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Abstract

We consider the controllability of a class of systems of n Stokes equations, coupled through terms of order
zero and controlled by m distributed controls. Our main result states that such a system is null-controllable if
and only if a Kalman type condition is satisfied. This generalizes the case of finite-dimensional systems and the
case of systems of coupled linear heat equations. The proof of the main result relies on the use of the Kalman
operator introduced in [1] and on a Carleman estimate for a cascade type system of Stokes equations. Using a
fixed-point argument, we also obtain that if the Kalman condition is verified, then the corresponding system of
Navier-Stokes equations is locally null-controllable.

Keywords: Null controllability, Navier-Stokes systems, Carleman estimates
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1 Introduction

In the last fifteen years the challenging issue of controlling systems of coupled equations of the same nature has
attracted the interest of the control community. In optimal control problems this kind of systems appears as a
characterization of the optimal control, with one equation coupled to its adjoint. Also coupled parabolic equations
appear as a model for chemical reactions, population models, cancer and other physical situations (see e.g. [94/13]
and [23]).

The firsts results treating the null controllability for a single parabolic equations appear in the seminal papers
of [14,]19,26] for the heat equation and in [10,{17}/24] for the Navier-Stokes system. That means that it is possible to
drive an initial datum to zero at time T > 0 acting locally or on the boundary of the domain. The development in
this area has been intense in the last 50 years and it is impossible to mention all the contributions on the subject.

In the case of scalar (heat) coupled equations an important number of challenging problems has been solved
(see [2] for a survey of results until 2011) and sometimes the results have been surprising [3H5]. In the case of
coupled Stokes or Navier-Stokes systems, to our knowledge, mainly the cases of fwo coupled systems have been
treated [7)/8,21,/30]. Recently (see [33]), the authors of the present paper considered the case of m coupled Stokes
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(Navier-Stokes) systems acting with only a control on the first equation. In [33] the coupling matrix on the zero
order terms has a cascade structure and the coupling matrix for the first order terms is triangular superior.

Here, our aim is to generalize the classical Kalman rank condition for the controllability of a finite dimensional
system to the case of Stokes or Navier-Stokes equations. More precisely, we consider a system coupling n systems
of Navier-Stokes equations, that we want to control by using m distributed controls:

Ay — Ay + vp® + <y(i) : V) y@ + Z(h,jy(j) - Zri,j”(j)lw in (0,7) x Q, (1<i<n)
j=1

j=1
V.yd =0 in (0,7)xQ, (1<i<n) (1.1)
y® =0 on (0,7) x9Q, (1<i<n)
y®(0,-) =y in Q, (1<i<n).

Here Q is a smooth open bounded domain of RV, N = 2,3. For each i € {1,...,n}, y@ and p® are the velocity
and the pressure of a fluid and we assume that the viscosity p; > 0 is constant. These Navier-Stokes equations
are coupled through a matrix (g; ;)i j=1,. . assumed to be constant (in time and space). The controls are denoted
by v, j = 1,...,m and appear through a matrix (Ti,4)ie{1,....n},je{1,....,m}, also constant in time and space. We
impose that our controls have a vanishing component, for instance

VDM —0 (j=1,....m), (1.2)

where (e(l), e ,e(N)) is the canonical basis of RY.

Using the coupling between the equations, we aim at using less controls than the number of states (m < n) and
our objective is to show that the well-known Kalman condition in finite dimension can be extended in this context.
Such an extension is already known for systems of heat type equations (see [1]) and we show here the same result
for Stokes equations and for controls with a vanishing component.

First, let us consider a linearization of :

n m
Oy — Ay +VpD +3 gy = e o1, in (0,7)xQ, (1<i<n)
j=1 j=1
V.yd =0 in (0,7)xQ, (1<i<n) (1.3)
y® =0 on (0,7T) x 09, (1<i<n)
y®(0,-) =y in Q, (1<i<n)

that couples a system of Stokes equations. We can write the above system in an abstract way: first, we introduce
the Hilbert space

H::{yE[IP(Q)}N :Veoy=0 inQ, y-v=0 onaQ}7 (1.4)

where we denote by v the unit outward normal vector field on 0€2. We consider the classical Stokes operator

A= —PA, D(A):= {y e [ NnHNQ)]Y : Vy=0 in Q} (1.5)

where P : [L?()] N H is the orthogonal projection (Leray projector). The control operator B € L(U,H) of our
system can be defined as follows:

N-1
Bu:=P (1W Z Uie(i)> , forv=(vy,...,on_1) €U := L*(w)N 71
i=1

We also denote by D,Q € My(R) and R € M, (R) respectively the matrices diag(ui1, ..., un), (i), ; and
(rig); I Finally, we consider the operator of the coupled system (|1.3)):

D(L) := D(A)", L:=DA+Q, (1.6)



that is for y = (y,...,y™) € D(A),

Ly = | pihy™ +> " qijyV
J=1 ie{l,...,n}

The control operator of the coupled system is RB € L(U™,H"): for v = (v(l), e v(m)) eum™,

RBv = [ > r; Bvl

j=1

i€{l,...,n}
Then, we can write ((1.3)) as
y' +Ly = RBuv, y(0)=uyo (L.7)
with
Yo = (y(()l), o ,yén)) .

In order to study the null-controllability of (|1.7), we introduce the Kalman operator, as in [1]:

K™ x D(A)™ x .ox DA™ 5 7, (0, w) o 3L Re®), (1.8)
i=1
In the above definition, note that w(* = (wgi), e ,w%?) € D(A*1)™ so that

Ruw® = Zrk’ng_i) € D(AY)" =D (L))
J=1 ke{l,...,n}
and thus the Kalman operator is well-defined. The adjoint of K is given by
DK")=[D (A" )]", K'p=[R¢RLy... R (L) "¢ (1.9)

We say that (1.7)) is null-controllable in time 7' > 0 if for any yo € H", there exists a control v € L2(0,T; L?(w)N~1)™
such that the corresponding solution y to (1.7)) satisfies

y(T,-) =0.
Our main result states this property is equivalent to the injectivity of K*:
Theorem 1.1. Assume w C §2 is a nonempty open set. Then
KerK* = {0} (1.10)
if and only if s null-controllable in time T > 0.

In order to prove the above result, we show that ([1.10) is equivalent to the final-state observability for the
adjoint system of (1.3]) or equivalently (|1.7):

0™ — piAp® + V) £ 370 g0 =0 i (0,T) xQ,  (1<i<n)
V.o =0 in (0,7)xQ, (1<i<n)
o) = 0 on (0,T) x 9, (1<i<n) (1.11)
©(0,) = o) in Q, (1<i<n).



In an abstract form, the adjoint system writes as follows:
¢ +L0 =0, ¢(0)=¢o. (1.12)

The adjoint of the control operator is B*R* € L(H"™,U™). More precisely, if ¢ = ((p(l), cee w(")) € H™ and if we
denote by go(l) k=1,..., N the components of ¢() € #, then

B*R*p = ((IB*R*cp)(l),...,(E*R*@)(m)> ceU™, (B*R*y) Zr p Z cp(J)e(k) (i=1,...,m).

Following a standard duality argument (see, for instance, [35, Theorem 11.2.1, p.357]), Theorem [I.1]is a consequence
of the two following results:

Lemma 1.2. If Ker K* #£ {0}, then is not final-state observable: there exists g € H™, o # 0 such that the
solution ¢ of (1.12)) satisfies (T, ") 75 0 and

R'¢=0 in (0,T) xw
We show this result in Section Pl

Theorem 1.3. Assume w C  is a nonempty open set and T > 0. If (1.10) holds, then there exist C > 0 and
£ >0 such that for any g € H",

N-1

/ lo(T, ) 2 dz < Ce C/TZ/ Z |R*<pk| dx dt. (1.13)
Q

OTka 1

In the above statement, we can write the right-hand side with

2

-1 m n
// Z |R*op|* dadt = // Z Z ZTMS% dz dt.
0, (0,T)xw },

T)xw —1 k=1 i=1 |j=1

In order to prove (1.13), we will show a Carleman estimate of the form

N-—-1
//(O ., ngwzd:ﬂdt < C//(O . 22 IR dadt. (1.14)
X ) Xw

3

where py and p, are regular functions on [0, 7], positive in (0,7") and vanishing in 0 and 7. There expressions are
given through weights defined in Section for some « € (0, 1), and for some d,, € N*:

« N\ 0n/2
py = e~ 5 (85*)3/271/{ Py = P (85) )

The proof of (1.13]) from (1.14]) is quite standard so that we skip its proof and we refer the reader to [33] (see,
also, [16]). The proof of (1.14)) is the consequence of a Carleman estimate stated and proved in Section [4] and of a
general method using the Kalman criterion. This method is presented in Section [3]

Remark 1.4. Note that this method follows the proof proposed in [1] in the case of the heat equation. The idea
is to reduce the problem to the case where is a cascade system with a particular right-hand side that can
be absorbed by using the properties of the weights in the Carleman estimates. However, in the case of Stokes
equations, the same method can not be applied with the Carleman estimates that are available in the literature.



More precisely, with the notation for the weights that are described in Section [4.1} a standard Carleman estimate
for the heat equation can be written as

// e~ 25 (s€)3 [Y)? dwdt < C (// e~ |g|* dwdt + // e~ 25 (s€)% |y da:dt) (1.15)
(0, T)xQ (0, T)xQ2 0, T)xw

for 1 solution of

oy — Ay =g in(0,T) xQ,

=0 on (0,7) x 99,

¥(0,) = 1y in Q.
In particular, if ¢ is of the form a® with a € R, the integral of g in can be absorbed by the left-hand side.
For the Stokes equations, the observability obtained in [6] in the case of a control satisfying can be written as

/ / e5 (&) 9| dadt
(0, T)xQ

c // =35 g dudt + 3 // e~ 258-3%0" (&7 |, [P dwdt | (1.16)
(0,T)xQ (0,T)xw

i<N

N

for 1 solution of

oYy —AY+Vp=g in (0,T) x Q,
V=0 in (0,7) x Q,
=0 on (0,T) x 09,
¥ (0, ) = 1o in (2.

In that case, one can see that if g is of the form aiy with a € R, the integral of ¢ in (1.16]) can not be absorbed
anymore by the left-hand side. The consequence is that in our Kalman method we need to consider a generalized
cascade system and we will then show a Carleman estimate for this cascade system.

Finally using a general method (see, [29]), one can also deduce from Theorem a result of local controllability

for the system (1.1)):

Theorem 1.5. Assume w C Q is a nonempty open set and T > 0. If (1.10) holds, then there exists ¢ > 0 such
that for any yo € V" satisfying

Iyolly- < e,
there exists a control v € L?(0,T; L*(w)N~=1)™ such that the corresponding solution y to (L.1)) satisfies
y(Ta ) =0.

We skip the proof of Theorem since the corresponding proof is completely similar to the proof of Theorem
1.3 in [33].

Our results are based on a Kalman method and on (global) Carleman inequalities. Such estimates were introduced
in [19] for the controllability of parabolic equations and have been used by many authors. In particular, one can
quote [25] or [17] among the large number articles devoted to the controllability of Stokes or Navier-Stokes systems.
Several works are devoted to the case where the controls have one vanishing component: [18], [11], [6] and [8]. Note
that in [12], the authors obtain the local null controllability of the Navier-Stokes system in dimension 3 with a
control having two vanishing components but their method is different, using a particular linearization combined
with results of Gromov. Here we follow the proof we did in [33] for a standard cascade system to obtain our
Carleman estimate.

This paper is organized as follows. In Section |2} we recall some results of [1] that allow us to show Lemma
and present several important examples of systems of the form . The Kalman method is described in Section
and we show the Carleman estimates needed to show Theorem [L.3] in Section [4l



2 Preliminaries and examples

Let us recall that the Stokes operator A (defined by (1.4), (1.5))) is a positive self-adjoint operator with compact
resolvents. In particular, its spectrum is composed by positive eigenvalues (vp)p2 1- Let us consider an orthonormal
basis (¢p)p>1 of H composed by eigenvectors of A associated with the eigenvalues (7,,)p>1. Then, we can define for

all p > 1 the matrix

Ky = [RI(pD+ Q)R || (35D +Q)" " R| € My um(R) (2.1)
and its adjoint
R*
R* (3D + Q")
K: = . € My n(R).

R* (D + Q)"
Then, we have the following result (which is Proposition 2.2 in [1]):
Proposition 2.1. With the above notation, we have the following equivalencies:
KerK* = {0} <= Vp>1, KerK; = {0} <= Vp=>1, rank K, =n.
The above result allows us to show Lemma exactly asin [1]. We only repeat the proof for sake of completeness:

Proof of Lemma[T.4 Assume Ker K* # {0}. Then from Proposition[2.1} there exist po > 1 and z € Ker K} C R",
2o # 0. Then, from the standard Kalman condition (see, for instance, |35, Proposition 1.4.7, p.13]), we have

Rre”(moDFQ0, — 0 (t € R).
For z = (2(M,...,2(™) € R" and ¢ € H, we set
z¢ = (W, ... 2Mep) e H™.

We can check that
olt) == (e—<vp0D+Q )tZO) by (130)

is the solution of with g := 20¢p,. We have
o(T) = (6_(7P0D+Q*)Tzo) ¢po 70 and R p(t) = (R*e_(71’0D+Q*)tzo) po =0 (t=0).
O

Using Proposition we can also consider the following particular cases of Theorem [I.1] These cases are
already discussed in [1] (see Remark 1.1 in [1]).
Case 1: all the viscosities are equal. Assume

Vie{l,...,n} p;i=pu>0.

Then we deduce from Proposition that is equivalent to

rank [R|QR |-+ | Q" 'R] =n, (2.2)
that is the original Kalman condition for the matrices ¢ and R. In particular,
n m
Oy — pAy + VpD 13 gy =D o1, in (0,7) xQ,  (1<i<n)
j=1 j=1
V.y® =0 in (0,7)xQ, (1<i<n)
y® =0 on (0,7) x99, (1<i<n)
y(0,-) = y” in Q, (1<i<n)



is null-controllable if and only if the finite-dimensional linear system

d i, v )\ h .
%Y( ) + Zqu‘YU) = Zrmv(ﬁ m (0,11)7 (1 S 1 < TL)
j=1 j=1
Y@ (0,)=v" eRr (1<i<n)
is controllable.

Case 2: simultaneous controllability. Assume

Q = 07 m = 17 R = (ri)i:L...,n-

Then (2.1]) can be written as

n—1
i (ppa)re o (Ypta) o
ra (v M2>T2 e (y Mz)n_ T2
K,:= 1. g . . : . € Mn(R)
Tn ('71)/%) Tn - (’Ypﬂn)n_l T'n

In particular, using Vandermonde matrices, we see that ([1.10) is equivalent to

ViE{l,...,n}, rﬁéO, /Li#/ﬁj le?éj

In particular, taking r; = 1 for all ¢, we obtain that the system

Oy — Ay + Vpt =01, i (0,7)xQ,  (1<i<n)
V.y® =0 in (0,7)xQ, (1<i<n)
y@® =0 on (0,7T) x 9Q, (1<i<n)
y®(0,-) =y in €, (1<i<n)

is null-controllable with only one control v(*) (with a vanishing component) provided all the viscosities p; are
distinct. The above system is simultaneously null-controllable in any time 7' > 0.

Case 3: cascade systems. Assume
gi;=0 ifi>j+2, ¢:17#0 (2<i<n), R=(01,i)i=1,.n

where 0; ; is the Kronecker delta. Then a proof by induction yields that K, is an upper triangular matrix of the
form

1
0 @21
© 0 gaaqen
Ky,=|: 0 € Mn(R)
0 0 0 T H qii—1
L i=2 i

By hypothesis, the elements of diagonal are non zero. Thus in that case, (|1.3) is null-controllable and we recover a
part of the result of [33].



3 The Kalman method

In order to prove Theorem we extend the method proposed in [1] for the coupling of parabolic equations of
heat type. In this section, we can assume general hypotheses on the system. Let us consider

A:DA) —H

a positive self-adjoint operator in a Hilbert space H and B € L£(U,H) a bounded control operator. We consider the
control problem

n m
oy + Ay + Z%‘,jy(j) - ZH,;‘BUU), y(i)(O) _ y(()z)7 (3.1)
j=1 j=1
where f; >0 (Z =1,... 7”)7 Q= (Qi,j) € MTL(R)’ R = (riJ) € MH,W(R)'
Defining the operator L as in (1.6 with D = diag(p1, ..., un), the above system can be written as in (1.7) and
the adjoint system can be written as in (1.12)). In order to study the controllability of (3.1) or equivalently the

observability of (1.8)), we use the Kalman operator defined by (L.8]). Let us state a result for the Kalman operator
obtained in |1, Theorem 2.1]. We recall that the adjoint of K is given by ([1.9).

Theorem 3.1. Assume (1.10). Then there exists a constant C > 0 such that for any ¢ € [D (Azn("’l))]n,

L <C HA(Qn—l)(n—l)K* H )
llell ® (Hmyn

The Kalman operator allows us to reduce the problem to a family of cascade systems that we describe now. Let

us denote by S, the group of permutations of the set {1,...,n}. Then, we consider the following “cascade” system
O + iy iy Ap(h) = p(iF1.0) (1<ig<n—-1,0€8,)
O 4 pig (AT = 37N grTyY@D) (g€ S,) (3.2)
_ geS, p=1
P(E9)(0) = qp(()“”) (1<ig<n, 0S8

where 77 € R for p € {1,...,n} and o € S,,. This system couples n x n! equations and the state is
w(i’”) (1<i<n, c€S8,).

This is a generalization of the following system considered in [33] and in [20] where A is the Stokes operator or the
Laplace operator:

D + A = D (1<i<n-1)
n

O™ + p, Ay = ngw(p)_
p=1

Using a weighted estimate for the above system in the case where A is the Laplace operator, the authors in [1]
manage to show the Kalman rank condition for the heat equation. In the case of the Stokes equations, we need the
following weighted estimate for the system ([3.2)):

> nZI/OT ol®) HA(znfl)(nfl)af@b(l,o)(t)Hi t<Cy /OT ald) HBW(LU)@)HZ dt (3.3)

0€Sy, k=0 oES,

where py,p, : [0,7] — Ry are continuous functions and C' > 0 a constant. The above estimate can be the
consequence of a Carleman estimate as in the case of coupled Stokes equations or heat equations.

Proposition 3.2. Assume (1.10) and that for any (ﬁp’a)pe{l n}ocs, and for any smooth solutions of (3.2)), the

.....

weighted estimate (3.3)) holds. Then, there exists C > 0 such that for any @9 € H™, and for any solution ¢ of

.12,

T T
/ P ()l () 30 dt<C/ po(8) IB*R* (1) gy dlt. (34)
0 0



Remark 3.3. If p; is bounded by below on some non empty open interval of (0,T") and if p, is bounded, then (3.4)
implies an observability inequality

T
()2 < K2 / IR B | dt. (3.5)

Proof of Proposztzon- From Theorem [3.1] u and ., there exists a constant C' > 0 such that for any ¢ €
[ (AQn(n 1))]

el < CZHA(% D=1 ge (1) w‘

H™ '

Assume ¢ is solution of (L.12) with ¢ € [D (AQ”("’U)] . Then for all ¢, ¢(t) € [D (Azn(”*l))]" and the above
estimate becomes

<C HA(zn 1)(n—1) 8kR* H _ HA(zn—n(nﬂ)ak R\ 36
”‘P”H Z P 2m kzz:zz: (R o) u (3.6)
where .
Now, we show that (R*p ) satisfies an evolution equation. More generally, let us consider r = (ry,...,7,) € R"
and let us set .
»D = er(p(j) (3.8)
j=1
where @ is the solution of (1.12)). We write
Ei = at—’_/J"LAv M := dlag(]Elva’n) +Q*7
so that the first equation of ((1.12)) can be written as
My = 0.
Taking the transpose of the cofactor matrix of M on the above system, we deduce that for all j =1,...,n,
det (M) o) =0
and in particular, with (3.8)),
det (M) ™) = 0. (3.9)

Moreover, there exist o, € R (depending on @) such that

p
det (M HE — Z Z Qi ... iy H E;,,. (3.10)
k=1

p=01<i1 < <ip<n

vvvvvv

For o € §,,, we set

p—1
PPo) = HEo(k)w(l)' (3.11)
k=1
We have in particular, for any o € S,,,
O = By = Pt (1<p<n—1), (3.12)



and, using (3.9) and (3.10]),

n n—1 P
Eo(nﬂ/}("’”) — w(n-l—l,o) — HIE“/)(U — Z Z Qv iy H ]EikT/J(l)~ (3.13)
i=1 p=0 1<i1 <-<ip<n k=1

Let us fix p € {0,...,n — 1}. Then for any 1 <i; < --- < i, < n, there exists a permutation o € S,, such that
alk)=1 (k=1,...,p).

We set P10 .= «;, ..., for the corresponding permutations and P18 .= 0 for any other permutations & € S,,.

Thus .
n— P n
D DTN LREES o) P AN
p=0 1<i1 <---<ip<n k=1
Then combining the above relation with (3.12) and (3.13]), we deduce that for any o € S, (w(p*”))p satisfies the

cascade system ([3.2)). In particular, we can use the estimate (3.3)), and we deduce that for any r = (rq,...,7r,) € R™,
the function (1) defined by (3.8)) satisfies

n—1

! @2n—1)(n—1) ok, (1) (1 || T RN
kZ_O/O ps(t) HA 1) (t)HH dt < C/O pb(t)‘B ¥ (t)Hu dt. (3.14)

Going back to (3.6) and using (3.7), we deduce (3.4). To end the proof, we use the density of [D (AZ”(”’D)]” into
H™ to obtain (3.4) in the case where ¢y € H". O

4 The Carleman estimate

In order to show Theorem [I.I] we will apply the abstract result Proposition [3.2] to our system. In particular, we

need to show a weighted estimate of the form for a cascade system of the form , where A and B are the

operators introduced in Section [I} This is done by first showing a Carleman estimate on a “generalized” cascade

system of Stokes equations. A similar Carleman estimate is obtained in 33| for a “standard” cascade system of

Stokes equations. Here we follow the same strategy so that we skip many details and point out the main differences.
We also focus in the case N = 2, the proof for N = 3 is completely similar.

4.1 Statement of the Carleman estimate

First, we consider the weights needed in the Carleman estimate. We start by introducing a nonempty domain wp
such that Wy C w. Then, using [19] (see also |35, Theorem 9.4.3, p.299]), there exists n° € C%(Q) satisfying

" >0inQ, 7°=0on0Q, méxxno =1, Vn'#0in Q\ wo. (4.1)

Then, we define the following functions:

exp {A(20 +2)} — exp{A(20 +1°(2))} exp{A(2(+n°(x))}

aft,z) = Y , &) = T =) , (4.2)
a*(t) = maxa(t.a) - SLOCCE IOV e e - SHES
&(t) = min at, ) = exp {\(20 + 2)} — exp{A(2¢ + 1)}, Elt) = max£(t z) exp{A(2¢+ 1)} (4.4)

€ (T — 1) €0 L ED

10



where £ > 11, A > 1. Note that we have the following useful relations: there exists C' > 0 depending on €2 such that

|Ovar| + [0:€] < CTETY, (4.5)

(@) + || <CT )V, ()| +|(€9)"] < CT? (69", (4.6)
C

&> ToE (4.7)

IVa| = V€| < CAE,  |Aal = |AE] < ONZ¢. (4.8)

Such weights functions were first considered in [19] and have been already used in many articles (see, for
instance, |22], [21], etc.). System (3.2]) in our context can be written as follows:

By B9) — 1oy Api0) 4 Tr6:9) = g (i+1.0) in(0,7)xQ, (1<i<n-1,0€8,)
n
O™ — gy AP £ VD) = K TN TP in (0,T) xQ, (0 €S,)
_ 5€S, p=1 (4.9)
Vo) =0 in (0,7)xQ, (1<i<n, ces8,)
P9 =0 on (0,T)x9Q, (1<i<n, ces8,)
$(9) (0, ) = ) in Q, 1<i<n, 0 €8,).

Our aim is to estimate the following quantity associated with the solutions of the system (4.9):
I(s,1)) = // e~ 25 (5*15*1 |V3Aw1|2 + s V2 AY, |2 + 33 VAP |? + s°¢° |A¢1|2) dxdt
0,T)xQ

+ // e~ (560 9> dadt.  (4.10)
(0,T)XQ

The first Carleman estimate for the above system can be stated as follows:

Theorem 4.1. There exist C > 0 depending on the geometry and §, € N* such that for any s > C (Te + T%) and
for any 1/}((]@,0) eEH, (i€{l,...,n}, 0 €S,), the solution (w(i"’))i , of (4.9) satisfies

Zi:[(s, (i:0)) <CZ// e~ (56)n

€S, i=1 cES, 0,T)Xw

2
PN dadt. (4.11)

From the above result, we can deduce a weighted estimate of the form (3.3)):

Corollary 4.2. Assume k € (0,1), J, K € N. There exist C > 0 depending on the geometry and 6, € N* such that
forany s> C (TE + T%) and for any 1/1(()1’0) eEH, (ie{l,...,n}, 0 €S,), the solution (w(i"’))i , of (4.9) satisfies

2
dxdt

<05 00

ceS,

>> 3 .

=00¢€

p—2sa” (85*)372/2 ‘agAk¢(1,a)

T)xQ

b

(1,0) 2
1

dodt. (4.12)

Combining Corollary and applying Proposition we deduce (1.14]) which implies Theorem in a classical
way.
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4.2 Regularity results

Let us consider the “cascade” system (3.2). One can write it as
op+ A =0, ¥(0) = o, (4.13)

where ¢ = (¢(i70))1<i<n, ves, Yo = (wéi’”))KKn es and where the operator A : D(A) — X is defined as

follows:
X = H{l ..... n}XSn’ D(A) = D(A){l ..... n}xS,

(A)“7 = py iy A7) — ) (1 <i<n—1, 0 €8,),

(AY) ™ = A — S SRy (5 e S,).

geESy p=1
We can write A = Ay + A; where

D(A) = D(A), (Ae) " = pyy A (1<i<n, g €8,).

The operator Ay is self-adjoint and positive (see, for instance, |32, Theorem 2.1.1, pp.128-129]) and A; € L(X).
Thus (see, for instance, [31, Theorem 2.1, p.80]) —.A4 is the infinitesimal generator of an analytic semigroup. Applying
the elliptic regularity of the Stokes system (see, for instance [34, Proposition 2.2, p.33]), we have also that

D (AQ) C [H4(Q)N:|{1,...,n}><sn 7 D (A3) c I:HG(Q)N]{L...,N}XS" .
Following the proof of [33, Lemma 2.4], we have the following result:

Lemma 4.3. Assume Ty > 0 and T € (0,Ty). Let us consider 0y, 01,062,035 € C3([0,T)) and a constant ¢ > 0 such
that
0;(0)=0 (i€ {0,...,3}), 05|+ 05|+ 10| <clol, |05+ 105] <clO1], |05 <clOaf. (4.14)

Then, for any vy € HIL"3XSn the solution 1 of (A.13 - ) satisfies

019 € H*(0,T;H) N L*(0,T; D(A)), (4.15)
Oy € H*(0,T;H) N H(0,T; D(A)) N L0, T; D(A?)), (4.16)
031 € H*(0,T;H) N H?(0,T;D(A)) N H'(0,T;D (A*)) N L*(0,T; D(A?)), (4.17)

with

10191 1.0, 7:20) + 1019 200 7.0 a)) + 1029 20 7:20) + 1029 112 0,7:0)) F+ 1029011 L2070 42))
10591 3 0,7520) T 1039 | 20,70 04)) + 1039 |2 0,750 (42)) + 1039811 L2 0,750 3)) S C 100%N 20,170y - (4:18)

4.3 Proof of Theorem [4.1l.

The proof of the Carleman estimate follows closely the proof of a similar result done in [33]. We recall that I(s, )
is defined by (4.10]). First we show the following result:

Proposition 4.4. Let @ C Q be a nonempty open set such that wg € © € w. Then, there exists a constant C' such
that for any s = C and for any (w(”g))i . satisfying (4.9), we have

33 I(s <czz// (s6)° =20

oc€eS, i=1 o€eS, i=1 0,T)x&

AplP O dadt. (4.19)
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Proof. We first take the divergence of the two first equations of (4.9)) to deduce that
A7) =0 in (0,T)xQ, (1<i<n).

Using these relations, we apply the operator V2A to the two first equations of (4.9) and the corresponding first
components give

AV2AY) — 1y AV2APTT) = 2 AR in (0,7)xQ, (1<i<n—1)
AVAAP T — iy AV AT = 3N g2 AP in (0,7) x (4.20)
GeS, p=1

Then, we use a Carleman estimate for the heat equation proved in [15]: there exists a constant C' > 0 such that for
any A\ >C, s> C(T'+T2%),ic{l,....,n} and 0 € S,

—2sa -1 3 (1,0) 2 2 (i,0) 2
e (€) ‘v AP 4 se ‘v A dedt
(0,T)xQ2
2
2 i 2 A 89)
<C // e 2o ’vQAW"’) dzdt + // (s¢*) "t e OVTAY 7 dry dt
(0,T)xwo (0,7)x 99 on

2

e (56) 7 [V2Ap( 7| dedt | . (a.21)

Next, we follow a standard method in three steps:
e Step 1 consists in completing the above left-hand side to obtain I(s, (%)) (see ([@.10)).
e Step 2 consists in removing the boundary terms.
e Step 3 consists in removing the local terms that do not appear in (4.19)).
Step 1. This step is completely similar to |33]. We apply two times a Carleman estimate for the gradient operator

(see [11, Lemma 3]) to recover VAi/JY’J) and Awgi’a). Then we use the divergence free condition and the boundary
conditions of 1(4?) to recover (%) and to deduce

(i,0) —2sa 2 a1 (o) |2 3 (i,0) | 5 (i,0) |
I(s,00)) < C o€ sg‘v AP (s6) )vmpl + (56) )Awl dadt
0, Xwo
2 A (50) |2
s eyt TSN g
(0,T) x 8% n

2 (r3)|?
e 20 (s¢) 7 [V | dudt | . (4.22)

ses, p=17 /(0 1)xQ

Step 2. We apply Lemma using (4.6]), we can check that for s > T, then

o 1= (s6")F e°7, O1(t) == (s€")7 T e, Oa(t) == (s€7)2"

2 "
[

e 05(t) = (s€7)TF

=l

e (4.23)
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satisfy (4.14). We deduce that

JEZSn g (H0 Yo H(0,T;L2(2)?) Hgﬂb(z ’ L2(0,T;H?()?) Heﬂ)(i,o) H2(0,T5L2(Q)?)
+ HeQw(m) H(0,T;H2(Q)2) * Haﬂp(i,d) L2(0,T;H(Q)?) * HQSQ/}(Z"U) H3(0,T5L2(2)?)
+ HHW(M) H2(0,T;H2(9)2) * Hegw(i"’) H(0,T;H*(2)?) * Hg?)w(i,ﬂ) L2(0 T'Hf"(Q)Z))
C(,; z; Hg ) o (4.24)

Now, we use a trace inequality (see, for instance, |28, Theorem 2.1, p.9]), an interpolation argument (see, for
instance, |27, Remark 9.5, pp.46-47]) to deduce

2 A (60) |2
// (sg) ezt | Y Aw dydt
0,7)x 9%
< C (SE*)71 67250[* H’(/}(i’a) w(z o') H,w(z o 1/2 'l,ZJ(Z Nea dt
S HA(Q)? HO(Q)? H4(Q)? HO(Q)?
<C ' ) TIHE || gy qp(b0) (i.0) SREaE A ] o) |2 dt (4.25
h /0 (%) 2 H4(Q)2 Osv HS(Q)? ) 2 H4(Q)? 00! H%(Q)? (1425

Using that £ > 11 and (&.7)), we have for any C' > 0 and s > CT%,

(s6) 7 < (ca) T (sen) TR < (0a) THTH

Taking C' > 0 large enough in the above relations, and putting together (4.22)), (4.24) and (4.25]), we deduce at this
step the existence of C' > 0 such that for s > C(T* + T?%),

> fjf(s,zz)“"’))
oc€eS, i=1
czzﬁ

c€eS, i=1 0,T) xwo

. 2
(s¢)° [vau{| +

(¢)° [ A

. 2 2
672501 <S€ ‘v2Aw§17‘7) + > dxdt. (426)

Step 3. This step is completely similar to [33] and we refer the reader to this article for all the details. The idea
is standard and consists in considering cut-off functions in compact support in & and in several integration by parts

to get rid of the terms associated with VQAwli’a) and VAwii’g) in the right-hand side of (4.26)). We only keep the
local integral associated with Aq/}lw), with wy replaced by @. This concludes the proof of Proposition O

Using Proposition [£:4] we can now prove Theorem [.1]

Proof of Theorem[{.1 We start with and we now remove in the right-hand side the local terms associated
with ¢ > 2. The proof is again very close to the proof done in [33]. First, we introduce a sequence of open sets O;,
(0 < i < n) such that

0W=0,€0,1€..€0,c..E0)CEw

and functions
G € C?(0;_1) suchthat ¢=1in0; (>0 (1<i<n).
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We apply A on (4.9)) to deduce

AU — oy A2 = AT in(0,7)xQ, (1<i<n—1,0€S8,)
n
n,o n,o T o . 4.27
HAP — 1y AT = 37 ST BIAGPT i (0,T) x 0, (5 €Sp). (4.27)
geS, p=1

Using the above relations, we obtain, for any o € S,,,

TYXD

-/ G (56)° (A0 ) (D80 — iy A2 ) drdr. (4.28)
(O,T)XOV,Lfl

2
dxdt

2
dadt < / / e, (5)° [Ap("
(O,T) ><On_1

Let us now estimate the last integral in the above relation. By integrating by parts and by using (4.27)), we deduce

//(O,T)xon1 e PG (s6)” <Aw§n7a)) (atAwgn_l’UU dxdt

= G (7 66) A A e
L)X Op—1

_ //( o Cn€_25”‘ (35)5 Mg(n)A%pgn,a) + Z Zﬂp,ﬁAwip,E) (Auénfl,g)) ddt. (4.29)
0,T)XOp_1

GES, p=1

By integrating by parts, we also find

/ / Cre 25 (s€)° AP A2 1)t = / / Cre 252 (5€)° A2 A1) dt
(0, T)XOyp—1 0, T)X Oy -1
- / / A (G2 (56)°) Au{™ 7 Ag{" ™ dadt
(0,T)XOp 1
+2 V (Coe 2 (s6)°) - VAL D A1) qrdr. (4.30
1 1
(O,T)Xon71

Now we estimate the right-hand side of (4.29) and (4.30)). Using (4.5)), (4.8)), we have that for any s > C (Te + T%),
|3t (672sa55§5)| < 0672504 (56)64-1/@’ |A(<n6725a85§5)| < 06725018757, |v(<n672sa85€5)| < 06725018656.

Thus,
‘ / / Gt (72 (s€)°) Av{™ A" duat
((],T) X On7 1

2 C n—1,0
<e / / e 20526 | g™ dudt + ~ / / e (5) TP A
(0,T)xQ € (0,T)XOp_1

2
dedt, (4.31)

' / / A (gne—%a (35)5) A A E) gt
(0, T)XOyp 1

—2sa 5 ¢5 n,o) |2 Q —2sa 9¢9 (n—1,0)
<e e s°€% | Ay dzxdt + e 57E° | Aty
0,T)xQ € (0,T)X Oy _1

2
dudt, (4.32)
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‘ / / Y (Gue (5)° ) - VA" A" dadt
(0,T)xXOpn_1

. 2 9
§ 5// 6*28045353 ‘VA’llbgn,O') dll:'dt + g // 6728045959 ‘Awgn—l,o)
(0.T)x8 € JJom)x0n-s

' / /( o Coe™ 25 (5€)° A2 A" 1) gt
0,T)x n—1

2
< E// e~ 2sogE ‘A21/)1n’a)
(0,T)xQ
and

/] Gre2 (5)° A0 (A7) dvd
(O,T) Xon71

~\ |2 9
6// 8728& (3{)5 ’Aq/}ipﬁ) dxdt + 9 // 672504 (35)5 ‘Awin—l,o)
(O,T)XQ 19 (0,T)><(’)n,1

Combining (4.28)—(4.30) with (4.31)—(4.35) yields the existence of a constant C' such that for any s > C and for
any € > 0,

—2sa 5 A n,o) 2
(0T)><Ae (85) ‘ 1/}1

dzdt, (4.33)

dudt, (4.34)

C 5 n—1,0 2
dxdt—i——// e 20500 | Ap" )
€ (OaT)Xonfl

N

dxdt. (4.35)

dodt <e Y I(s, ")
geS, i=1
2
2 e (56)° [ A1)
€ (0,T)XOy 1

With a similar proof, we can show by induction that for all k € {2,...,n },

n— 2 n o
6*2501 (55)2 k+2 41 ‘Aw(k,v) dodt < ¢ I 8,1/}(1’0)
//<0,T)xok ! PPt )

gES, i=1

n— 2
+ g // 672804 (55)2 k341 ‘Awyﬁflﬁ)
€ JJ(0,T)x0,_1

dzdt. (4.36)

dxdt. (4.37)

Combining this with (4.19)), we deduce

Z i[(57 ’L 0) < C Z // 2n+1+1 672504

€S, i=1 €S, ) Xol

2
Ayt

dxdt. (4.38)

To end the proof, we transform the above local terms into local terms of wgl’g). This is standard: by integrating

by parts, we obtain
drdt < // ¢ (s f)2"+l+1 o250
0,7)xOg

// ( 5)2 ntlyg —2soz
(0, T)xO1
[ A0 ) (20
L) X o
+ /[0 o 2V (Cl (s£)2n+1+1 6728(1) . (VA¢§170)) wgl,a’) dadt
»47) X o

// 2“+1+1 e~ 250 (A21[1(1 U)) 1/1(1 ,0) dxdt
OT XO[)

2
Ayt )| AP dudt
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Considering (#.8) and using Young’s inequality, we deduce the existence of C' such that for any s > C(T* + T?"),
and for any € > 0,

/ / (€)1 gm0
(0, T)x0O1
e (7
0,T)x

2
AP dadt

2
+ s¢| Azl

+ (s)° |V Ay

2
> dxdt
N
€ (0,T)xOq

Combining the above estimate and (4.38) implies (4.11)) with §,, = 2"T2+1. This concludes the proof of Theorem .1
g

2
PN dadt.

O
4.4 Proof of Corollary
Using Theorem we can now show Corollary
Proof of Corollary[{.34 We combine (4.24) (with 6, defined by (4.23))) and (4.11):
Z // —2sa* 55 3 2/¢ <’a 1/)(1 a) ’A¢(1’g) 2) dr dt
€S, 0 T)><Q
~ 7 =\ On 2
<cy / / ¢~2s8 (s§> O™ grdt.  (4.39)
cES,, (0, T)xw

Then writing ([4.9) under the form (3.2) (using (1.5)), we notice that (3t1/1(i’6))i0 and (Az/;(i*"))ia satisfy (4.9)
(with different initial conditions). The corresponding relations (4.39)) yield the following relation:

Z // 72504 g*)?)*?/f (’821/}(1)0) 2 + 2) dx dt
)X t
€S, 0,T) x
On 2
C // —23a (‘A’(/J(LU) +
Z (0, T)xw ) !

Now, for any k € (0, 1), there exist Ag > 0 and sg > 0 such that for any A > Ao and for any s > sy,

2
oAy

’A2’l/1(1’0)

‘atwgl,a)

2) dwdt.  (4.40)

—2sa (85) < C672nsa* (85*)372/5 (441)
and we deduce from the above estimate, and ([4.40) that
2 2
Z // p—250" (s€*)3~ 2/¢ (‘82¢(1 )| 4 ‘atAw(l,a) n ‘AQw(l,a) ) dee di
cES, 0,T)xQ
<C Z // _2“‘1 msf) )w(l N drdt. (4.42)
€S, 0,7)Xw
By induction, we obtain that for all J € N, there exists C' > 0 such that
Z Z // 72504 Sf )3 2/¢ ajAJ jq/}(la d(l?dt
j=00€S, 0,T)xQ
,\ N On 2
<y / / '@ (sg) SO drdt. (4.43)
€S, 0 T)><w
O
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