
We deduce that
VP S E, Ll(P) S ClCQLQ(P).
O

The next lemma is a direct application of Lemma 34l It only deals with the case when the
matrix B is nilpotent but its proof contains the main ideas that will be used to tackle the general
case :

Lemma 3.5. When B is nilpotent, we have that for all s > 0, there exists a positive constant
¢ > 0 such that for all t > 0,

1
s

s 11
M < ct?™ 2.

Proof. For all t > 0 and ¢ € S*™!, we consider the term
t It T
M= | [ @i epar| | [Qie e
0 0

frela) = Q2B e, aco,1).
Let k be the index of B. Since BT is also nilpotent with index k, we have that

VE>0,¥6 €S™ fie € (Re[X])™
It follows from Lemma B4 applied with E = (Rx[X])" and the functions

and the function

1
2s

L1<f>[/01|f<a>|2dar and L2<f>[/01|f<a>|25da] |

that there exists a positive constant ¢ > 0 such that for all ¢ > 0 and ¢ € R* !,

1 3ol —3s
btz = | [ he@Pda] [ [ torae] <
0 0
This ends the proof of Lemma a

The next lemma is an adaptation of the previous one that allows to drop the assumption on the
nilpotency of the matrix B but only in the asymptotics when ¢ tends to 0F.

Proposition 3.6. For all s > 0, there exist ¢ > 0 and 0 < ty < 1 such that for all 0 < t < tg,

M} < ct3™ 3.
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Proof. For all t > 0 and £ € S"~!, we consider anew
s ! 1 BT 412 % ! L BT 4|25 _21_3
te = [Qze™ ¢|7dr |Q>e™™ &|7dr :
0 0
Let P, ¢ and Ry ¢ be defined for all a € [0, 1] by
th 1 1 4,BT
Prela) =) o*=Q2(B")*¢ and Rie(a) = Q2e"" ¢ = Pre(a).

We use Lemma B4 with E = (R,[X])"™ and the functions

o

Ll(P)ZU()1|P(a)|2dar and LQ(P):[/01|P(a)|25da] ,

to obtain that there exists a constant ¢ > 0 such that for all ¢ > 0 and ¢ € S~ 1,

1 3 1 s
(3.9) t—3 Se= {/ |QéemBT§|gda] {/ |Q%et0¢BT§|25dO{|
0 0

¥

1 3 1
/O |Q§emBT§|2da /0 | Py e () [** da

1 1
T
/ |Pe(a)*da / Q2B ¢ da
0 0

<c

We aim at establishing uniform upper bounds with respect to £ and ¢ for these two factors.

that end, we equip (R,[X])" of the Hardy’s norm || - ||~ defined by

P® (0
VP e (R.[X]))", ||Plu~ = max &
€

We deduce anew from Lemma B4 applied with F = (R, [X])"™ and the functions || - ||~ and

=

e -|f 1 Plaraal ", pe (220,

that

=

p

(3.10) Vp e (2,25}, 3¢, > 0,P € (Ry[X])", [Pl < o, UO |P(a)|pda]

According to (I4]), we notice that

3(BT)ke| _ |Qz(BT)k<¢|
st Jk |Q ( >
V¢ € , ke €{0,...,7}, el o > o). >0,

and since the function

% BT k
é- c Sn—l — max |Q ( ) €|
ke{0,...,r} k!

is continuous on S" 1,

we deduce by compactness that there exists a positive constant € > 0 such that

VEE€S T || P

Hoo 2 E.
It follows that

Vi€ (0,1],VE € S™F, || Prellp > et”,
and we deduce from (BI0) that

1
P

1
(3.11) Vp € {2,2s},Vt € (0,1),V€ € S"71, et <¢, [/ |Pt15(oe)|pda}
0

On the other hand, it follows from the Taylor formula with remainder term that

(ta)m 1

1
Vt>0,¥6 € S" L Va € [0,1], Rie(a)= . / (1—6)" Q= (BT) t1et0B" ¢qp.
: 0

Therefore, there exists M > 0 such that
(3.12) vt € (0,1],V€ € S™ 1, ||Reellpoopo,y < Mt

19

To
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With these estimates, we can obtain upper bounds on the two factors of the right-hand-side of
B.3).

1. Applying the triangle inequality for the L? norm, we have

1
1 2
/ Q¥e!B" ¢ da / [Re.c(o)|?dar
vt >0, veesnt, | Lo <1
1Py (o) 2da |Pt5 )Pda
0

According to (3I1) and B.I2), we get that for all £ € St and 0 <t < 1,

1
1 2
1 taBT 412
/0 |Q260‘ §| dOé <1+02Mt'r+1

1 i - = i
etr € €
| 1Pt@aa
2. We apply Lemma [6.4] with ¢ = 2s to derive that

/|Q%etaBT§|25d ( /|Rt§ |2Sd04
0 >2 2s—1)4

1
/0 Py () da / Pre(a)®da

Yet, it follows from @.II) and B.I2) that for all £ € S" 1 and 0 <t < 1,

N[

(3.13)

2s
/'Rtg o)|™da {c Mtrﬂrs{CQSMtrs
etr N € ’
/ Pre(@)]*da

from which we deduce that

/ |Q— taBT |2‘Sda 9s
(3.14) > 925Dy _ [ﬂt} .
/ Py () **da
0

€
It follows from (3.I4)) that there exist some positive constants ¢ > 0 and 0 < ¢y < 1 such that for
all £ e R” and 0 < t < tp,

1
2s

1
T
/ Q2P ¢[*da
0 > Co.

1 i
| 1Pc()aa
0

As a consequence of (39), (BI3) and [B.I3), there exists a positive constant ¢; > 0 such that

(3.15)

Vi€ (0,t), Y€ €SP Mp, < et
This ends the proof of Proposition a

3.3. Proof of Theorem The above asymptotics of the term M’ allow to refine the results of
Proposition B.1] and to prove Theorem First, it follows from Proposition B.1] and Proposition
3.8 that there exist some positive constants C; > 1 and 0 < ty < 1 such that for all k£ € {0,...,r},
q>0,0<t<tyand ue L*R"),

—tP C11+q 1 Te(B)t oL
(3.16) |||]P)sz|q€ u||L2(Rn) < tq(%-i-k) ez " q?2s ||u||L2(Rn).

We can consider Cy > 1 a positive constant satisfying that for all k¥ € {0,...,r}, ¢ > 0 and
te (0, to),

1 1 1
C +q . Cl +q n 02 +q

. < 72 43
(3.17) Lm0 and o 0¥ < g g
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Then, it follows from &I6), (BI7), Theorem [T Lemma 6.3 and the Plancherel theorem that for
all k€ {0,...,7},¢>0,0<t<tyand u € L?(R"),

[{PeDy)e™ Pul| porny < 20975+ [[|[PrDy|%e P ul p2grny + e~ P ull p2grn)]

14q

< 2le=1)+ [ ¢ g7 +1

1
ta(z5+k) €2 T Jlul] p2en)

14q
< 9l+(g—1)+ Cy 3 Tr(B)t

9
(5 k) g% ||ullL2gn)-

This ends the proof of Theorem

3.4. Proof of Corollary .3l To end this section, we prove Corollary[[L3 Notice that the second
estimate in Corollary [[3lis a straightforward consequence of Theorem[[.2l In order to reformulate
the results of Theorem [ while using the matrices Q2 (BT)* instead of the orthogonal projections

Pk, we begin by proving that there exists a positive constant C; > 1 such that for all k& € {0,...,r},
q >0 and £ € R,

(3.18) (QF (BT )ke)? < O I(Pye)e.

It follows from (LI0O) that for all & € {0,...,r}, the canonical Euclidean orthogonal complement
of the vector space Vj, is given by

V- = Ker(Q?) NKer(Q2 BT) N ... N Ker(Q? (BT)¥).
As a consequence, the following estimates hold for all k£ € {0,...,7}, ¢ > 0 and £ € R",

k k
Y (QFBTYE! =D (Q (BT i) Zmaxlﬂ@ (BTY )| (Bre)?
0

Jj= 7=0 7=0
< (r+ 1) gmax (1, Q¥ (BTY ) (Big) .

This proves (818, since we have that for all k € {0,...,7}, ¢ > 0 and & € R,

(Q2(BT)r¢) < Z Q= (BT)¢).
7=0
As a consequence of ([BI8]), Theorem and the Plancherel theorem, we then deduce that there
exists some positive constants C1,Cy > 1 and 0 < tg < 1 such that for all k € {0,...,r—1}, ¢ > 0,
0 <t<tgand ue€ L?(R"),

k
Q2 (BT): Dyt Pul| L2 ny < C1T Y (B Da)%e™ P u parn)
j=0

k 1
i
M rreas) i AT g e

(C1Cq) T4 b TH(B)E

S (r + 1) tq(i-"_k) qg ||U’||L2(R")'

This ends the proof of Corollary

4. OBSERVABILITY ESTIMATES FOR FRACTIONAL ORNSTEIN-UHLENBECK SEMIGROUPS

In this section, we prove Theorem [[L.T1] and Theorem [[.T2

4.1. Proof of Theorem [I.11l This first subsection is devoted to the proof of Theorem [L.11l
We consider P the fractional Ornstein-Uhlenbeck operator defined in (1)) and equipped with the
domain (L2Z). We assume that the Kalman rank condition (I3)) holds. Moreover, we consider the
operator

1
Pco = 7) + 5 TI'(B),
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equipped with the domain D(P). Let w be a thick subset of R™. To establish the observability
estimate (L24]), we use the following theorem established by K. Beauchard and K. Pravda-Starov
in [3] (Theorem 2.1) :

Theorem 4.1. Let w be a measurable subset of R™ with positive Lebesgue measure, (7 )k>1 be
a family of orthogonal projections defined on L?(R™) and (e*4)i>o be a contraction semigroup on
L?(R™). Assume that there exist c1,c2,a,b,tg, m > 0 some positive constants with a < b such that
the following spectral inequality

(4.1) Yue L2(R™), Yk > 1, |Impullpe@ny < e* |meul| p2(w),

and the following dissipation estimate
1 _ m

(4.2) Yu € LQ(Rn),Vk > 1,V0 < t < to, H(l — ﬂ'k)(etAu)Hp(Rn) < e c2t kb||u||L2(R")a
C2

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

C T
vT > 0,Yu € L*(R™), ||eTAu||%2(Rn) < Cexp (TT;) /0 H@tAU”%z(w) dt.

Notice that in [3] (Theorem 2.1) the subset w is assumed to be open, but the proof works the
same when w is only a measurable subset.

Let 7 : L2(R") — Ej, k > 1, be the orthogonal frequency cutoff projection onto the closed
subspace
(4.3) Ey, ={uec L*(R"), Suppu C [k, k]|"}.

According to Theorem [£1] it is sufficient to derive a spectral inequality as (@) and a dissipation
estimate as (£2) for the orthogonal projections 7 to establish the observability estimate (L24)).
4.1.1. Spectral inequality. The following theorem is proved by O. Kovrijkine in [17] (Theorem 3)

Theorem 4.2. There exists a universal constant K depending only on the dimension n that may
be assumed to be greater or equal to e such that for any J a parallelepiped with sides parallel to the
coordinate axis and of positive lengths by, ..., b, and w a (7, a)-thick set, then

n\ K({a,b)+n)
) .

Vu € L*(R™), Suppa C J, lull L2mny < (7
where b= (by,...,by).

Let u € L2(R") and k > 1. It follows from the definition of 7, see ([@3J), that myu € L?(R™)
and 7, u is supported in [—k, k]”. Therefore, we deduce from Theorem [£.2] that

(44) Yu € LQ(RH),VIC >1, H7TkuHL2(]Rn) < eclkHﬂkuHLz(w),

where X« DK (et
K" n Kn ai+...4an
c1 = (hl l<—> ) + <ln (—) ) +1>0,
Y N Y N

and where x4 = max(x,0) for all z € R.
4.1.2. Dissipation estimate. As a consequence of Theorem [[2] there exist some positive constants
c¢>1and 0 <ty < 1 such that for all N >0, 0 <t < tg and u € L*(R"),

4.5 D, 2N e tPee <O N
(4.5) D= e ull pa@ny < Jgmr (25N)7 [lullL2@n),

with the convention that 0° = 1 and where we set I' = 5- + r. It follows from (@) that for all
0<t<tyand u e L*(R"),

L T P
(16) lewp |75 [ 5] 102 e ulaan

+oo 1 tF 2sN 1
< 2 - Dm 2SN _—tPeo 2 omy
- ];)2N {c] (Qes)NN!m e ull L2

X1 (2sN)N
Z Q—NWHUHL?(Rn)-
N=0
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Moreover, we have (2sN)V < (2es)N N! for all N > 0, see e.g. formula (0.3.12) in [27], and (&30)
implies the following estimates

25T 25 _
(47) vVt € (O,to),Vu S L2(Rn), ||€Ct |De| e tpwuHLZ(Rn) < QCHuHLz(Rn,),

where we set C = —4—. It follows from (@7 and the Plancherel theorem that for all k > 1,

dec?ss

||(1 - Wk)e_tpw’uHLz(Rn) = ||]1R2n\[,k7k]n e‘”’couHLQ(Rn)

2n)?

1 25T | ¢|2s 25T | ¢g(25 — 5
Ct Ct P,
= 1€l (& 1€l (& t cou||L2(Rn)

= W || ]]_Rzn,\[_k7k]n, €

_(142sT 1.2 25T 2s
<e Ct**" k HeCt |Dg| e

_thUHL?(R")

251,25
S 2C€—Ct k

uHLz(Rn).
Setting

1
c2min<—,C’> and m = 2sl,
2c

we proved that for all k > 1,0 <t < tg and u € L?(R"),

. 1 e
(4.8) (1 = mi)e " Peou| p2grny < o ec2t"k lull L2y

4.1.3. Observability estimate. Since 2s > 1, we deduce from (@), (£J) and Theorem AT that
there exists a positive constant C' > 1 such that

C T
VT > 0,vu € L*(R"), [le”"u||72(gny < Cexp <T> /0 lle™Peou3 2, dt.

T 2s—1

It proves the observability estimate (I.24)) and ends the proof of Theorem [Tl

4.2. Proof of Theorem To end of this section, we prove Theorem The following
proof is inspired by [9] (Section 4). Let T > 0 and w C R™ be a measurable subset. We assume
that w is not thick. Since the operator (—A,)* equipped with the domain H*(R™) is selfadjoint
from Corollary 22 it follows from the Hilbert Uniqueness Method, see [6] (Theorem 2.44), that
the fractional heat equation (II9) is null-controllable from the set w in time T if and only if there
exists a positive constant Cr > 0 such that for all g € L?(R"),

T
(4.9) e~ A" g2, 0 < Or / lemt-A" |2, ) dt.

To prove Theorem [LT2) it is then sufficient to construct a sequence of functions (go k) in L*(R™)
such that the observability estimate (£9) does not hold. Since the set w is not thick, we have

¥y >0,Ya e (RY)", I ER, |wn(€+[0,a1] x ... x[0,an])] <7 ][] o
j=1

Therefore, for all k > 1, there exists £ € R™ such that the Lebesgue measure of the set w N (& +
[0,2K]™) satisfies |w N (& + [0,2k]™)| < 1/k. Setting x = & + (k,..., k) € R™, this inequality
writes for all £k > 1 as

1
(4.10) lwN Bz, k)| < o
where B(zg, k) C R™ denotes the Euclidean ball centred in xj with radius k. With the points xy, we
construct the functions go x = f(-—xx) € H*(R") for all k > 1, where f = F1(e 67y € H3(R™).
Moreover, for all k > 1, we define g = e~ *(=%2) gy, € L2(R™). It follows from the definition of
the functions gox that for all K > 1, ¢t > 0 and & € R", gi(¢,&) = e~ (@8 o= (DI and as a
consequence, the functions g are given by

1 T — ) )
411 Vk > 1,Vt > 0,Vz € R™, tx) = . ).
(4.11) > it0) = i I (s
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It follows from ([IT]) and the substitution rule that for all £ > 1,
r — Tk
/ ((1 +T) )

~were LV ()]

Therefore, the quantities ||gx (T’ -)||z2(r») are in fact independent of the parameter k£ > 1. On the
other hand, we deduce anew from the substitution rule that

/OTngk( e //Ht (;;;’;)2
//mk 14+1t)% ((1+t>%>2

By splitting the previous integral in two parts, we derive the following estimate :

T ) T 1 T 2
@) [ ol as [ ; f( )
0 ) 0 Jw-znBok) (1+1) (141t)2=

/ /Dk 1+1)% f((1+t)23)2

Now, we study one by one the two integrals appearing in the right-hand-side of (13 :

2

(412) olT W = 5757 /L.

dx > 0.

dxdt

dxdt.

dxdt

dxdt.

1. First, it follows from the invariance by translation of the Lebesgue measure that

//w 2x)NB(0,k) 1+t) f((lth)zs)

ST [ fFe@n) l(w = 2) VB0, E)| =T || |7 (gny w0 By, k),
and ([@I0) implies the following convergence :

(4.14) / /w ) B(0.K) 1+t) f((1+t) )2

2. To control the second integral, we begin by checking that

dxdt

T 2
dxdt < % [l Zoe mmy kﬁ_froo 0.

1 T 2 n
(4.15) e f<(1+t)25>eL([0 T] x R™).

It follows from the definition of the function f and the substitution rule that for all ¢ € [0,T] and
r eR”,

1 T 1 1 . L 2s
— i(2,6) /(14125 —[€* 4
FEEE f(um%) ORI / ok

_ (21) / @€ e (IHDIE ge — G =1 (= (IHDIE ) (4 4,
7T n

where F,~! denotes the inverse partial Fourier transform in the z variable. Since the function
(t,&) — e~ (HDIEP pelongs to the space L3([0,T] x R™), @I5H) is implied by the Plancherel
theorem. Then, we deduce from the dominated convergence theorem that

(4.16) //Dk 1+1)% f<(1+t)25)

As a consequence of (LI3), ([@I4) and [@IG), the following convergence holds

2
dedt — 0.

k——+oo

T
4.17 dt 0.
(4.17) JRC A

We deduce from [@I2) and [@I7) that the observability estimate (@) does not hold. This ends
the proof of Theorem
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5. GLOBAL SUBELLIPTIC ESTIMATES FOR FRACTIONAL ORNSTEIN-UHLENBECK OPERATORS

In this section, we investigate the L? subelliptic properties enjoyed by fractional Ornstein-
Uhlenbeck operators. Let P be the fractional Ornstein-Uhlenbeck operator defined in (L) and
equipped with the domain ([2]). We assume that the Kalman rank condition (3] holds and we
denote by 0 < r < n — 1 the smallest integer satisfying (L4]). Moreover, for all 0 < k < r, we
consider P, the orthogonal projection onto the vector subspace Vj, defined in (II0).

5.1. Proof of Theorem[IT.T4l By using some results of interpolation theory as in [I3] (Subsection
2.4), we establish Theorem [[T4l Let k € {0,...,r — 1}. We consider the Fourier multiplier
Ax = (PpD,) and #€; the Hilbert space defined by

Hop = {u e LPRY), A>Ty e r2®m)y,
equipped with the scalar product
(u, V), = <A,£25H1u,A,EQSJHv)Lz(Rn).
It follows from Theorem that there exist some positive constants C; > 1 and 0 < tg < 1 such

that for all 0 < t < ¢y and u € L*(R"™),

Ci 1

2s]+1 1 1qy

(5.1) ||A1£ e tp“||L2(1Rn) < 7170 ez T [[ull L2 (),
where

1

(5.2) 0= {(psj +1) (25 + k)]l € (0,1).

Let 0 < #1 < tg. It follows from Theorem [T (5.1) and the semigroup property of the family of
operators (e7'");>¢ that for all t > ¢y and u € L*(R"),

(53) ||A]E25J+1€_tpu||L2(Rn) = ||A]EQSJ+1€_t1P€_(t_t1)Pu||L2(Rn)
Ci 1qy (-
< W eZT(B)tl ||€ (t tl)PU/HLZ(Rn)
1
Ci o1y
< tl—/le e B ||| L2 gy
1

We deduce from (&) and (B3] that there exist some positive constants Co > 0 and p > 0 such
that for all t > 0 and u € L?(R"),

2s]+1 _ Coett 1y
(5.4) 1A e Pul ey < i €™ [l 2.

Considering the operator

- 1
(5.5) P =P+ T(B) +p,
the inequality ([2.4) can be written as

. i C
(5.6) vt > 0,Yu € LAR™), |le™Pully, < tl—fe l[ul| L2 ey -

It follows from (B.6) and the strong continuity of the semigroup (e‘”s)tzo given by (B3] and
Theorem [[T] that for all u € L2(R"™), to > 0 and t > 0, we have

c ., _
U — u)||Hk < téWHe Py — ullL2(rn) th 0.

—(t+t0)P —toP

lle u—e " ully, = le

—t073 (e—t'fj
This proves that for all u € L*(R"), the function ¢t € (0,+00) e~tPu € Hy, is continuous,
and therefore measurable. Moreover, we deduce from ([L2) and Corollary 23] that the operator P

equipped with the domain D(P) is maximal accretive. According to (5.2)), Corollary 5.13 in [23]
shows that the following continuous inclusion holds

(5.7) D(P) C (L*(R™), #.)p.2,
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where (L%(R™), #6} )9 2 denotes the space obtained by real interpolation. We notice that the Hilbert
space ¥ is dense in L?(R™). It follows from Corollary 4.37 in [23] the following correspondence
between real and complex interpolation spaces

(5.8) (L*(R™), #)p,2 = [L*(R™), #k]o,

where [L?(R"), #]y stands for the space obtained by complex interpolation. With # as the
domain of the operator A,EQSJH, we have that A,EQSJH is a positive selfadjoint operator satisfying

Vu € Ay, (NP ) oy > (w3 agn
Thus, we deduce from Theorem 4.36 in [23] that
n 25| +1 25| +1 25]+1]0 T
(5:9) (LR, Ao = DA, DA = D) = D).
We therefore obtain from (5.7), (58) and (59) that the following continuous inclusion holds
D(P) C DIAT™).
This implies that there exists a positive constant ¢, > 0 such that
Vu € D(P),  IAT ullpaquny < e [I1Pullzaceny + ullzaen|
and we deduce from the definiton of Ay and (&.5)) that
Yu € D(P),  [{PeDy) 5| oy < ek [[|Pull oy + [l 2] -
This ends the proof of Theorem [[LT4

5.2. Proof of Corollary By using Corollary [[3] the proof of Corollary follows the
very same arguments of interpolation theory as the ones used in the proof of Theorem [[.14] for the
spaces L?(R™) and

H, = {u e LAR"), (Q7(BT)*D,)>I+1y e L2R™)}, 0<k<r—1.

5.3. Proof of Corollary [T.18l Corollary .18 is an immediate consequence of Theorem [[.LT4 By
definition, Py is the orthogonal projection onto the vector subspace Vy = RanQ%. Moreover, the
orthogonal complement of Vj is given by Vi = KerQ% since Q% is a real symmetric semidefinite
matrix. It follows that for all £ € R™,

(5.10) |Q2E|* = |Q=Pog|** < [|Q[|** (Pog)™.
It follows from (5.I0), Theorem [[.14] and the Plancherel theorem that there exists a positive
constant ¢ > 0 such that for all u € D(P),

(5.11) | T (=QV2)ull 2z < QP[P0 D) ul| 2 )
12s
< cl@z1* [IPull 2n) + lull2zny]
since Tr®*(—QV2) = |Q* D,|?*. Then, we deduce from (II) and (5.1 that for all u € D(P),

1 S
(B2, Va)ull L) = [Pullae) + 51 T (=QVE)ull2(en)

1 1o,
<1+ ell@Qz 17°) [IPull 2@ny + llull2@n)] -
This ends the proof of Corollary [[L1§

6. APPENDIX

6.1. About the Kalman rank condition. To begin this appendix, we prove the characterization
of the Kalman rank condition we have used all over this work.

Lemma 6.1. Let B and @ be real n X n matrices, with Q symmetric positive semidefinite. The
following assertions are equivalent :

1. The Kalman rank condition ([L3) holds.
2. There exists a non-negative integer 0 < r < n — 1 satisfying

Ker(Q?)NKer(Q2BT)N...NKer(Q? (BT)") = {0}.
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Proof. Using the notations of ([3]), we have the following equivalences :

Rank[B | Q%] =n
& Ran[B | Q2] =R"
& Ker([B | Q?)") = (Ran[B | Q?))* = {0}

& Ker(Q?)NKer(Q2BT)N...NKer(Q?(BT)" 1) = Ker([B | Q7]T) = {0},

where 1 denotes the orthogonality with respect to the canonical Euclidean structure. This ends
the proof of Lemma O

6.2. Convergence in Lebesgue spaces. In a second part, we recall the following classical mea-
sure theory result concerning the convergence in L?(R™). Its proof is given here for the convenience
of the reader and for the sake of completeness of this work.

Lemma 6.2. Let p € [1,+00). We consider (fi)r a sequence of LP(R™) and f € LP(R™) such that
(fx)r converges to f almost everywhere in R™. Then :

kETOO 1/ = fHLp(]R”) e kgl}rloo kaHLP(R") = HfHLp(Rn)-

Proof. We just need to prove the reciprocal implication. To that end, we consider the sequence
(gx)r of non-negative functions defined for all £ > 0 by
gr =271 fklP + | FIP) = | fe — fIP > 0.
Notice that the functions g are non-negative since the following convexity inequality holds for all
x,y € R™,
(x +y)? <207 (2P +yP).
Since we have

/n liminf g (z)dx = 2p/n |f(2)|Pdx,

k—o0

and

hrninf/ gr(x)dx = 2p/ |f(2)|Pdx — limsup/]R | |fx(x) — f(x)|Pdx,

k—+o00 k——+o0

it follows from the Fatou lemma that

1irnsup/n |fu(z) — f(x)]P dz = 0.

k—-+oo

This ends the proof of Lemma [6.2] O

6.3. Some instrumental estimates. To end this appendix, we give the proof of four lemmas
used in Section 2] and Section Bl :

Lemma 6.3. Forallr > 1, ¢ € (0,4) and aq,...,a, € [0,400), we have
(6.1) (a1 4 ...+ a)? <0 Vr(@d + .. +ad),
where

(¢ —1), =max(q—1,0).

Proof. If a; = 0 for all j € {1,...,r}, the result is immediate. Therefore, we can assume that at
least one of the a; is positive.

1. Case 0 < ¢ <1 : Since
Vie{l,...,r}, ¢ <ai+...+ar,
we get that

Vj e {1 } 4 < 4 ’
LT .
J ’ Y a+...+a,  |a1+...+a,

Then, (6.1)) follows by summing up the previous inequalities for all 1 < j <.

2. Case ¢ > 1 : In this case, the convexity property of the function ¢ — t2 on [0, 4+00) implies
that

—_

1
il < 2 (.4 q
Tq(al—l—...—i—aT) gr(al—i—...—l—ar).

This ends the proof of Lemma [6.3] O
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Lemma 6.4. For all £,7 € R" and ¢ > 0, we have
2D gt — |yt <J¢ — it
where
(¢ —1), =max(q—1,0).
Proof. We deduce from Lemma that for all £,n € R™ and ¢ > 0,

169 = 1€ —n+ ]9 < 200705 (€ = |7 + [n]?).
This ends the proof of Lemma [6.41 a

Lemma 6.5. For allg >0 and £,n € R",
q2972)% (|¢ = |9 + min(|E]7 1 (9| )[E —nl)  when g > 1,

é‘q* nq S
[€] In|| & — when 0 < ¢ < 1.

Proof. Let ¢ > 0 and &, € R™. We first assume that 0 < ¢ < 1. It follows from Lemma [6.3] that
|€+n|7 < |€]74 |n|? and then, by a natural change of coordinate, this implies ||£|7 — |n]?] < |€ —n].
When ¢ > 1, we deduce from the differentiability of the function |- |? the following equality

1

1
d _
[§1% = [nl* = / Sl tE—m)|* dt = q/ [0+ t(& =" (n+t(€ —n)) - (€ —n) dt.
0 0
Then, the Cauchy-Schwarz inequality and Lemma [6.3] imply that

1
lle — Il < gle —n|/0 I+ (6 — )7 dt

1
< 20D+ |6y / (o= + #9 ¢ — gloY) do
0

= g2 (|€ =l + T € = nl) -
Since £ et n play symmetric roles, the proof of Lemma is ended. a
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