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Controllability of systems of Stokes equations with one
control force: existence of insensitizing controls

Sergio GUERRERO*

Abstract

In this paper we establish some exact controllability results for systems of two parabolic
equations of the Stokes kind. In a first part, we prove the existence of insensitizing controls
for the L? norm of the solutions and the curl of solutions of linear Stokes equations. Then,
in the limit case where one can expect null controllability to hold for a system of two Stokes
equations (namely, when the coupling terms concern first and second order derivatives,
respectively), we prove this result for some general couplings.

MSC: 35K40, 76D07, 93B05

Keywords: Carleman inequalities, Stokes system, controllability.

1 Introduction

Let @ ¢ RV (N = 2 or 3) be a bounded simply-connected open set whose boundary 92
is regular enough. Let 7' > 0 and let w C € be a (small) nonempty open subset which
will usually be referred as control domain. We will use the notation @ = Q x (0,7) and
Y =00x(0,T).

On the other hand, we will design by C' (resp. K) a generic positive constant which
depends on ©, w and T (resp.  and w). Anyway, it will be made precise each time a
constant appear.

Let us recall the definition of some usual spaces in the context of Stokes equations:

V={yeHj()":V.y=0in Q}
and
H={ycL?QY :V.-y=0inQ, y-n=0o0ndN}.
The main objective of this paper is to establish some new controllability results for a

system of two strongly coupled Stokes equations.

e The two first main results of this paper concerns insensitizing controls. More precisely,
we are interested in insensitizing two different functionals associated to a state system, which
is a linear Stokes equation with Dirichlet boundary conditions. Let us introduce an open
set O C Q such that O Nw # ), which is called the observatory (or observation open set).

In order to precisely state our problem, we introduce the state system:

y—Ay+ay+B-Vy+Vp=vl,+f, V-y=0 1inQ,
y=0 on %, (1)

Yli=o = Y0+ 77° in Q.

*Laboratoire Jacques-Louis Lions, Université Pierre et Marie Curie, Boite Corrier 187, 75035 Cedex 05
Paris, France. E-mail: guerrero®@ann. jussieu.fr.



Here, v is the control, 4° € L%(Q)Y and a € R and B € R" are constants. Furthermore,
we suppose that 7° is unknown with ||§0HL2(Q)N = 1 and that 7 is a small unknown real
number. Then, the interpretation of system (1) is that y is the velocity of the particles of an
incompressible fluid, v is a localized source (where we have access to the fluid) to be chosen,
f is another source and the initial state of the fluid is partially unknown.

In general, our task is to insensitize a functional J, (which is called sentinel) by means
of the control v. That is to say, we have to find a control v such that the influence of the
unknown data 79 is not perceptible for J, (see (4) below).

In the literature, the usual functional is given by the L? norm of the state (see [15], [1],
[3] or [16], for instance). Here, we are not only interested in insensitizing the L? norm of
the state (solution of (1)) but also the L? norm of its curl (V x y). Thus, let us introduce

the functionals
how= [[ Pdear @)
Ox(0,T)

Jor(y) = / / IV x y[? de dr, (3)
Ox(0,T)

where y is the solution of (1).

This kind of problems was first considered by J.-L. Lions in [15], where a lot of another
interesting questions concerning insensitizing controls are posed.

Our objective is to find a control v; such that the presence of the unknown data is
imperceptible for J; -, that is to say, such that

and

0Jir
or

(yi)lr=0 =0 for all ° € L*(Q)" such that ||7°(|p2@qyy =1, (4)

for i = 1,2, where y; is the solution of (1) associated to v;. If this holds, we will say that
the control v; insensitizes the functional J; » (i = 1,2).

Usually, insensitizing problems are formulated in an equivalent way as a controllability
problem of a cascade system (see, for instance, [14] for a rigorous deduction of this fact).
Indeed, if we consider the adjoint state of (1) (or apply Lagrange principle), one can see
that condition (4) is equivalent to z|t—g = 0 in 2, where z together with w fulfills

wy—Aw+aw+B-Vu+Vpl=vl,+f, V-w=0 inQ,

—2z1—Az4+az—B-Vz+Vg=wlp V-z2=0 in Q,
w=0,2=0 on X, (5)
w]i=0 = 4°, z|t=7 =0 in Q
for i =1 and
wy —Aw+aw+B-Vw+Vp? =vl,+f, V-w=0 in Q,
—z—Az+az—B-Vz2+Vq¢=V x ((Vxw)lp), V-z=0 inQ,
w=0,2=0 on X, (6)
Wli=o = ¥°, z|lt=7 =0 in Q

for i = 2. Here, we have denoted w = y|,—¢ and p° = pl|,—o.

As we said above, all known results around this subject concern parabolic systems of
the heat kind. In [1], the authors prove the existence of e-insensitizing controls (i. e., such
that |0;J1 +(y)|r=0| < €) for solutions of a semilinear heat system with C' and globally
lipschitz nonlinearities. In [3], the author proved the existence of insensitizing controls for
the same system. For an extension of this results to more general nonlinearities, see [2] and



the references therein. Recently, it has been proved in [10] the existence of insensitizing

controls for the functional
J-(y) = // Vy|* da dt
Ox(0,T)

where y is the solution of a heat equation with potentials. Also in this reference, some
controllability results for systems of two parabolic equations were considered when a double
coupling occurs (the solution of each equation appears in the right hand side of the other)
by means of some combinations of derivatives; first order space derivatives in one equation
and second order space derivatives in the other one. See [10] for the details.

All along this paper we will suppose that w N O # @. This is a condition that has always
been imposed in the literature as long as insensitizing controls are concerned. Recently, for
the (simpler) situation where we look for a e-insensitizing control and the functional J; ,,
it has been demonstrated that condition w N @ # () is not necessary for solutions of linear
heat equations (see [4]).

The controllability result for system (5) is given in the following theorem:

Theorem 1 Let m > 3 be a real number and y° = 0. Then, there exists a _constant C>0
depending on Q,w, O, T,a and B such that for any f € L*(Q)"N satisfying ||€C/tmf||L2(Q)N <
+00, there exists a control vy such that the corresponding solution (w,p°, z,q) of (5) satisfies
z|t=0 = 0 in Q.

Corollary 2 There exists insensitizing controls v1 of the functional Jy  given by (2).

Next, we state the controllability result for system (6):

Theorem 3 Under the same assumptions of Theorem 1, there exists a control va such that
the corresponding solution (w,p, z,q) of (6) satisfies z|t—o = 0 in .

Corollary 4 There exists insensitizing controls vy of the functional Ja . given by (3).

Remark 1 The same results stated in Theorems 1 and 8 hold when a and B are functions
which depends only on the time variable t and are in L>(0,T). The proof of this fact is
direct from that of Theorems 1 and 3.

The proofs of Theorems 1 and 3 will be given in section 3 but separately, even if the
method to solve both problems is similar in some sense. The reason is very simple; there
is no reason to think that, once Theorem 1 has been established, Theorem 3 also holds.
Actually, the proof of Theorem 3 is much more intrinsic. We will try to make this precise
in the sequel.

Let us briefly explain the difficulties a controllability result for systems (5) and (6)
possesses. For this, we introduce the associated adjoint systems:

—pr—Ap+ap—B-Vpo+Vr=9ylp, V-¢o=0 inQ,

Ve —AY+ap+B-VY+Vh=0, V-9p=0 in Q, o
p=0,v=0 on X,
li=r =0, Y|=o :1/J0 in

and

—pr—Ap+ap—B -Vo+Vr=Vx ((Vx¢)lo), V-¢o=0 1inQ,

b= A+ ap+B-V+Vh=0, V=0 in Q, .
0=0,19v=0 on %,
li=r =0, VYli=o = ¢° in Q,



respectively.
It is by now classical to prove that the null controllability results we want to prove for
systems (5) and (6) are equivalent to the following observability inequality:

// e O/ o2 da dt < C// lp|? da dt, 9)
Q wx(0,T)

for the solutions of (7) and (8), where m is some positive number and C and Cj are two
positive constants depending on ,w, O, T, a and B but independent of 4° (see, for instance,
[11] or [9]).

The main idea one usually follows in order to prove (9) is a combination of observability
inequalities for ¢ and v (as solutions of Stokes equations) and try to eliminate the local term
(concentrated in w x (0,7T)) concerning v, resulting from the application of an observability
inequality for . Thus, one has to establish a local estimate of the kind

// |z/;|2dacdt§C’// lpl?drdt, ©Cw
@x(0,T) wx (0,T)

for both the solutions of (7) and (8). When one tries to prove this inequality (using, of
course, the equation satisfied by ), one finds that the pressure term 7 is always involved.
Indeed, for instance in the simpler situation of system (7), we find

// |¢|2da:dt:// Y(—pr — Ap+ap — B-Vo+ Vr)dedt,
Tx(0,T) wx(0,T)

provided that @ C O. Hence, one of the terms we have to estimate is

// YVrdrdt,
wx(0,T)

which can never be estimated just in terms of a local integral (in an open set which does
not ‘touch’ the boundary) of |p|2.
This means that we have to avoid having a term like

/ / |2 da dt
@wx(0,T)

in the right hand side of an observability inequality for 1. This is exactly what we do. In
fact, for the solutions of system (7) (resp. (8)), we obtain an observability inequality of the

following kind:
// e O/ )2 da dt < C// |V x 1|? da dt,
Q By x(0,T)

// o/t
Q

with By C wNO. More comments about the obtention of these inequalities will be given in
section 3.

Once these estimates have been obtained, one can use the equations satisfied by V x ¢
(resp. V x Agp) in By x (0,T) (which do not contain any pressure term!) and so expect that
the previous integrals are bounded just in terms of the local L? norm of (.

(resp.

z/J|2dxdt§C//B ( )|V><A1p|2d:cdt),
0 X (0,7

Remark 2 Is this result true when the coefficients a and B depend on the space variable ?
We observe here that, in this situation, not even the following unique continuation property
is known:

=0 inwx(0,T)=1v, =0 in Q2 x (0,T).



e The second objective of this paper concerns the coupling of two Stokes systems. We
will prove that we can drive both velocity vector fields to zero at any time T° > 0 when
controlling just one of the two solutions. We will distinguish two situations, according to
the coupling terms.

On the one hand, we consider the following controllability system:

yr — Ay + Pi(x,t; D)y + Vp =vl, + Py(z,t; D)z in Q,
zt—Az+epz— (Ep-V)z+Vg=moV x y in Q,
V.y=0, V-2=0 in Q, (10)
y=0, 2=0 on 3,
Yli=o = 1°, zlt=0 = 2° in Q,

where y°, 2% € H, eg, mg € R, Ey € RN and Pj(z,t; D) are general partial differential
operators of order j = 1,2 with Lipschitz coefficients:

N
(Pj(w,t; DYw); = > (Al (x, tywi — O(Bj,(x, t)w;) — 0i(BY(w, t)wr,))
k=1
N (11)
+ G = 1) D (O (Mg (2, t)w;) + Opi (Mt (, t)wy))
k=1
i=1,---,N, A, M€ L>0,T;W2(Q)N*N) Bi € L>(0,T; W>>(Q)V).

Observe that the last term (differential operator of order 2) just concerns the definition of
P2 ((E, t; D)

On the other hand, we design by Q1 (¢, z; D) again a general partial differential operator
of first order with coefficients in L°°(0,T; W?2>°(Q)") and we consider this other system:

ye — Ay + Pi(t,z; D)y + Vp=vl, + Q1(t,z; D)z in Q,
21— Az+ez— (E1-V)z+ Vg=miAy in @,
V.y=0, V-z=0 in Q, (12)
y=0, 2=0 on X,
Yli=o = ¥°, 2li=0 = 2° in Q,

where y°, 29 € H and e;, m; € R and E; € RV,
As explained above, in both situations our objective is to find a control v such that

Yl=r =0, 2zlt=r =0 in Q. (13)

As long as Stokes systems are concerned, the exact null controllability was established
in [11] as a previous result for proving the local exact controllability of the Navier-Stokes
system. An improvement of this result was later presented in [6]. On the other hand, we do
not know any result concerning coupled Stokes systems.

The reason why we consider a coupling with first and second order derivative terms is
explained with detail in [10] in the context of the null controllability of systems of two heat
equations. In fact, these are the greatest orders of derivatives one can set in the coupling
terms in order to control both variables with just one (N scalar) control force. This fact
was checked for the case of heat equations and so we will prove here that the same occurs
for the Stokes system.

Our precise results are the following:



Theorem 5 Let y°, 2° € H and assume that the coefficients of the differential operators
Py and Ps satisfy

Al M e L=, T; W2 (NN BI ¢ L0, T; W (Q)N).

Then, there exists a control v € L?(Q)N such that the solution (y,p,z,q) of system (10)
satisfies (13).

Theorem 6 Let 3°, 2° € Hand assume that the coefficients of P, and P satisfy the hy-
potheses in Theorem 5 and the coefficients of Q1 belong to L>(0,T; W>(Q)N). Then,
there exists a control v € L*(Q)N such that the solution (y,p,z,q) of system (12) satisfies
(13).

Remark 3 The same results stated in Theorems 5 and 6 hold when e;, E; andm; (i =1,2)
are functions of the time variable belonging to the space L>°(0,T).

Remark 4 The same results stated in Theorems 5 and 6 hold when the coupling term V Xy
is substituted by any first order operator whose L? norm constitutes a norm in H'(Q)N
for the functions y € V (case of Theorem 5) and when Ay is substituted by any second
order operator whose L* norm constitutes a norm of y in H?(Q)N for the functions y €
H2(Q)N NV (case of Theorem 6).

The proofs of Theorems 5 and 6 will again rely on suitable observability estimates for the
adjoint systems associated to (10) and (12). All the details of the proofs will be provided
in section 4.

This paper is organized as follows. In section 2, we present some technical results, most
of them known, which will be constantly used in the proofs of Theorems 1, 3, 5 and 6. In
section 3, we provide the proof of Theorems 1 and 3. Next, in section 4, we prove Theorems
5 and 6 and we end with the proof of a technical result (stated in section 2) in the appendix.

2 Some previous results

For the proof of the observability inequalities needed to establish the controllability results
stated in the previous Theorems, we will follow a classical approach, consisting of obtaining
a suitable weighted-like estimate (so-called Carleman estimate) for the associated adjoint
systems. For a systematic use of this kind of estimates see, for instance, [11] or [9].

In order to establish these Carleman inequalities, we need to define some weight func-
tions:

exp{ DN 1n°| oo } — exp{A(k]|7°]| oo +7°(x))}

Oé(x’ t) - tm(T _ t)m ’
e B - A Kl oo +n° (2)) (14)
«Q (t) - r;leaé(a(x,t) - OZ‘QQ(CIJ,t), f(.’b,t) - Wv
€ (t) =min&(z,1), a(t) =mina(z,t), &(t) = max{(z,1),
e € €

where m > 3 and k > m are fixed. Here, n° € C?(Q2) satisfies
Vi’ > K >0 inQ\@g, 7°>0 inQ and 7°=0 on 99, (15)

with @ # wy C wN O an open set. The proof of the existence of such a function 7° is
given in [9]. Weights of the kind (14) were first considered in [9]. In its present form,
these wegiths have already been used in [7] in order to obtain Carleman estimates for the
three-dimensional micropolar fluid model and later in [10] for the controllability of strongly
coupled parabolic equations.



Accordingly, we define Iy(s, A;-) as follows:

Io(s, A\, g) == s\? // e 25| Vg|* da dt + s>\ // e 25¢3|g|? dx dt.
Q Q

From this expression, we also introduce

I(s,\ig) :=s"" // e ¢ (|ge)® + |Agl?) dadt + Io(s, A, g). (16)
Q

Now, we state all technical results. The first one concerns the Laplace operator:

Lemma 1 Let y(z) = exp{\°(z)} for z € Q and let u € HE(Q). Then, there exists a
positive constant K(Q,wo) such that

7'3)\4/ 2T u? da:—|—7'>\2/ 2™y Vul? dx < K/ 2™ Aul? dx, (17)
Q Q wo
for any A\, 7 > K.

The proof of this lemma can be readily deduced from the corresponding result for
parabolic equations included in [9].

The second estimate holds for energy solutions of heat equations with non-homogeneous
Neumann boundary conditions:

Lemma 2 Let u® € L?(Q), f1 € L*(Q), f2 € L*(Q)N and f3 € L*(X). Then, there exists
a constant K (Q,wo) > 0 such that the weak solution u of

u—Au=fi +V-fo inQ,

0

7u_|_f2.n:f3 on X, (18)
on

ul=o = u° in Q

satisfies

To(s, \u) < K | s\ // e 253 u? da dt + // e 259 f1)? da dt
wOX(O,T) Q

+ 522 // 6*25a52|f2\2dzdt+5A// em*g*|f3|2dgdt>
Q b

for any A > K and s > K(T*™ + T?m~1),

(19)

Let us recall the definition of a weak solution: we say that u is a weak solution to (18) if it
satisfies

u € L*(0,T; H' (2)) N C°([0, T]; L*(9)),
<Ut,U>(H1(Q))/7H1(Q) +/ Vu-Vvdr = / fl(x,t) vdx
Q Q

(20)
7/ fa(z,t) - Vodx + fa(z,t)vdo ae. in (0,T), Vv € H'(Q),
Q o0

u(z,0) =u’(z) in Q.

It is well known that, for f1 € L?(Q), f2 € L*(Q)N, f3 € L*(X) and u° € L?(2), (18)
possesses exactly one weak solution wu.



Lemma 2 was essentially proved in [5]. In fact, the inequality proved there concerns the
same weight functions as in (19) but with m = 1. Then, one can follow the steps of the proof
in [5] (see Theorem 1 in that reference) and adapt the arguments just taking into account
that

O =y < KTEMHD/™ and  dpa := ay < CT?EMH2/m, (21)

with K > 0 independent of s, A and T

The third estimate that we recall here concerns the solutions of Stokes systems.

Lemma 3 Let v’ € V and fy € L*(Q)N. Then, there exists a constant C(Q,wo, T) > 0
such that the solution u € L*(0,T; H*(Q)N NV)NL>(0,T;V) of

u—Au+Vp=f,, V-u=0 1inQ,

u=20 on X,

ul—o = u° in Q
satisfies

I(S7>\;'LL) <C <816>\40 // e—8sa+63a* (5)16|u|2 da dt
UJOX(O,T) (22)

4+ 518/2)20 // e—4sa+25a*(g)l5/2|f4‘2 de dt)
Q
for any s, A > C.

In a similar form, this lemma was proved in [6]. In fact, the weight functions considered in
[6] were the ones in (14) but with m = 4. Again, one can follow the steps of the proof in [6]
(Theorem 1) and, taking into account (21), (22) is readily deduced.

The fourth and last estimate we will need is a new Carleman inequality for the Stokes
system which concerns the energy solutions of Stokes systems:

Lemma 4 Let u° € H, f5 € L2(Q)Y and fs € L>(Q)N*N. Then, there exists a constant
C(Q,wo,T) > 0 such that the weak solution u € L*(0,T;V) N L>(0,T; L2(Q)N) of

u —Au+Vh=fs+V-fs, V-u=0 1inQ,
u=0 on %, (23)

uly=g = u° in Q

satisfies

s34 // ef2sa£3|u|2 de dt + $2 )\ // 6’250‘*(5*)2’1/m|Vu|2 da dit
Q Q
<C 516340 // 678sa+65a*(§)16|u‘2 do dt
OJOX(O,T)
4 15/2)20 // e—4sa+2sa*(§)1s/2|f5|2 de dt
Q

+ §47/4330 // e~ 6s@+4sa” (E)47/4|f6|2 dx dt)
Q

for any s, A > C.

We will prove this lemma in the appendix, at the end of this paper.



3 Insesitizing controls for the Stokes system

In this section, we will prove the existence of insensitizing controls for the functionals J; -

and Jo r (given by (2) and (3), respectively) associated to the Stokes system (1). As we saw

in the introduction, we can restrict ourselves to prove Theorems 1 and 3 respectively.
Accordingly, we concentrate in the corresponding adjoint systems

—por—Ap+ap—B-Vo+Vr=9ylp, V-op=0 1inQ,

= AY+ap+B-Vy+Vh=0, V-p=0 in Q, (25)
p=0,19v=0 on %,
Pli=r =0, Pli=o = ¢° in €2
and

—pr—Ap+ap—B -Vo+Vr=Vx ((Vx¢)lo), V-¢o=0 1inQ,

Vi — A +ap +B-V+Vh=0, V=0 in Q, o

p=0,v=0 on X,

Pli=r =0, Pli=0 = ¥° in £,

where ¥° € L2(Q)V. As explained in the introduction, in the framework of controllability it
is classical to see that the null controllability property for system (5) (resp. (6)) is equivalent
to the following observability inequality for the solutions of (25) (resp. (26)):

// e~/ o2 da dt < c// | da dt, (27)
Q wx(0,T)

for certain positive constants Cy, C and some positive m independent of 1°.

With this notation, we can prove the following result:

Proposition 1 There exists a positive constant C which depends on 2, w and T such that
) 4520 [[ (5670 4 e (€9 dodt < OBl Xsw) (29

Q
for any s, A > C, where 1:(5, X)) =Ip(s, A,V x ¢) and

E(s,\; @) = sP\10 // e M| da dt

wx(0,T)
for the solutions of system (25) and I(s,\;v¥) = In(s,\; V x Av) and
E(Sv)\;ﬁp) — 86+1/m/\4 // e—4s&+230/‘ (€)6+1/m‘(p|2 dx dt
wx(0,T)

for the solutions of (26).

Remark 5 From the Carleman inequality (28), one can readily deduce the observability
inequality (27). Indeed, it suffices to combine an energy type estimate for both e='/*" o and
e "), As a consequence, the proofs of Theorems 1 and 3 are achieved.

In the next two paragraphs, we will prove proposition 1, distinguishing if we deal with
system (25) or (26). In both situations, the proof of (28) is divided in two steps. The first
and more important one deal with the equation satisfied by % (which is independent of ¢).
In the second one, we combine estimates for both equations.



3.1 Case of system (25)

3.1.1 New Carleman Estimate for 1

In this paragraph, we deal with the problem
Y —AY+ap+B-Vy+Vh=0, V-y=0 1in@Q,
=0 on %, (29)
Pli=o = P° in Q.

Recall that a € R and B € R are constants. One may also suppose that a, B depend on
the time variable (see remark 1 for more details).
For this system, we prove the following estimate:

Lemma 5 There exists a positive constant K depending on Q0 and wqy such that
In(s,\;V x ¢) < Ks3)\? // e 2503\ x op|? da dt, (30)
LU[)X(O7T)

for any A > K and s > K(T*™ +T™).

Remark 6 Observe that, in particular, we deduce from this inequality the following well-
known unique continuation property:

Vxy=0 inwyx (0,T)=¢v=0 inQx(0,T). (31)

As far as we know, it is new the fact that (31) can be quantified in terms of an inequality
like (30) for the solutions of (29). On the other hand, we do not know if (31) holds when a
and B are not constant with respect to the space variable.

Proof of lemma 5: We first look at the equation satisfied by V x :
(Vx)— AV x¢)+a(Vx)+B-V(Vx)=0 inQ.

Observe that no boundary conditions are prescribed for V x ¢. At this point, we can apply
lemma 2 and deduce the existence of a constant K = K (£, wg) > 0 such that

Io(s,; V x¢) < K [ 53\ // e 53|V x op|? da dt
WQX(O,T)

2
+3A// e 250 ¢x ) dz dt,
b

for any A > K and s > K(T?™ + T?™~1). Recall that e=2*%" = min, g e~ 2 (see (14)).

The next step will be to eliminate the last term in the right hand side of (32). In order
to do this, we introduce the function (v*, h*) := (n(t)y, n(t)h), where

(32)
OV x 1)

on

n(t) = S(I/Z)f(l/m))ﬁe*sa*(t)(5*)(1/2)7(1/m) () (33)
is a function of ¢t € (0,7). In view of (29), (¢*, h*) fulfills the following Stokes system:

v — AY*+ap* + B-VyY* +Vh*=m, V-¢*=0 inQ,
P* =0 on %, (34)
PV li=0 =0 in Q.

10



Thanks to the terms appearing in the left hand side of (32), we are going to deduce that ¢* is
a very regular function. In fact, we have that ;¢ € L?(0,T; H}()), since 0,V x 1 € L?(12)
(recall that 1 is a divergence-free function) and

eV % || 2(qyn < KTsG/D=A/mIN2||e=30" (¢)3/27 X 4)|| p2(gyw
< Ks¥202[e" (€)%Y x | 2y,

for s > C(T™ + T?™). The square of this last quantity is bounded by the left hand side of
(32), by definition of Iy(s, A;-) (see (16)).

Using Lemma 6 below, we deduce that the solution of (34) satisfies v* € L2(0,T; (H? N
HY)(2)) and

T
16" 13207 m3 0y = 5* /™A /0 e 2O (&N M )3 gy dt < KTo(s, AV x ). (35)

Taking this into account, by a simple integration by parts we deduce that
T
it [ e P oy < Ko XV ). (36)

From (35) and (36), we obtain in particular that

2
dt < KIp(s,\;V x1).

T
5(3/2)73/(2m)>\4/ ¢~ 230 (£)(3/2)=3/ (2m) Ha(v x 1)
L2(60)N

0 on

Since m > 3, this justifies that the last term in the right hand side of (32) is absorbed by
the left hand side. As a conclusion, we obtain the desired inequality (30).

Lemma 6 Let a € R and B € RN be constant and let f € L?(0,T;V). Then, the unique
solution (u,p) of the Stokes system

u—Au+au+ B-Vu+Vp=f inQ,

V-u=0 in Q,

(37)
u =0 on X,
ult=o =0 in Q

satisfies u € L2(0,T; H* ()N NV)YNHL(0,T;V) and there exists a constant C > 0 such that

lullz20,7:m30)~) + lullgro,7m @~y < CllfllLz0.1m51Q)N)- (38)

Let us give a sketch of the proof of this lemma. First, we recall that we already have
(u,p) € L2(0,T; H*(Q)N) x L*(0,T; H(2)) and the estimate

lullz20,m;m2(0)%) + [l 075220007 + Pl 20,7382 (02)) < CllflL20,7522(0)%)-  (39)

Let us first suppose that f € C°°(]0,T]; V). Then, if we prove the estimate (38) in this situ-
ation, the general case follows from a density argument. In order to simplify the notations,
let us denote

A(u,p) = —Au+au+ B-Vu+ Vp.

Let us multiply the equation in (37) by A(us,p;) € L*(Q), integrate in © and integrate by
parts. This yields

1d
2 - A 2
/Q|Vut| dx+2dt/ﬂ\ u|® dx

:—/(aut—FB-Vut)-utdx—F/Vut-Vfdx—l—/(aut—l-B-Vut)-fda:.
Q Q Q

11



Here, we have used that f and wu; are elements of H. From this identity, using Young’s
inequality and thanks to (39), we have that u € H*(0,T;V) and

Nl e1 0,710 )~y < Cllfll L2010 () - (40)

Now, regarding system (37) as a stationary Stokes system with right hand side in V (see,
for instance, [17]), one deduces u € L2(0,T; H3(Q)V) and (38).

3.1.2 Carleman estimate for ¢ and conclusion

First, assuming 1 is given, we look at ¢ as the solution of

—py—Ap+ap—B-Vo+Vr=¢lp, V-po=0 inQ,
(p:o OHE,
Pli=r =0 in Q.

Here, we apply the Carleman estimate for the Stokes system proved in [6], which was
presented in lemma 3 above:

L(S,)\;QO) <C (816)\40 // 6—125a+95a* (E)l6|90|2 da dt
on(O,T)

+ g18/2320 // 6—65a+35a*(§)15/2‘w2 da dt
0x(0,T)
for s, A > C, where L(s, ;) is given by

L(s,\;g) = 5_1//Q e (|ge* + |Agl?) dadt

+ s)\? // e 35|V g|? da dt + s2A\* // e 359392 da dt.
Q Q

Observe that we have applied this result for smaller exponentials, that is to say, for e =35
instead of e~25%,

Then, we easily see that the last integral in the right hand side of (41) is bounded by
Io(s,\; V x 1)), as long as A is large enough. In fact, if we denote a(t) = min 5 a(x,t) and

£(t) = max, 5 &(w,t) (see (14)), we have
315/2/\20 // 6—63a+3sa*(g>20|w|2 da dt
Ox(0,T)

< 515/2)20 // 676sa+3sa*(g)20|v x ¢|2 dx dt < Cs3)\4 // 672sa§3‘v % ¢|2 dz dt,
Q Q

for a suitable choice of A > C.
Combining this with (30) and (41), we obtain

L(S, )\;(p) + 10(87)‘; V X w)

<C <816)\40 // 6712sa+93a* (g)l6|<p|2 da dt
WQX(O,T)

45301 // ( )§3e—2sa|v wadazdt>7
wo X O,T

12
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for any s, A > C. Now, since wy C O, from the equation satisfied by ¢, we find
Vxy=—(Vxep)y—ANVXxp)+aVxeo—B-V(Vxp) inwx (0,T).
Then, we plug this into the last integral in (42) and we obtain:

s34 // e 259E3|V x | da dt
ng(O,T)

=53\ // e 23V x ) (—(V x )¢ — A(V x ) da dt
wo % (0,T)

+s3A% // ( )6*25a53(v x ¥)(aV x ¢ — B-V(V x ¢)) dz dt.
wo x (0,7

We define a positive function § € C?(w) such that § = 1 in wy. Then, the task turns to
estimate

K3 // D=2 (V x ) (—(V x ) — A(V x @) da dt
wx(0,T)

5304 // o fe=25¢3(V x ¥)(aV x ¢ — B - V(V x ¢)) dz dt.
wX (0,

After several integration by parts (getting all derivatives out of ¢) with respect to both
space and time, we get:

s3I\ // e 23|V x |? dx dt
wx (0,T)

= o\ //MO,T) O(e259€3), (V x ) (V x @) dx dt
_ 34 A —2sa ¢3
5 //w(o,m (0e=263) (V x )(V x ) da dt
—2s3)\4 // V(0e™259¢3) . V(V x ) (V x ) dz dt
wx(0,T)

34 . —2sa ¢3
450N //w(o,mB V(0293 (V x $)(V x @) da dt.

Here, we have used the equation satisfied by v (see (29)) and the fact that 6 has compact
support in w. As we have already pointed out, we have the following estimates for the weight
functions:

(6—25a€3)t < KTse—2sa(£)4+1/m) and A(e—2sa£3) < K82A26_28a§5,
for s > KT?™. With this, we obtain

s3\ // e 259E3|V x | da dt
on(O,T)

< elp(s, \; V x ) + Cs"\® // e 25TV x | dx dt.

wx(0,T)

(43)

Similar computations lead to

sTA® // e 2TV x | du dt
wx (0,T)

< 6871 // 6738a671|A§0|2 dxdt+515)\16 // efsa£15|sa‘2 dax dt
Q wx(0,T)

which, combined with (42) and (43), gives the desired inequality (28).
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3.2 Case of system (26)

As we have already mentioned at the beginning of this section, the strategy we follow in
order to prove estimate (28) in this situation is similar to the previous one, so we will skip
repeated arguments.

Precisely, the most important part of the proof concerns a new Carleman inequality for
1, solution of the Stokes system (29). The inequality we have to prove for this system is
much more intrinsic that the one stated in lemma 5 (see (30)). We present it in the following
lemma:

Lemma 7 There exists a positive constant K depending on Q0 and wqy such that

Li(s, X 0) + Io(s, A V x Agp) < KsPA\* // e 72|V x AY|Pdedt,  (44)

UJ()X OT
for any A > K and s > K(T?™ +T™), where

T
Ii(s, M) = 8(6")+(3_”/m>\4/0 e (@) OOy G 2 3.

Analogously to the previous paragraph, the same comment corresponding to remark 6 holds
here.

Proof of lemma 7: Again, we can find a complete heat equation satisfied by V x Aa):
(VxAY) — AV X AY)+a(VXxAY)+ B-V(VXxAY) =0 in Q.

Then, we apply lemma 2 to V x At as solution of the previous heat equation and so there
exists K = K(Q,wp) > 0 such that

Io(s,\;V x AY) < K <s3)\4 // e"250E3|V x AY|? da dt
wo><(0 T)

2
+sA // e dx dt,
b

for any A > K and s > K (T?™ + T?m~1).

We observe that the lower order term appearing in Ip(s, A\; V x Atp) and so in the left
hand side of (45) is

$2A // e 203V x Ay dedt > s>\ // e” 257 (€9)3|V x Ay|? da dt.
Q Q

(45)
OV x Ay)

Regularity Result: The norm ||V X At|| 12y~ constitutes a norm of 4 in L*(0,T; H*(Q)N)
and there exists a positive constant K = K () such that

11 20,7513 )y < K[|V X A2y~ (46)

This is a fact that, in general, is not true for the set of functions ¢ having null trace, but
the fact that v solves a Stokes problem will help us to establish this property.

First, introducing the stream function ¢ associated to the velocity vector field ¢ (V x ¢ =
v and ¢ x n = 0 on 99, since  is a simply-connected set), we realize that on the one hand

/ C-(V x Ay)dadt = //VXg A de dt = / |Vap|? da dt (47)
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and, on the other hand
—/ C~(V><A¢)dxdt§e// |§|2dxdt+K(5)// IV x A[dzde.  (48)
Q Q Q

Using the continuous dependence of ¢ with respect to v, we deduce from a combination of
(47) and (48) that

// |V|? da dt < K// IV x Avp|? da dt. (49)
Q Q
Since Ay = =V x (V x 1) (recall that V -1 = 0), using this last inequality, we also have
// |Aw|? da dt < K// |V x Awp|? dx dt. (50)
Q Q

Taking into account (49) and (50), we realize that, since
VX =VxAp—aV xp—B-V x Vi,

V -1y = 0 and ¥ |pq = 0, we have ¢, € L2(0,T; H(Q2)V) and
ol aniam) < K [ 19 Avf e o1

Finally, we see ¢(t) as a solution of the following stationary Stokes problem:

{—Azﬁ—f—aw-i—B'Vz/J—FVh:—wt, V-y=0 1inQ, (52)
(4

=0 on 0f).

Since 4 (t) €

HY Q)N (almost everywhere t € (0,7)), the solution of (52) verifies ¥(t) €
H3 Q)N 0 Hy ()Y an

V()| sy < Kl[Ye(t)| gy a. e t€(0,T).

For the proof of this, see for instance, [13] or [17]. Now, from the fact that we actually have
Py € L20,T; HY(Q)N) and estimate (51) holds, we deduce that v € L2(0,T; H*(Q)N N
H}(2)Y) and that (46) holds. The proof of the technical result is achieved.

Of course, if we consider the function 7o(t) = s3/2X2e=5" () (¢%)3/2(t) (which only de-
pends on the time variable), the same analysis made above yields

1091172 0.7 113 vy < KoV X Av[|T2(gyn < Klo(s, AV x Ag) (53)

and so we can add the term ||770¢||2L2(07T;H3(Q)N) to the left hand side of (45).

Next, we consider the couple (¢v*,h*) = (n(t)y,n(t)h) where n was defined in (33).
Consequently, (*,h*) fulfill system (34). Observe that the weight function appearing in
the right hand side in the equation of (34) satisfies

|77t| < KUO in (07T)7
for s > K(T™ + T?), with K = K(2) > 0 independent of T, s and A. Then, (53)

yields n,p € L2(0,T; H3(Q)N N HY(Q)N) with the same estimate as in (53) and so ¥* €
L2(0,T; H>(Q)N N H}(2)Y) (one can follows the lines of the proof of Lemma 6 below) and

T
19172 0,115 0y ) = A* /O e (s ) A1) I3 v dE < K To(s, AV x Ag). (54)
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A simple interpolation argument, yields
T
PPN [ (€ 0) sy dt £ KI5, XV X A0).(55)
0

From these two last inequalities, we get
2
dt < KIp(s,\; V x Ap).

T
(3/2)-3/(2m) \4 / ¢—250" (¢+)(3/2)-3/ (2m) HB(VXAW”
L2(aQ)N

0 on

Again, since m > 3, we can absorb the second term in the right hand side of (45) and so we
deduce (44).

The extra terms appearing in the left hand side of (44) can be obtained successively
applying classical regularity results for the Stokes system. Precisely, if

8(3—1/2)+(3—j)/(2m)/\2e—sa*(5*)(3—1/2)+(3—J’)/(2m)¢ =, € L*(0,T; Hi(Q)N),
then
5(2—j/2)+(2—j)/(2m))\Qe—sa*(5*)(2—j/2)+(2—j)/(2m)w =40 € L%(0,T; Hj+2(Q)N)
and there exists a constant K = K(€2) > 0 such that
2l L20,msmi+2@)~) < K95l 20,7505 (@)™
for s > K(T?™ +T™).
In order to conclude inequality (28) in this situation, we deal with the system fulfilled

by :

—pr—Ap+ap—B-Vo+Vr=Vx ((Vx¥)lo), V-o=0 1inQ,

=0 on X,

oli=r =0 in Q.

Here, we apply the Carleman estimate presented in lemma 4 (and proved in the appendix):

34 // e—3$0¢§3|¢|2 da dt + s2\4 // e—3$a*(£*)2—1/m|v@‘2 dz dt
Q Q
<C 51640 // 6—1238+93a* (5)16|<p|2 da dt (56)
uoX(O,T)

4 847/4>\30 /A o ef9sa+68a* (5)47/4|v % 1/)'2 dx dt) ,
X (0,

for s, A > C. We have to mention the fact that in lemma 4 we did not consider terms of
order 0 and 1 in the Stokes operator, but obviously, the same result holds when lower order
terms appear. Again, we remark here that we have applied the result in lemma 4 for smaller
exponentials e~3** instead of e=25%,

Analogously as we proved in the previous paragraph, one can see that the last term in
the right hand side of (56) is bounded by Iy(s,\; V x Aw), as long as A is large enough.
Combining this with (44) and (56), we obtain

N / / (se™ g pl? + €7 ()T V) dudi + To(s, AV x Adp)
Q

<C (816)\40 // 6712sa+98a* (5)16‘4,0|2 da dt (57)
wo><(07T)

+53\* // o 536_25a|Vwa|2dajdt>,
wo X (0,
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for any s, A > C.
The last step is to eliminate the last term in (57). For this, it suffices to estimate

SSAL / / €)%~V x Ag|? da dt.
u}oX(O,T)

Using the fact that wg C O and the equation satisfied by ¢, we find that
VXxAp=—(Vxp)—VxAp+aV xp—B-V(VXxy) inwyx(0,T)

and so the integral term equals:
// MY % AB)(—(V x @) — AV x @) +aV x ¢ — B-V(V x @))dedt (58)
UJ()X(O,T)

with 7, () = s3Me= 281 (£)3(), t € (0,T).
We consider again the function 6 € C?(w) such that § = 1 in wg. We have

// O (£)(V x AY)(—(V x ) — A(V x ) +aV x ¢ — B-V(V x @))da dt
wx(0,T)
:f// .V X (0V x Ay) - pdxdt
wx(0,T)
—// mV x (AOV x A +2V0 - V(V x Av)) - pdx dt
wx(0,T)
+// mV x (B-VO)V x Ay) - pdxdt.
wx(0,T)
Since |(e725%(£*)%),| < Ksem258g1+1/m thanks to (44), we deduce
J[ iV avP dede < e(Ta(s, ) + oo A 0)
wOX(O,T)
_’_S6+1/m)\4 // e~ 4s0+2sa” (§)6+1/m|¢‘2 do dt.
wx (0,7

The proof of proposition 1 is finished.

4 Null Controllability of coupled Stokes systems

Analogously as we did in the previous section, in order to prove the controllability results
stated in Theorems 5 and 6, we will state the associated adjoint problems and we will prove
suitable observability estimates.

In fact, by a formal integration by parts, we obtain both adjoint systems associated to
(10) and (12)

—pr — Ap+ Pf(z,t;D)p + Vr = moV x ¢ in Q,
—tr — A+ e + (Eo - V)Y + Vh = Py (z,t; D)¢  in Q,
Vip=0, V-4=0 in Q, (59)
p=0,v=0 on X,
Pli=r = ¢°, Yli=r = ¢° in O
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and

—pr — Ap + Pf(t,x; D)p + Vr = mi Ay in Q,
—P — AY+ep+ (Br- V) +Vh=Qi(t,z;D)p  inQ,
Vopg=0, V-4p=0 in Q, (60)
p=0,1v=0 on X,
Pli=r = ¢°, Yli=r = ¥° in Q,

respectively, with ©°, ¢° € H. Here, P;(x,t; D) (resp. Qj(t,x;D)) is the formal adjoint
operator of Pj(z,t; D) (j =1,2) (resp. Q1(t,z; D)) defined in (11):

N
(P} (z,t; D)w :Z mxtwarB(xt)(akwqu@wk))
k=1
N
+(G -1 Z M (z,t)(Orw; + Oriwy).
k=1

For these two systems, we shall prove the existence of a positive constant C = C(Q,w, T
such that

I PlecolZa s + 1ol < C / / of? d dt (61)

wx(0,T)
for all ¢, ¢° € H. Then, it is readily seen that if (61) is satisfied, both systems (10) and
(12) are null controllable and so Theorems 5 and 6 hold.

Remark 7 Let us observe that the same proofs of Theorems 1 and 3 cannot be developed
here. In fact, in those situations when no term concerning ¢ appeared in the equation
satisfied by 1, we deduced Carleman inequalities for the Stokes equation of ¢ with right
hand sides having weight functions ‘smaller’ than the ones appearing in the left hand side
of the inequality of v. Obviously, this would not drive to the desired result in the present
sttuation.

4.1 Carleman inequality for system (59)

Proposition 2 Let ©°¢° € H. Then, there exists a positive constant K = K(2,w) such
that

T(s,\ <p)+// =230 (2 )32 Ap[2 + N[VAG[) dar i
Q
< K gl5+12/my16 // 6—105a+85a*§15+12/m|¢|2 de dt
0,7

for any A\ > K and any s > K(T™ + T?™), where I(s, \; ) is defined in (66).

From the fact that (59) is well posed in the space L2(0,T;V) N L>(0,T; H), we deduce in
a classical way that the Carleman inequality (62) suffices to prove (61) and so also to prove
Theorem 5.

Proof of proposition 2: We start by considering the heat equation satisfied by Ay:
—(Ap)r — A(Ap) =V x (V x (Pl (z,t; D)p)) + moV X Ay (t,x) € (0,T) x .

For the solution of this equation we apply the Carleman inequality presented in lemma 2
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and we obtain the existence of a constant K(€Q,w) > 0 such that

Io(s,\;Ap) < K (32)\2 // e"259€2|V x (Pf(z,t; D)p)|? dx dt
Q

+S>\// 6725(1*5*
3

+53/\4// e*2sag3|Ago|2dxdt+// eV x A2 da dt |,
WOX(O,T) Q

for any A > K and s > K(T?™~! +T?™),
Next, since ¢|an = 0, we can apply lemma 1 to ¢(t) and we deduce that there exists
K(Q,w) > 0 such that

2
8?—@ dadtJrs)\// 29" ¢ (n x Vx)(Py(z, t; D)p)|? do dt
b))

(63)

76)\8/ e* ™40 o(t)|? dx —1—74)\6/ 2y V(b)) da
Q Q
<K <T6)\8/ 62”76|<p(t)|2dx—|—73)\4/962”')/3|Ag0(t)|2 dm)
wo

for any A\, 7 > K. Then, if we multiply this inequality by

exp { DA )| |
tm(T — t)™ ’

exp { —2s

we choose 0
exp {Ak[7°]| }
(T —t)™

and we integrate in (0,7T), we obtain

86)\8 // 6_28a56‘<p|2 d.’Edt+S4)\6 // e—23(¥§4‘vw|2 dx dt
Q Q

<K | 5578 // e 259¢5 |2 da dt + s>\ // e 25063 | Ap|* dx dt
wox(0,T) Q

for any A > K and any s > KT?™. Then, if we combine this with (63), we can absorb the
first term in the right hand side of (63) (see (11)) and we obtain

- et A
. < 2sa” &%
I(s,\;p) < K <3A//Ee ¢ ( e

—|—// eV x Avp|? dadt + s A\ // e 72503 (3N | + |Ap|?) da dt
Q wox(0,T)
(65)

(64)

’ +|(n x Vx)(Pl*(x,t;D)go)F) do dt

for A > K and s > C(T?™~! + T?™), where

I(s,)\;0) = s%)® // e 250 |2 da dt + s* N6 // e 25N V2 do dt + Ip(s, \; Ap). (66)
Q Q

We come back now to the equation of ¥. Applying again the operator —V x (V x -), we
have:

—(AY): — A(AY) + egAY + (Eo - V)AY = =V x (V x (Py(z,t;D)p)) in Q x (0,7T).
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Applying thus lemma 2 to A, we obtain

)\// e (SN2 AP + |VAY|?) da dt
Q

(g

+s)\// eV x (Py(z,t; D)p)|? da dt + s>\ //
Q

wo % (0,T)

oA

2
dadt+// =23 (1 x Vx)(Ps (£ D)o)|2 dor it
an »

e 2502 | Anp|? da dt) ,

for any A > K, s > K(T?™~! + T?™). Taking into account (11) and combining this with
(65), we get

(s, ) + // 7290 (2 X3 A + AVAG[R) da dt
Q

<K // e—QSa*
by
-I-S)\// 672301*&-*
b))

+32>\3// ( )e23“52(34)\5£4|g0|2+s>\£|Ago|2+|A1/J|2)d:rdt>,
wo X (0,7

o

2
o do dt + s\ // e 259 ¢ |(n x Vx)(Pf (x, t; D)) > do dt
)

2
%? “ﬁﬁﬁ?*ﬂmxwmw@umwwmt
2

(67)
for any A > K, s > K(T?™~1 +1°™).
In order to estimate the boundary terms, we first regard the equation satisfied by the
functions

(@.7,0,9) = N2> (€)™ (o, m 0, ). (68)
That of @ has a right hand side given by

]?-1 _ _/\I/Q(e—sa* (5*)—1/m)t<p+m0/\1/2€—sa* (g*)—l/mv x 1 € L2(O,T;H2(Q)N)
with
wn%mﬁmmw>SK<hwﬁﬁwﬂ+aée2M*VXA¢%ma),

so the same estimate holds for ||(,5||2L2(0 r.a4(q)v)- Lhen, the right hand side of the equation
of 1Z satisfies

fo= =NV (€)™Y + AV2em 0 Py (¢, D) € L2(0,T; HX(Q)V)

and
||f2||2L2(0,T;H2(Q)N) <K <32)\3 // 6_2506* (5*)2|A’¢1|2 dx dt
¢ (69)
+)\/ e 25|V x A|? da dt + Io(s,/\;A<p)> .
Q

Consequently, 1 € L*(0, T; H4(Q)N) and ||1ZH%2(0 7,174 ()~ ) 18 estimated in the same way as
in (69). Then, the same estimate also holds for

T
ste*m@w*mwwﬁmwm (70)
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and for

T 2
51/2>\3/2/ ¢=230" (£%)(1/2)~(3/2m) Haﬁlﬁ Qb
0

M |l L2 a0)
In order to estimate the other boundary term, we define

(@) = s'/2aems7 (€1) /A (o, ) (71)
and we see that its right hand side is

J??’ _ —31/2)\(6750‘*(5*)(1/2)7(1/’”))t@+mosl/2A675a*(§ )(1/2 (1/m) Vxi) € L2(O T; HQ(Q) )

Moreover, this function satisfies
T
1fsl 220,002 0v) < K (IO(S,/\§A<P) + 5)\2/0 Ca (f*)lfz/mH?/’(t”ﬁ[S(sz)N dt) .
Once more, this estimate holds for ||¢||2L2(0 .14 ()~ and also for

T
A
53/2)\5/2/ e 2sa” (& )(3/2) (3/2m) (Ha 14
0

Again, since m > 3, we can absorb the three boundary integrals in the right hand side
of (67) concerning ¢ and the one concerning ¥ and we obtain:

+ [[(n x VX)(PJ(x,t;DM)IIiz(am) dt.
2(00)

T(S,A;cp)+// e 25 (2 N3E2| Anp |2 + N VAY|?) da dt
Q
(72)
<K <s2A3 / / B2 (A2 1 sAE| A + |Av]?) dxdt) ,
wx(0,T

for any A > K, s > K(T?™~1 +1°™).
Let us finally estimate the (local) terms concerning A¢ and Aw. Let § € C2(w) with
f# =1 in wy. As long as the first one is concerned, we have

// 0%e 253 (Ap)(Ap)dr dt = — // 02253V - VA dr dt

wx(0,T) wx(0,T)

- // V(02 259¢3) . Vp(Ap) de dt < e <32/\2 // e 25|V Apl|? da dt
wx(0,T) wx(0,T)

—i—// e 25| ApP dr dt | + Ks?\? // 02225\ Vp|? dx dt
wx(0,T) wx(0,T)
and

// 02253\ V|? dr dt = —// 02255 Ay @ da dt

wx(0,T) wx(0,T)
1

+= // A(O%e 25 || do dt < es™2A\™ // e 23| Ap|? da dt
2 ) Jux,r) wx(0,T)

+52)\2 // o) e 2597 | p|? da dt.
wx (0,

Thus, we deduce from (72) that

T(s,\ @)+// =250 (2 N3 | AY[? + A\[VAG[) dar dt
Q

<K <32A3 J[ emee x4 A de dt> ,
wx(0,T)
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for any A > K, s > K(T?™~1 +1°™),
In order to estimate the second one, we observe that

moAYp = (VX o) + A(V x ) =V x (Pf(t,x; D)p) in Q x (0,7).

Then,

S AT X P+ AT 0) = (B 13 D)) v

<e (S—l—l/m)\—l // 6_250‘* (f*)l—l/muv > wt|2 + |V ™ A¢|2)d$dt
wx(0,T)

+// e 22| Aap|? da dt
wx(0,T)

+K53+3/m)\3 // o) 92674sa+2sa*§5+3/m(|vw‘2 + |D2gp|2) dx dt.
wx (0,

We first realize that the first three terms are already bounded like in (73) (see (70)), since
VX ==V XxAp+eVxp+ (Ey- V)V x1) =V x (Py(t,x;D)p) inQx(0,T).

Finally, the two terms concerning ¢ are estimated exactly in the same way as we did above
for the local integrals of (72). This yields

85+3/m)\6 // 926745a+2sa*£5+3/m(|vw‘2 + |D2§0|2) dax dt
wx (0,T)

< K815+12/m)\16 // e—lOsa+8so¢*§15+12/m|(p|2 dx dt
wx(0,T)

+e 5A2// e*mg\vmﬁdmws%‘*/f e 25| ApPdrdt | .
wx(0,T) wx(0,T)

If we combine this with (73), we get the estimate (62).

4.2 Carleman inequality for system (60)

Proposition 3 Let ¢°¢° € H. Then, there exists a positive constant K = K(,w) such
that

I(s, ;) + // e 25 (2 N3E2 |V x A|? + NA%Y|?) da dt
¢ (74)
< K315+12/mA18 // 6*108a+88a*£15+12/m|@|2 dl’dt,
N wx(0,T)

for any A\ > K and any s > K(T?™~1 4+ T°™), where I(s, \; p) was defined in (66).

Proof of proposition 3: Since most of the arguments are the same as in the proof of
proposition 2, we will just provide a sketch of the proof. In this situation, the equation
satisfied by Ay is

—(Ap) — A(Ap) =V x (V x (P (z,t; D)p)) +mi A% (t,z) in (0,7) x Q.
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We apply again lemma 2 and we get

In(s,\;Ap) < K <52)\2 // e 2592\ x (Pj(z,t; D)p)|? dx dt
Q

+8>\// 67230[*5* ( aA(p
» 6n

—I—// e YA do dt 4 53\ // e 23| Ap| dr dt |,
Q wox(0,T)

for any A > K and s > K(T?™~! + T?™). Since estimate (64) also holds now (p|aq = 0),
the first term in the right hand side is absorbed and we analogously obtain

T(S’AQQD) <K <S)\ // 67250‘*5* < MJ
= on

_|_// 6_25a|A2’(/)|2 d$dt+83)\4 // e—25a53(83)\4§3‘¢|2 4 |A§0|2) dl‘dt
Q wo x(0,T)

2

+ [(n x V) (P (2, ; D)@)I2> do dt (75)

: +|(n x Vx)(Pl*(:v,t;D)go)F) do dt
(76)

for A > K and s > C(T?™~! 4+ T°™), where I(s, \; p) was defined in (66).
We are now interested in the equation satisfied by V x A:

—(VxA)y = A(V x A) + eV x Ap + (Eo - V)(V x Ag) =V x (A(Q1 (2, £; D))

in Q x (0,7). Applying lemma 2 to V x A4, we deduce

)\// e (SN2 |V x AY2 + | V(V x AY)|?) de dt
Q

K (//E 200t <‘av(;<nA¢

+5>\// e 2 A(Q] (x,t; D) | da dt + s\ // e 22|V x Ay dxdt |,
Q WOX(O,T)

2
+nx (A(Qi(w,t;D)SD))P) do dt

for any A > K, s > K(T?™~1 + T?™). Since the coefficients of Q%(t,z;D) are in
L>(0,T; W%>(Q)N), we combine the previous inequality with (76) and we get

I(s, ;) + //Q e 25 (2 N3E2 IV x A2 + A\|[V(V x A)|?) dx dt

2
<K // e 25" dodt—ksA// e 250 ¢x
> >

+ [ ¢ |0 x TP 6 DI + o x (AQi (0,85 D)) dorde
b

oV x Ay

OAp |?
an on | dodt

(77)

52\ // € NE Gl 4 AN 4V Aw|2)dxdt>,
wo % (0,

for any A > K, s > K(T?m~1 +1°™).
Next, we realize that sA3/2e=5%" ¢*p € L2(0,T; H*(Q)N) and

”3)‘3/2675(1*5*‘»0”%2(0,T;H2(Q)N) < KI(s,X59),
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for s > CT?™. Taking this into account, exactly the same analysis developed between (46)
and (53) can be done here and we deduce that

15X/ 2e™ € [T oprsiayvy < K (T(5, X 9) + [sX/2e €V < Ap|[Tagyw). (78)

At this point, we can carry out the same estimates for the functions (¢, @) defined in (68)
and (i, 7) defined in (71) with the only difference that we have a one degree improvement
(in the space variable) in the Sobolev space where gZ is bounded. That’s the reason why we
need the coefficients of the operator Q% to be in L>(0,T; W3>°(Q)™). This yields

T 2
. 0 A
81/2)\3/2/ o250 (5*)(1/2)—(3/2m) ‘ (vg V) dt
0 n L2(0)N
T i a(Ap) 2
+s3/2)\5/2/ o250 (é—*)(3/2)7(3/2m) H ¥ dtdt
0 on L2(8Q)N

+53/2\3/2 // e 2507 (¢r) BB | (n 5 Vx)(Py (w,t; D)) |* do dt
by

T
4 §3/2)5/2 / €720 (%) B/ =612 |l s (A(Q7 (2,1 D)) |32 o0y w
< K(I(s, A 0) + [[sA32e7*7 €V x A[[32(g)v)-

Observe that the powers of s, A and £* in the boundary integral of (n x Vx)(P;(z,t; D))
are clearly not optimal, but this will suffice for our purposes, so we do not worry about its
optimality.

This justifies that the four boundary integrals in (77) are absorbed. This provides

I(s,A;0) + // e (2 N3V x AY|? + AV x VAY|?) dz dt
Q
(79)
<K <52)\3 // e 2502 (AN | + sAE|Apl? + |V x AY|?) da dt) ,
WOX(O7T)

for any A > K, s > K(T?™~1 +1°™).

Then, one can develop exactly the same computations as in the previous paragraph and
deduce the desired estimate (74). We do not include this local estimate here since we think
it is evident from the one proved above.

Appendix: Proof of lemma 4

We will develop here the duality method introduced in [12] in the context of the heat
equation. The same argument has already been used in the context of the heat equation
with non-homogeneous Robin boundary conditions in [5] and in the context of the heat
equation with right hand sides belonging to L?(0,T; H=2(Q)) N H~(0,T; L*(€2)), which
only permits to talk about solutions in L?(Q); this is explained with detail in [8].

First, we view u as a solution by transposition of (23). This means that u is the unique
function in L?(Q)" satisfying

//Qu-fdxdt://Q f5'2dxdt_//Q Jo: Vzdrdt

(80)
+/ W 2o dz Vf € LAHQ)V,
Q
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where we have denoted by 2z € L%(0,T; H*(Q)N nV) N H(0,T; L*(Q)Y), together with g,
the (strong) solution of the following problem:

-2z —Az+Vqg=f, V:-z=0 1inQ,
z=0 on X,

Zly=r =0 in Q.

Let us first get an estimate of the lower order term in the left hand side of (24), i.e.
s At // e 250 €3 |u)? da dt. (81)
Q
In order to do this, let us consider the following constrained extremal problem:
1
Minimize 3 I*(s,A; z,v)

subject to v € L?(Q)N and

82
—z — Az + Vg = s3\e 25963y + vly,,, V-2=0 in Q, (82)
z=0 on X,
Z‘t:() = 0, Z|t:T =0 in Q,

where

I*(S,A; z,v) _ <815/2>\20 // pdsti—2sa” (2)715/2 |Z|2 dx dt
Q

+ 51640 // on 685&765(1* (2)716 |U|2 dx dt) )
wo X (0,

Here, s and A are chosen like in lemma 3.
By virtue of Lagrange’s principle, there exist p, pg and ¢o such that the following opti-
mality system is satisfied:

815/2A20£*(674s&+25a* (5)15/2 ([:(])71!)())7 QO))

4 51640 —8s@+6sa” (5)16plw0 = s3\te"252¢3y  in Q,

p=0, L(p,po) =0 on %,
e—4sa+2sa*(@15/2(5@’]30)“:0, L(p,po)ji=r) = (0,0) in Q.

Here, L(a1,a2) = Ora; — Aay + Vas is the Stokes operator and £*(a1,a2) = —0ra; — Aaq +
Vas is its formal adjoint. If p (together with some (po,qo)) is a solution to (83) (in an
appropriate sense), then

7 = —gl6 )40 o —8sa+6sa” (5)16 pl,, and 3 — g15/2)20 —4sa+2sa” (5)15/2[,(1),])0) (84)

solve (82).
Let us show that (83) has a unique weak solution. In order to do this, we shall rewrite
this problem as a Lax-Milgram variational equation. Let us introduce the space

Zo={(2,20) € C*(Q)xC*(Q):2=00on% and V-2=01in Q}

and the norm || - ||z, with

)y = 51722 [ 32 @12 o

+ 816)\40 // o 6785a+6m*(@16|w|2 dx dt
wo X (0,
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for all (w,woy) € Zy. Due to lemma 3, ||-||z is indeed a norm in Zy . Let Z be the completion
of Zy for the norm || - ||z. Then Z is a Hilbert space for the scalar product (-,-)z, with

((p1,91.0); (P2, P2.0)) z = 812/2A%0 // 674sa+2m*(5)15/2(5(1)1,pl,o))(ﬁ(pzam,o)) dx dt
Q

+816>\40// ( )eissa%sa*(@lﬁpwzdﬂﬂdt.
wo x (0,7

With this notation, system (83) is equivalent to find a function p € Z such that

((pap0)7 (ﬁaﬁO))Z = 6(5?50) v(ﬁaﬁO) € Z7 (85)
where

0. 5o) = ° M / / e Supdedt Y(F,po) € 2.
Q

By virtue of lemma 3, one can easily check that £ € Z’. Consequently, one can apply
Lax-Milgram lemma and deduce that there exists a unique solution to (83).

Let us now take
f=s3\te 2523y 4+ 71,

in (80). This gives

s3\ // e 250 g3 |u|? dadt = // f5-zZdxdt — // fo: VZdxdt
Q Q Q

(86)
- / uvdxdt
WQX(O,T)
(recall that v and Z are given by (84)).
Let us multiply the equation in (83) by p and integrate in @, which gives
12, 20) 1% < 11€llz2 1| (P, po) I z-
Consequently,
) = 51572020 [ [ ctomoe @ 15022
¢ (87)

+S_16)\_40 // 683&—630* (E)—16|6|2 dox dt S 083)\4 // e—ZSa 63 ‘u|2 dx dt,
wo x(0,T7) Q

for \, s > C =C(Q,w,T) > 0, since

1/2
]|z < 53272 (// e 250 €3 uf?. dx dt>
Q

—47/4, —30 6sa—4sa” (5)—47/4

Now, we multiply the equation satisfied by z by s Z and we inte-

grate in . After integration by parts, we obtain:

s—47/45 30 // eOs@—dsa” (5)747/4|V/Z\|2 do dt
Q
—18_47/4)\_30 // g(eGS&—4sa* (g)—47/4) |2‘2 dx dt
2 o Ot
+8*35/4/\*26 // e~ 2sa+6sa—4sa” (5)747/4§3u2dx dt
Q

_‘_5747/4)\730 // eBs0—4sa” (5)747/4 55 dx dt.
WOX(O,T)
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Using Holder’s inequality in the last two terms and taking into account that e?*® =

. _ 25« :
min, g €e***, we obtain

§—47/4)—30 // eOst—dsa” (8)747/4|v3|2 do dt
Q

< C (S_15/2)\_20 // 64562—250(* (@_15/2|/Z\‘2 dz dt + 83)\4 // e—250¢ 63 ‘u|2 dx dt
Q Q

—I—S_16>\_40 // o 6856—6504* (2)—16|i}\|2 dx dt) 7
wo X (0,

where we have taken s > C. This, together with (87), provides

g~ 15/2)—20 // e4sa—25a*(§)—15/2|2‘2 da dt
Q

8_47/4/\_30 // eﬁs&—4so<* (@—47/4|v/2\|2 da dt (89)
Q

+5—16)\—40 // 685&—6sa* (5)—16@\‘2 dz dt S 083/\4 // 6—25(1 53 |u|2 dx dt.
wo % (0,T) Q

A combination of this inequality with (86) yields the estimate of the zero order term (81)
in terms of the right hand side of (24).

Let us now show that the first order term Vu can also be bounded in the same way. To
this end, we multiply the equation of u by

82)\46—2304* (E*)Z—l/mu
and we obtain

1 * *
552)\4 // 672sa (5*)271/m%|u|2 dx dt + 82)\4 // 672504 (6*)271/m|vu|2 dx di
Q Q

:52/\4// e (e Ym e Ly de dt — s2A // e 257 (e9)2TYm fo - Vud dt.
Q Q

Finally, integrating by parts with respect to ¢ in the first integral and using that
(6—2504* (5*)2—1/m)t < 086—230/‘ (5*)3 s> 07

we conclude that the first order term is also bounded by the right hand side of (24).
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