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Insensitizing controls for the Navier-Stokes equations

Mamadou Gueye *

Abstract

In this paper, we deal with the existence of insensitizing controls for the Navier-Stokes equations in a
bounded domain with Dirichlet boundary conditions. We prove that there exist controls insensitizing the
L? -norm of the observation of the solution in an open subset @ of the domain, under suitable assumptions
on the data. This problem is equivalent to an exact controllability result for a cascade system. First we
prove a global Carleman inequality for the linearized Navier-Stokes system with right-hand side, which
leads to the null controllability at any time 7" > 0. Then, we deduce a local null controllability result for
the cascade system.

1 Introduction

Let © ¢ RY(N = 2 or 3) be a bounded connected open set whose boundary 99 is regular enough (for
instance of class C?). Let w and O be two open and nonempty subsets of Q (resp. the control domain and
the observatory) and let 7 > 0. We will use the notation @ = Q x (0,7) and X = 99 x (0,T). C stands for
a generic constant which depends only on Q, w, O and T.

The Navier-Stokes equations describe the motion of an incompressible fluid such as water, air, oil... They
appear in the study of many phenomena, either alone or coupled with other equations. For instance, they
are used in theoretical studies in meteorology, in aeronautical sciences, in environmental sciences, in plasma
physics, in the petroleum industry, etc.

First let us recall some usual spaces in the context of Navier-Stokes equations:

V={yeH;Q)";V.-y=0inQ},
and
H:{yELQ(Q)N;V-yZOinQ, y-n:Oon@Q}.

To be more specific about the investigated problem, we introduce the following control system with
incomplete data
y—Ay+ (y,V)y+Vp=f+vl, inQ,

V-y=0 in Q,
y=0 on X, (1)
Yit=0 = Y0 + 790 in Q.

Here, y(z,t) = (yi(x,t))1<i<n is the velocity of the particles of an incompressible fluid, v is a distributed
control localized in w, f(z,t) = (fi(x,t))1<i<ny € L2(Q)Y is a given, externally applied force, and the initial
state y);—o is partially unknown. We suppose that y® € H, 3 € H is unknown with ||§OHL2(Q)N =1 and
that 7 is a small unknown real number.

The aim of this paper is to prove the existence of controls that insensitize some functional J, (the sentinel)
depending on the velocity field y. That is to say, we have to find a control v such that the influence of the
unknown data 77° is not perceptible for our sentinel:

dJ:(y)
or

=0 vy’ e L*(@)" such that [|7°| 2~ = 1. (2)
7=0
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In the pioneering work [21], J.-L. Lions considers this kind of problem and introduces many related questions.
One of these questions, in non-classical terms, was the existence of insensitizing controls for the Navier-Stokes
equations (see [21], page 56).

In the literature the usual sentinel is given by the square of the local L?-norm of the state variable y (see
[3], [20], [23]), on which we will be interested here:

JT(y):% / / ly|2dzdt. (3)

Ox(0,T)

However, in [16], the author considers the gradient of the state for a linear heat system with potentials and
more recently in [17] the same author treats the case of the curl of the solution for a Stokes system. Here
we will focus on the nonlinear control problem of insensitizing the Navier-Stokes equations.

The special form of the sentinel J allows us to reformulate our insensitizing problem as a controllability
problem of a cascade system (for more details, see [3], for instance). In particular, condition (2) is equivalent
to zjp—0 = 0 in 2, where z together with w solves the following coupled system:

wy — Aw + (w, Vw+Vp’ = f +vl,, V-w=0 in Q,
-2zt — Az + (2,VHw — (w, V)2 + Vg=wlp, V-2=0 inQ, ()
w=2z2=0 on Y,
wye—o = ¥°, Z=r =0 in Q.

Here, (w,p°) is the solution of system (1) for 7 = 0, the equation of z corresponds to a formal adjoint of the
equation satisfied by the derivative of y with respect to 7 at 7 = 0 (see (6) below) and we have denoted

N
((z, VHw) = ZZjaiIUj 1=1,...,N.
j=1

Indeed, differentiating y solution of (1) with respect to 7 and evaluating it at 7 = 0, condition (2) reads
// wy,dzdt =0 V5 € L*(Q)N  such that ||§]0||L2(9)N =1, (5)
Ox(0,T)
where gy, is the derivative of y solution of (1) at 7 = 0. Then, y, solves

Yrt — Ayr + (e, V)y + (4, V)yr + Vpr =0 in Q,

V-y, =0 in Q,
yr =0 on %, (6)
Yr|t=0 = 7° in Q.

Hence, substituting wle by the left-hand side of the equation of z in (4) and integrating by parts we obtain

/z‘tzoyjoda: = // wy,dzdt V7° € L2(Q)Y  such that H§0||Lz(Q)N =1. (7)
Q Ox(0,T)
We will prove the following controllability result for system (4):

Theorem 1.1. Let m > 5 be a real number and y° = 0. Assume that wN O # (). Then, there exist § > 0
and C* > 0 depending on w, Q, O and T such that for any f € L*(Q)N satisfying ||€C*/tmf||L2(Q)N < 4,

there exists a control v € L?(w x (0,T))N and a corresponding solution (w, z) to (4) satisfying 2j4=0 = 0 in
Q.

Remark 1.1. Furthermore, in addition to insensitizing the functional J. one can steer the state w to 0
at time t =T just by paying an extra condition on f at timet =T

||ec,(/t’"t(T—t)meLZ(Q)N < +OO7 (8)

for a constant C, that maybe different to the one given in Theorem 1.1.



Remark 1.2. The condition yo = 0 in the main theorem is due to the fact that the first equation in (4)
is forward and the second one is backward in time. Most of the insensitizing works in the parabolic case,
even for linear equations, assume this condition on the initial data. A study of the possible initial conditions
which can be insensitized is made for the heat equation in [9]. This work suggests that the answer is not
obvious.

As announced, we have the following result.
Corollary 1. There exists insensitizing controls v for the functional J, given by (3).

Before going further, let us recall some of the results avalaible in the literature. Most known results
concerning insensitizing controls are for parabolic systems. Nevertheless, one can cite the results in [6] for
the 1-D wave equation. In [23], the controllability of more general coupled wave equations is studied.

In order to get rid of the condition y° = 0, in [3], the authors consider e-insensitizing controls (i.e., v such that
|07 J7(y)|r=0| < e for all e > 0 ) for the semilinear heat system, with C I and globally Lipschitz nonlinearities,
and prove that this condition is equivalent to an approximate controllability result for a cascade system
which is established therein. In [9], condition y° = 0 has been removed for the linear heat equation when
O C w and when O = , if this is not the case, some negative results are also given. In [8], the author proves
the existence of insensitizing controls for the same semilinear heat system. This last result is extended in [4]
to super-linear nonlinearities.

For parabolic systems arising from fluids dynamics the first attempt to treat the insensitizing problem is [11]
for a large scale ocean circulation model (linear). In [17], as we have already mentioned, the author treats
both the case of a sentinel given by L?-norm of the state and L2-norm of the curl of the state of a linear
Stokes system.

As long as insensitizing controls have been considered the condition wN O # () has always been imposed.
But, from [7] and [22], we see that this is not a necessary condition for e-insensitizing controls. For instance,
the authors have proved in [22] that there exists e-insensitizing controls of J. for linear heat equations with
no intersecting observation and control regions in one space dimension using the spectral theory.
Furthermore, the insensitizing problem, as we have seen in this special case, is directly related to control
problems for coupled systems. In particular, one could ask whether it is possible to control both states of
a coupled system just by acting on one equation. In this spirit, the authors in [5] show some controllability
results for the Navier-Stokes equations with controls having a vanishing component. In [17] and [16], as well
as some insensitizing problems, the author studied this problem respectively for Stokes and heat systems in
a more general framework. Also, for more general coupled parabolic systems with only one control force,
some results are available in [15] and [2].

Finally, recently in [25] the existence of insensitizing controls for a forward stochastic heat equation was
proved by means of some global Carleman estimates.

The rest of the paper is organized as follows. In Section 2 we give some results which will be useful for our
purpose. In Section 3 we prove the Carleman estimate. In Section 4 we treat the linear case. Finally, in
Section 5 we prove Theorem 1.1.

2 Technical results

In the context of the null controllability analysis of parabolic systems, Carleman estimates are a very powerful
tool (see [14],[18],[13],...). In order to state our Carleman estimate we need to define some weight functions.
Let wp be a nonempty open subset of wN O, and set :

exp(AEZE (11| o) — exp A(k]|7°| 0 +1°())
tm(T _ t)’m )

exp A(k[n° [l +1°(2))
tm(T _ t)m ’

Em(z,t) =

(9)

am(z,t) =

for some parameter A\ > 0. Here, m > 4 and k > m are fixed and n° € C?(Q) stands for a function that
satisfies :
V| > K >0 in Q\@g, n° >0in Q and 7° =0 on 9. (10)



The proof of the existence of such a function 7y can be found in [14]. This kind of weight functions was also
used in [18]. In the sequel, for convenience, we will fix m = 5 and k = 10. Thus, our weight functions read

exp(12A[[7°]l0) — exp A(10[[7° || + 1°(x)) _ expA10[1°]le +1°(2))

Oz(l’,t) = t5(T—t)5 ) f(.’E,t) = t5(T—t)5 (11)
and we shall use the notation
a*(t) = maxa(z,t), a(t)=mina(z,t), & (t)=ming(z,t), &(t)=maxé(,1). (12)
e e zEQ zEQ

We also introduce the following quantities:

Io(s, \;u) = 831 // T2 3|y dadt 4 sA? // e 25¢|Vul2dadt, (13)

(s, \;u) = s3\* // 5503 |y 2dadt 4+ sA? // —hseg |Vl ?dadt + s~ // ST AuAdadt,  (14)

I(s,\u) = 3\ // e 2502507 €31y 2dadt + sA? // e~ 252507 ¢ |y 2 dadt, (15)
Q Q

for some parameter s > 0.

First we state a Carleman-type estimate which holds for energy solutions of heat equations with non-
homogeneous Neumann boundary conditions:

Lemma 2.1. Let us assume that u® € L?(Q), f1 € L*(Q), f2 € L*(Q)Y, fs € L*(X). Then, there exists
a constant C(Q,wo) > 0 such that the (weak) solution of

—Au=fi+V-fo in Q,
au

8f+f2 n=fs on %, (16)
Ujp—0 = u? imn €,
satisfies
To(s, hu) < C [ 5208 // *2mg?>|u|2dxdt+// =250 1, 2 st

UJQX OT
+52\? //6—28“§2|f2|2dxdt+sA//e—Qm*g*|f3\2dadt , (17)
Q b}

for any A > C and s > C(T° + T*?).

In a similar form, this lemma was proved in [12], but with the weight defined in (9) for m = 1. In order
to prove Lemma 2.1, one can follow the steps of the proof in [12], just taking into account that

o] < KTEYS, o] < KT(€9)%°,  Jon| < KT%T/®, and  |ag,| < KT*(¢")7/°, (18)
for some constant K independent of s, A and T'.

The second estimate we give here holds for solutions of Stokes systems with homogeneous Dirichlet
boundary conditions:



Lemma 2.2. Let us assume that u® € V, fy € L?(Q)N. Then, there exists a constant C(Q,wy) > 0 such
that the solution (u,p) € (L*(0,T; H*(Q)N nV) N L>(0,T;V) x L*(0,T; H (Q)), with [ p(t,z)dz =0, of

wo

ut—Au+Vp=f4,V~u=0 ZnQ?
u=0 on X, (19)
u‘t:o:uo m Q7

satisfies

10(87)\;’U,) <C 51640 // e—83&+65a* (2)16\u|2dxdt + 815/2)\20 // e—4sa+25a* (2)15/2|f4|2d$dt , (20)

wOX(O,T)
for any A\ > C and s > C(T5 + T'Y).

This lemma, for the weight defined in (9) with m = 4, is the main result in [13]. Again, in order to prove
it one can follow the steps of the proof in [13], keeping in mind estimates (18).

The next result concerns the regularity of the solutions to the Stokes system which can be found in [19]
(see also [24]):

Lemma 2.3. For every T > 0 and every f € L*(Q)Y, there exists a unique solution
w e L*0,T; H*(Q)N)n L>=(0,T; V)N HY(0,T; H)

to the Stokes system
u—Au+Vp=f inQ,

Vou=0 n Q,
u=20 on X, (21)
u(0) =0 in £,
for some p € L?(0,T; HY(Q)), and there exists a constant C > 0 depending only on Q such that
||u||i2(0,T;H2(Q)N) + ||UH%°°(0,T;V) + ||u||§11(o,T;L2(Q)N) < C”f”%,?(Q)N' (22)

To finish, we give further regularity result which will be very useful for our purpose.

Lemma 2.4. Let a € R and B € RN be constant and let us assume that f € L*(0,T;V). Then, there
ezists a unique solution u € L?(0,T; H3(Q)N NV)NH(0,T;V), together with some p, to the Stokes system

Uy —Au+au+B-Vu+Vp=fV-u=0 in Q,
u=0 on %, (23)

ult:O = O m Q,
and there exists a constant C > 0 such that

llull 20,513 )~y + Null 50,5 @)~y < Cllf 20,158 ()N - (24)

This result can be found in [19]. A proof is also given in [17].

3 Carleman Estimate

In this section, we will prove a Carleman estimate which leads to an observability inequality, which in turn
implies the null controllability of a linear system, similar to the linearized system associated to (4). This



inequality will be the main tool in the proof of Theorem 1.1.
Here, we consider the following coupled Stokes system :

o —Ap+Vr=9Ylo+go,V-p=0 inQ,

Py — AYp+Ve=¢g,V-p=0 in Q, (25)
po=19=0 on X,
Plt=T = 9007’(/)|t:() = ,(/JO in Q7

where go, 91 € LQ(Q)N and wOa Yo € H.
System (25) is the non-homogeneous formal adjoint of the linearized of (4) around (0,0). We will be led to
prove, for an open set wg C O Nw, the following kind of observability inequality for (25):

// O (|gf? + [f2)dadt < C // o dadt + // O (g0 4 grP)dadt |, (26)
Q

wox(0,T') Q

for some m > 0 and certain positive constants C, C1, Cs depending on 2, wy and T but independent of
1o and ¢g. To prove such an inequality, usually, we use a combination of observability inequalities for
both ¢ and ¢ and try to eliminate the local term in . Even in the simpler situation of the Stokes system
(9o = ¢1 = 0), due to the pressure term, one cannot expect to achieve such an objective this way (see [17],
for an explanation of this fact).

We will prove the following result:

Theorem 3.1. Assume that wN O # 0. Then, there exists a constant C > 0 which depends on Q, w, O
and T such that

I(s,\;V x ) + I (s, A 0) < C [ s15A16 // e~ st Fsag1d| 12 g

wo X (O,T)

+S5>\6 //6728&*725a£5‘go‘2d$dt+//6728&*|gl|2d1'dt ’ (27)
Q Q

for any X > C, any s > C(T° +T°), any o,V € H and any go, g1 € L*(Q)Y, where (¢,v) is the cor-
responding solution to (25). Recall that I(s, ;) and I1(s, \;-) were introduced in (15) and (14) respectively
and wyp € wN O.

The proof of this theorem is divided in two steps. In the first step we derive a Carleman estimate for
(V x 9) with a local term in wg using the fact that, applying the operator (V x ) to the second equation of
system (25), the resultant system can be viewed as a system of 2N — 3 heat equations. In the second one,
assuming that v is given, we apply the Carleman estimate for Stokes systems given in Lemma 2.2. Finally
we combine these two estimates and eliminate the local term in (V X ¢) using the fact that wy C O Nw.
Each step will be proved in a separate paragraph.

3.1 Carleman estimate for 1
Observe that the equation of ¢ is independent of ¢:
Yy — A+ V=g, V-9p=0 in Q,

=0 on X, (28)
Y=o = %o in Q.

A Carleman inequality for (V x ¢) has been established in [17] but for g; = 0. The same analysis as in [17]
no longer holds here since (V x g1) ¢ L%(Q)*V~3. In order to get around this difficulty, we split ¥ (up to



a weight function) into two solutions of Stokes systems. Then, we apply to the more regular one the same
analysis than in [17] and classical regularity estimates for the Stokes system to the other one.
For system (28), we can prove the following result:

Proposition 3.1. There exists a positive constant C' depending on Q) and wqg such that

I(s,;V x¢) <C | $*X* // e 25T 2507 3|y w|2dzdt+//e’25a*\gl|2d:cdt , (29)
on(O,T) Q

for any X > C and s > C(T° + T*°). Recall that I(s,\;-) was defined in (15).

Remark 3.1. The jump in the weight functions between the left hand side and the global term in the right
hand side is quite tmportant. It can be interesting to reduce this jump. To do so see the proof below.

Proof of Proposition 3.1. Since 1)y € H and g; € L?(Q)", there exists a unique solution (1, k) €
L%(0,T; V) x D'(Q) of system (28). Now, let p(t) := e=**" () € C'([0,T]). Then, since p verifies p(0) = 0,
(¥*, K*) := (p, pk) solves the system

’(/}:_A,(/}*—’—VK*:pgl+ptw7v'w*:0 inQ7
b =0 on %, (30)
fimo =0 in Q.

We decompose (¢*, k*) as follows : (¢v*,k*) = (TZ, R) + (¥, F), where (12, ) and (1, %) solve respectively

U — Ap+VE=pg,V-=0 inQ,

=0 on X, (31)
1Z|t:0 =0 in Q,

and R R R
Ve — AP +VE=p),V-1p =0 in Q,
{/; =0 on 3, (32)
@\t:o =0 in €.

We apply the operator (V X -) to the Stokes system satisfied by 0,

(Vx9)e — AV x 1)) =V x (ps¢p) in Q.

-~

Observe that we do not have any boundary conditions for (V x v). Nevertheless, we can apply Lemma 2.1:

Ip(s, \; V % 121\) <C | s\ // e 3|V x 1Z|2dzdt + // e 25 (e 2|V x ¢|2dadt
Q

wo X (07T)

12
TSN / / ez er | IV XU g ) (33)
on
s
for any A > C and s > C(T% + T'0).
We recall that |af| < CT(£%)%/° (see (18)), so
// e ((e7*"))?|V x ¢|*dadt < Cs*T* // 20020 (¢) 2P|V x [ dadt, (34)
Q Q



which will be absgrded later on.

Now, using that 1) = ¢* — 1) and taking into account that (a — b)? > %- — b?, we obtain:

L
2

Io(s, AV x ) > 3)\4 // T250e3|7 x ¥ |Pdadt + 7sA2 / T2 V(V x ¢*) Pdadt (35)
Q

—s3\ // e 23|V x 2dadt — s\ // e~ 2EV(V x )2 dadt.
Q Q

Observe that the first term in the right-hand side of (35) absorbs (34) as long as A > 1 and s > CT?..
We turn to the equation satisfied by . Using regularity results for system (31), (see [24], Proposition 2.2)
we deduce that

xt [[ e v x dpdadt <€ [ [ 1V x 0Pdsdt < Oy <€ [ € I Pdaa, (30)
Q Q Q

and

% // e~V (V x o) [2dadt < C// IV(V x ¢)?dedt < C||J||§2(07T;H2(Q)N) < C// e 259" | gy |2dadt,
Q Q Q

(37)
for A > C and s > CT'0, with possibly differents constants C. Indeed, the above constants do not depend
on T for A > C and s > CT19. N
The next step is to estimate the local term which appears in the right-hand side of (33). Again, we put ¢ in

terms of ¥* and {/Jv :

s At // e~V x (* — ) Pdadt < 253\? // e 23|V x p*|2dadt

wox(0,T) wox(0,T)

+25%\4 / / e~ 23|V x | 2dadt.
UJUX(O,T)

Like previously
3% // e 20|V x YPdadt < s\ // “20 3V x Pdadt < C// —2 gy [Pdadt. (38)
UJUX(O T)

At this point combining (33)-(38), we obtain

I(s,\;V x9) <C | $*X\* // e 23|V x | dxdt+// —2s0% gy [2dadt

on(O T)

+s)\//e—2sa*§*
by

for any A > C and s > C(T° + T0).
The last step will be to eliminate the boundary term in the right-hand side of (39). To this end, we introduce
a function @ € C?(€2) such that

2
AV x 1)

o dodt |, (39)

% =1 and 6 = constant on 0f). (40)



Integration by parts leads to

T ~ 12 T
sA/e—%a*g* / OV 45 at = SA/e—M*g* /A(V x P)V(V x 1) - Vodz | dt
0 oQ on 0 Q
T T
+sA/e*28a*§* /(VVHV(V x O)V(V x ¢)dz | dt + % /6*2504*5* /V\V(v x )2 - Voda | dt.
0 Q 0 Q
Thus, using Cauchy-Schwarz’s inequality, the above integral can be estimate as follows
T ~ )2
o [t | [1ATED ) av < Con [ e €0l 1] eyt (41)
0 0

1/2

Thanks to the interpolation inequality ||w||H2 @~ < Hz/)|| @)V H’(/JHHS(Q)N, we obtain

T T
s / €72 (19| sy~ 9] 2y dt < s / 20T |y w I gy d (42)
0 0
Finally, using Young’s inequality (ab < %p + —, w1th + = 1) for p = 4, the task reduces to estimate
T T
e e G O e G e [ e (13)
0 0

For the first term, thanks to the fact that V - 1Z(t) =01in Q and ¢ = ¥* — 1, we have

1O @y < CIV X (1) p2(ayen—s < C (||V x P(1)]| a(yen—s + ||V x ¢*(t)HL2(Q)2N*3> .

The first term in the right-hand side is estimated like in (36) and the second one can be absorbed by the
first term in the left-hand side of (39), for A > C and s > CT'°.
Let us estimate now the second term in (43). To this end, we introduce (¢°, x°) := (n(¢)¥, n(t)R), where

n(t)281/4)\1/2e—sa*(§*)1/4 in (07T)

Then, (¢°, k°) fulfills
T/JE_AQW"'V"@O:Upt¢+7ltwvv'¢ozo in Q7
Y =0 on ¥, (44)
Vo =0 in Q.

Let us prove that the right-hand side of this system belongs to L?(0,T;V). Then, we will be able to apply

Lemma 2.3. For the first term in the right-hand side of (44), we use again that 1) is a divergence-free function
and we get

npe*
P

||77Pt¢\|L2(0.,T;H1(Q)N) - H

<C ant(V X %)
P

L2(0,T;HY(Q)N) L2(Q)2N-3 '

Taking into account that
’W’t < OT s/ 4\ /250" (gx)()’/&-a-qu/zx7

p




for any s > CT*°, we deduce that
60| 220,701 () )y < CTs™ANY2]j e (€5)2/20(V x 40*) || 12y —s. (45)

Thus, the square of this last quantity is small with respect to the first term in the left-hand side of (39) by
taking A > 1 and s > CTS.
We turn to the second term in the right-hand side of (44). Similarly as before, we have

el 20,7501 vy < Cllne(V % )| p2(gyzn—s-
Using again that 1Z = — 1;, we obtain

[mell2 0,05 ()~ ) < 1MV X %) L2(@y2n—s + [[n:(V X J)”L?(Q)QN*% (46)

with
| < CTsP/AN/2e=307 (£%)29/20

for any s > CT*0.

Therefore, the first term is estimated like (45) and the second one can be estimated as in (36). Then it
follows from Lemma 2.3, that the solution of (44) satisfies ¢° € L(0,T; H*>(Q)¥ NV) and for all € > 0 there
exists C. > 0 such that

T
14°013 2 0.1z vy = 8*/2A / =20 (G2 35w dt < eI (s, AV x ) + C- / / e~ 2 gy |Pdzdt.
0 Q

This, combined with (39) and (41)-(43), concludes the proof of Proposition 3.1.

3.2 Carleman estimate for ¢ and conclusion

Here we prove Theorem 3.1, combining the results of last section and Lemma 2.2. Assuming that 1 is given,
we turn to the solution of
—Wt—A‘P+V7T:¢1O+907V<P:0 inQa
p=0 on X, (47)
Plt=T = ¥0 in Q.
We choose 7 such that [ 7(¢,2)dz = 0 and we apply the Carleman estimate given in Lemma 2.2, for the

wo

weight function 2% (instead of a). We obtain

11(8,)\;4,0) <C 51640 // 6—2038—0—155&* (5)16|<p|2dxdt + 515/2)\20 // e—lOs&+55cx* (E)l5/2|w|2d$dt
wo % (0,T) Ox(0,T)

+815/2)\20 //e—lOs&+5sa*(5)15/2‘90‘2dxdt , (48)
Q

for any A > C and s > C(T° + T'9), where I (s, \; ) is given by (14).

Then, the second integral in the right-hand side of (48) is bounded by I (s, \; V x 9) for a suitable choice
of A\>C and s > CT'0.
Indeed,

815/2)\20 // e—lOsa+5sa* (E)l5/2|,l/}|2dxdt S 0815/2)\20 // 6_105a+5sa* (5)15/2|V><1[)|2d([;dt S 6?(37)\;wa)7
Ox(0,T) Q
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where we have used the fact that [|¢||p2)~ < C||V X 9| 12()2v-s and also that for all € > 0 and M € R,
there exists C¢ pr > 0 such that
esa* < CevMSJVIAM(é-)Mes(1+e)a’

for any A > C and any s > CT19.
Now, combining the obtained inequality with (29) we get:

I(5, 5V x 9) + Ii(s, A p) < C | s76A%0 / / e~ 20saH155T ()16 5124t

on(O,T)

4304 // 6725“6725“*§3|V % 1/)|2da:dt—|— // 6728&*‘91‘2d$dt+ 515/2 )20 // 67105a+55a*(5)15/2|go|2dxdt ’
wo % (0,T) Q Q
(49)
for any A > C and s > C(T° + T'9).
It remains to estimate the local term in (V X %), in terms of ¢. In order to do this, we use the first equation
of (25), where the coupling term appears. Since wg C O, we have

Vxyp=—Vxep)y—ANxp)—(Vxgo), inwyx(0,T). (50)
Thus, replacing in the second integral in right-hand side of (49), we obtain:

A // e 2502507 B3| x P dadt = —s3 N\ // e 2502507 3(V % ) (V X ), dadt

wo X (0,T) wo X (0,T)

—s3\ // e 250207 (Y % ) (A(V X @) + V x go)dadt.

wo % (0,T)

We introduce an open set w; € w such that wy € wy and a positive function 6 € C’C2 (w1) such that § =1 in wy.
Then the task turns to estimate

53\ / e 25259 ¢3(V x ) (—(V x @) — A(V X @) — V X go)ddt. (51)

w1 X (O,T)

Performing several integration by parts, in order to get out all the derivatives of (V X ¢), we get

PSS // e*me”m*gﬂv x p|Pdadt < s3A\* // 9(6723&@725&*53)t(v x Y)(V x p)dadt

on(O,T) UJ1><(07T)

+ s3\% / fe 25072597 ¢3(V x ©)(V x gq)dadt
le(O,T)

—253)\1 / / V(fe=25%e=25"€3) . V(V x 9)(V x @)dzdt

UJ1><(0,T)

S / / A(fe=25%e=25" 3)(V x ) (V x )dzdt
UJ1><(O,T)

— 53\ / / e~ 250257 €3(V % ) (V x go)dadt. (52)
le(O,T)

11



Here, we have used the equation satisfied by (V x ¢) and the fact that 6 has compact support in w;. We
perform another integration by parts and use Young’s inequality to obtain:

s3I\ / e 2527259 ¢3(V x ) (V x gy)dadt = —s>A? / V X (0e™25%e™2597 ¢3(V x ))gydadt

(./JIX(O,T) le(O,T)

<C // e~ 25" gy [Pdadt + s\ // e 15062507 ¢0(2X2€2|V x | + [V(V X @)[?)dadt
Q Q

The last term in this inequality is estimated by el (s, \; ) for A > C and s > CT*°. An analogous estimate
holds for the term containing (V X go):

$2A / e 250725 ¢3(V % ) (V x go)dadt = —s>\* / V x (fe™ 2572597 €3(V x 1)) godadt

le(O,T) UJ1><(0,T)
< Os°)\° // o= 25072507 | g0 2dadt + el (s, \; V X ).
Q

On the other hand we have the following estimates for the weight functions:
|(e—25ae—25a*§3)t| < C«Tse—Qsae—Zsa* (§)4+1/5 and |A(e—25a€—25a*§3)| < 082/\26—2sa€—2sa* 557

for any s > CT10.
Using these estimates for the first, third and fourth terms in the right-hand side of (52), we deduce that

s34 // €252 B3|V x Pdzdt < e(I(s, AV x ¥) + L1 (s, A; @)

wo x (0,T)

+C. | s7A8 // e*me*m*gﬂv X gp\zdxdtJr // 67250‘*|gl|2dxdt+55)\6 // 6725a75a*§5|go|2dxdt ,
Q

w1 x(0,T) w1 x(0,T)
(53)
for A > C and s > C(T° + T19).
Furthermore, considering an open set ws € w such that w; € wy, one can prove that
o|?dadt.

87)\8 // 672sa€72sa*€7‘vx¢|2dzdt S 6871 // 6755a571|A¢|2dxdt+815A16 // ef4sa*+sa£15
Q

w1 % (0,T) wa X (0,T)

This, combined with (53) and (49), gives the desired inequality (27).

4 Null controllability of the linear system

In this section we consider a linear coupled Stokes system with right-hand sides. More precisely, we look for
a control v € L?(w x (0,T))" such that, under suitable decreasing properties on f; and f,, the solution to

wy — Aw+Vp=fi+ovl,, V-w=0 inQ,
-2 —Az+Vqg=fa+wlp, V-2=0 1in Q,
w=z=0 on X,
W)t=0 = Zjt=7 = 0 in €2,

satisfies
2= =0 in Q. (55)
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As we have already mentioned, an observability inequality for (25) will imply the null controllability of
(54) with decreasing properties for the state(s) and the control(s) (see ([13])). Here, we present a null
controllability result for (54) where we look for a more regular solution (w, z). This will be done by solving
the controllability problem in spaces depending on the previous weight functions. Furthermore, this result
will be useful to deduce the local null controllability of the nonlinear problem (4) in the last section.

First let us prove a modified Carleman inequality, from (27), with weight functions that do not vanish at
t =T. To be more specific, consider

I(t) =4 12 (56)

and the following associated weight functions :

ex 0 o) — €X 0 0o 0(z ex 0 00 O(z
Ba, 1) = EPUAITll) l(tr;?(klln loe +0°@) gy = pmo?( t|; +1°()) (57)
B*(t) = max B(z,t), B(t) =minB(z,t), ~*(t) =miny(z,t), F(t) = max~y(z,¢t). (58)
xeQ) x€eQ xeQ) xeQ)

With this definition we have the following

Lemma 4.1. Let s and X\ like in Theorem 3.1. Then, there exists a positive constant C' depending on €,
w, O, T, s and X\ such that

Jf e o rupasd + // el c | [ et a (o)
Q

wx (0,T)

+//e*zsﬁfzsﬁ*ﬂgoﬁdxdw//e*2sﬁ*|gl\2dxdt :
Q Q

for any @o, o € H, where (p, ) is the associated solution to (25).

Proof of Lemma 4.1. First by construction « = 8 and £ = in Q x (0,7/2), so that

T/2
// —4sa” (e3P dadt 4 // =557 (e4)3| o[ 2dadt
T/2 T/2

// 487 ()3 |4p 2 dadt + // =587 ()3 o2 dedt.

Therefore, it follows from (27) (observe that e=%58"(4%)3 < e288e=258"~3  ¢=556" (4%)3 < 5043 and
o]l < CIV X Y| L2()2v-3)

T/2 T/2
[ [ orppar [ [esaobppaa<cmsn | [[ e mgtopdo
0 Q 0 Q wx (0,T)

+// 6_2“*|gl|2dxdt+// e_2sa_28a*f5|90|2d$dt )
Q Q
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for any 9 € H.
Thus, by definition of 8, 8*,~ and v* we have

T/2 T/2
// 48" ()33 2dzdt + // =58" (y*)3||?dadt < C(T, s, A) // A8y 15| 0|2 pdt
wx(0,T)
+// 6_235*|gl|2dxdt+// 6_286_28’8*75|go\2dxdt , (60)
Q Q

We turn to the domain Q x (7/2,T). Here, we will use well known a priori estimates for the Stokes
system. Indeed, let us introduce a function ¢ € C*([0,T]) such that

¢=0in[0,7/4], ¢=1in[T/2,T], [¢'|<C/T.

Using classical energy estimates for both (¢ and (¢ (see, for instance, [19]), which solve the Stokes system
(25), we obtain

€Ol 22z 0 yny + 1€ T (70,01 < C (||C90H%2(T/4,T;L2(Q)N) + SO 2 (/.12 (0™

1
Jrﬁ ”50”%2(T/4,T/2;L2(Q)N))

and
1€ 172 (a7, vy + ICUNT e (0, 70) < C <||4912L2(T/4,T;L2(Q)N) + ;2”wH%?(T/zl,T/Q;L?(Q)N)) :
Combining these last two inequalities and keeping in mind the definition of (, we obtain
lellZ2(r /02 vy + 11 F 2 0,7 L20)n) < (||490H%2(T/4,T;L2(Q)N) +1€a1 117274, 02 (0

1 1
+ﬁ||1/}\|%2(T/4,T;L2(Q)N) + Tz||90||2L2(T/4,T/2;L2(Q)N)>

Using (60) to estimate the last two terms and taking into account that the weight functions  and ~ are
bounded in [T'/4,T], we get the following estimate

/ [ o ofasdt + / [ o PlePdadt < 075, / [ Pt o)

T/2Q T/2Q T/4Q

T
+//672867256*”y5|go|2dxdt

T/4Q
This, together with (60), gives us the desired inequality (59).

Now, we will use this Carleman inequality to deduce a null controllability result for system (54). In the
same spirit of [13], where the local exact controllability of the Navier-Stokes system is proved, we introduce
the following weighted space:

£ = {(w 2,p,q,0) 1 P ()52 € L2 Q)N T2 € LHQ)N, 257 55810/ e L2(Q)Y,
2587 (3)7 152w € L2(0, T; HX(Q)N) N L>®(0,T; V), e3%" (3)7z € L*(0,T; H2(Q)N) N L=(0,T; V),
358" (v) 32 (w, — Aw + Vp —vly) € LHQ)N, €27 (v*) 732 (—2 — Az + Vg —wlo) € L2(Q)N} . (62)
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Defined as we have seen, £ is a Banach space for the norm

2
_ sB+sB* (A x\—5/2 ‘ ’ sB* ZSﬁ*f—sB —15/2 1, ’
||(/w72”ap7qvv)|E,‘SvA < € (FY ) L2(Q)N +|le z L2(Q)N v L2(Q)N
* 2 * 2 * 2 * 2
e @152 e @)1/ |2 )| e @)
L2(0,T;H?(Q)N) Le<(0,T5V) L2(0,T;H2()N) Le=(0,T;V)
9 9 1/2
5sB* ( *x\—3/2 . _ 28B* (Ax\=3/2(_., _ _

+ ’ e2®P (y) 7= (wy — Aw + Vp vlw)‘ L2 + He (V)7 (=2 — Az + Vg wlo)‘ L?(Q)N) :

Remark 4.1. If (w, z,p,q,v) € £5, then 2jt=0 = 0. But also notice that w;—o = 0. Moreover we have
@) T (w, V)w € L(Q)Y, 7 (7)) 72 (w, V)2 € LHQ)Y, 27 (7) TP (2, Vw € Q). (63)

We will prove the following result :

Proposition 4.1. Assume the hypothesis of Theorem 3.1 and let fy, fo satisfy e3P (v*) 32 f1 € L2(Q)N
and e2F" (y*)73/2 fy € L2(Q)N. Then, there exists v € L*(wx (0, T))N such that, if (w, z,p, q) is the solution
of (54), one has (w, 2,p,q,0) € £,

Proof of Proposition 4.1. Let us introduce the following constrained extremal problem:

1nf7 // 2804287 4 =5y |2 dxdt—|—// 2567 | 2| 2dadt + // 487 =38 =15 |y 2 dardt

wx(0,T)
subject tov € L2(Q)N, supp v Cw x (0,T) and
—Aw+Vp=fi+vl,, V-w=0 inQ,
-2t —Az+Vqg= fo+wlp, V-2=0 inQ,
w=z=0 on X,

W)t=0 = 2|t=T = Z|t=0 = 0 in Q.

N AN A

Assume that this problem admits a unique solution (@,Zz,p,q,v). Then, in virtue of the Lagrange’s
principle there exists dual variables (w, z, P, g) such that

W= e 20205 (5, — AW+ Vp—Zlp)  inQ,

Z=e20(z, — AZ + V7) in Q, (65)
0= e 4867 +sP, 1575 inwx (0,7),

w=z=0 on Y.

Let us set

Po={(w,2,p,q) €C®@Q)*?;V-w=V-2=0in Qw=2=0o0nY and /q(m,t)dx:O}

wo
o((®,2,5,9), (w, 2. q)) = / / ¢ 2982983, — AT + VP — Z1o)(—wi — Aw + Vp — zlo)dadt  (66)

—I—// e 28" (z, — AZ 4 V) (2 — Az + Vg)dzdt + // —AsB" 5B Biswdadt Y (w, 2, p, q) € Po.
Q wx (0,T)

With this definition, one can see that, if the functions @, z and ¥ solve (64), we must have

a((m727ﬁ76)7(w7z7p7q)):l(w"z7p7q)7 V(w727p7q)€P07 (67)
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where

l(w, z,p,q) :// flwdxdt—f—/ Sfazdzdt. (68)
Q Q

The main idea is to prove that there exists exactly one (,%,D,q) satisfying (67). Then we will define

P I N N

Indeed, observe that the Carleman inequality (59) holds for (w, z,p, q) € P,

// s (v |w| dﬂ?dt‘i‘// _555 \z| dzdt < Ca((w, 2,p,q), (v, 2,p,q)) Y (w,z,p,q9) € Py. (69)
Q

In the linear space Py we consider the bilinear form a(.,.) given by (66); from the unique continuation
property for Stokes-like systems (see [10]) we deduce that a(.,.) is a scalar product in Py. Let us now consider
the space P, given by the completion of Py for the norm associated to a(.,.). This is a Hilbert space and
a(.,.) is a continuous and coercive bilinear form on P.

We turn to the linear operator I, given by (68) for all (w, z,p, q) € P, a simple computation leads to

l(w,2,p,q) < ‘ He’%sﬁ*(v*)?’/zw’

B ()72

L2 Q)N

Hef2sﬂ* (7*)3/22’

L2(Q)N

+ He2sﬁ* (’)’*)73/2,](2‘

L2(Q)N
Then, using (69) and the density of Py in P, we have

L2(Q)N

Ww,z,p,q) <C (}

oA ()|

4 Hezsﬁ* (V*)_3/2f2‘

v :
LN L2(Q)N) l(w,z,p,0)llp ¥(w,2,p,q) €P

Consequently [ is a bounded linear operator on P. Then, in view of Lax-Milgram’s lemma, there exists one
and only one (W, z, P, q) satisfying

(70)

P N N NN

a((w7z’ﬁ76)’(w7zﬂp7q)) = l(w7z7p7Q)7 v(w7z7p)q) E ,P
Z,D:7)
(

B =e 2025w, — AW+ Vp—7Z1lp), Z=¢ 2% (2, — AZ+Vq) and 7= e 40 50,155

/\/\AAA

// 2P0 0w d:cdt+// 290 |32 ddt + // 48 =58y~ 15 512dpdt < oo
G

wx(0,T)
and solves the Stokes system in (64). The first point is easy to check, since (w,z,p,q) € P and
// 250+267 4 =5 5|2 dzdt—|—// 2587 122 dedt+ // 487 =56~ =15 1512 dadt = a((w, 2, D, q), (W, 2, P, 7)) < +00.
Q wx(0,T)

In order to check the second point, we introduce the (weak) solution (w, Z, p, q) to the Stokes system

—Aw+Vp=fi+0vl,, V-w=0 inQ,
21— AZ+Vq=fo+wlp, V-2=0 inQ,

71
w=z=0 on X, (1)

Wit=0 = Zjs=7 =0 in Q.
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In particular, (w, 2) is the unique solution by transposition of (71), in the following sense

((,2), (a,b)) 2(gyex = ((f1 + 01w, f2), (0, ¥)) 12(g)2n, Y (a,b) € Q)™ (72)
where (¢, 1), together with some (7, ), solves
{P*(x, t:D)(p,¥) = (a,) in Q.
Vip=V-=0inQ, p=1%=0 on 2.
Here, we have denoted by P*(z,t; D) the formal adjoint operator of P(x,t; D) given by
P(x,t; D)(w,2) = (W, — AW + Vp, =% — AZ + V§ — wlp)".

From (70) and the deﬁnition of (w,z,v), we see that (A z) also satisfies (72). Consequently, (W, z) = (w, 2)

/\,\/\/\ .

It only remains to check that

250" (3)715/2 € L2(0,T; H*(Q)N) N L>®(0,T;V) and e2*%" (3)72 € L*(0,T; H*(Q)N) N L=(0,T; V).
To this purpose let us introduce ((w*,p*),(z*,q*)) = (2% ()/2(w,p),e2°?" (3)7(z,q)). Then
(w*, z*,p*, %) solves

*

— Aw* + Vp* = ff 4+ 0* 1, + (€295 (3)71%/2) w0, V-w* =0 in Q,
—2F — A+ Vg = fF+wle — (25 (5) )z, V25 =0 in Q,

w*=2"=0 on ¥, (74)
Wh_g = ey =0 in Q,

where
Ji= B @)L = B E) f vt = B F) % and = e (5w,

First we look to the equation satisfied by w*. We prove that the right-hand side of the first equation in (74)
is in L2(Q)". Indeed, by the definition of 3, 8*, 5 and v* we have

o 71, |—e2sﬁ (F)1%2 vl | < C(s, N)e2s8” —35B y15/2|0)1,, € L2(Q)N.
o [f] =€ (A) /2 f1] < Cs, e3P () 732 fi] € L2(Q)N.

o [(e3*7" (7)719/2) ] < CTsed*" (§) 76/ 0w| < C(s, A, T)e 55" (v7)~5/2|u| € L2(Q)Y

Here, we have used the fact that e#” < Ce5(1+95 for all € > 0 and some Ce(s,A) > 0.

Then, we can apply the regularity result for the Stokes system in Lemma 2.3, hence
w* € L2(0,T; H*(Q)N)nL>(0,T; H (Q)™). (75)
Now we turn to the equation satisfied by z*.
o [f51 = @) Ifol < Cls, N)e™ ()72 fo] € LX@Q)Y
o [w*lo| = e (3)|w[lo < C(s, Ne*? 5" ()72 |u| € L2(Q)N

o (37 (3))i2] < CTsehs? (FYA1/5]2] < C(s, A, T)es?" |2] € LA(Q)
Again, we have used the fact that %" < C.es(1+9)B for all € > 0 and some Ce(s,\) > 0. We deduce that
2 € L2(0,T; H*(Q)N) nL>=(0,T; H'(Q)™). (76)

This concludes the proof of Proposition 4.1.
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5 Insensitizing controls for the Navier-Stokes system

In this section we give the proof of Theorem 1.1. Using similar arguments to those employed in [13], we will
see that the result obtained in the previous section allows us to locally invert a nonlinear operator associated
to the nonlinear system

wy — Aw+ (w,V)w+Vp=f+uvl,, V-w=0 in Q,
-2zt — Az + (2, VYw — (w,V)z+ Vg=wlp, V-2=0 inQ,
(77)
w=2=0 on X,
Wy=0 =0, 2j4=7 =0 in Q.

We will use the following form of Lyusternik theorem (see [1]) which is in fact an inverse mapping theorem:

Theorem 5.1. Let £ and G be two Banach spaces and let A : € — G satisfies A € CY(E;G). Assume
that eg € €, A(eg) = hg and A'(eg) : € — G is surjective. Then there exists 6 > 0 such that, for every h € G
satisfying ||h — hollg < 0, there exists a solution of the equation

Ale)=h, e€é&.

We will be led to use this theorem with the space £ = £5*, with fixed s and \ like in Theorem 3.1 (so
Lemma 4.1 holds),

G =G x Go = L2(e3°5" (4*)3/2, L2 Q)N x L2(e2F" ()32, L2(Q)N)
and the operator
A(w, z,p,q,v) = (wi—Aw+(w, V)w+Vp—vly, —2—Az+(z, VHw—(w, V)2+Vg—wle), Y(w,zp,q,v)€E.
Since all the terms arising in the definition of A are linear, except for (w, V)w and (z, V! )w — (w, V)z (wgfﬁ

are in fact bilinear), we only have to check that the terms (w, V)w and (z, V' )w — (w, V)z are well-defined
and depend continuously on the data.

Proposition 5.1. A€ C1(&;G).
Proof of Proposition 5.1. We will prove that the bilinear operator
(W', ph, 2 q" 0h), (w2 p?, 2%, 6%, 0%) = (' - V)w?,
is continuous from &£ x £ to G;. If (w, 2z, p, q,v) € &, notice that
258 (F)~15/2y € L2(0, T; H2(Q)N) N L>®(0,T; V). (79)
Then, we deduce that
27" (3)715 2wt € L2(0,T; H*(Q)N) € L*(0,T; L®(Q)N) and €27 (3)719/2Vw? € L=(0,T; L2(Q)V*N)

thanks to the Sobolev embedding theorem. Consequently, we have

and (w, V)w is bilinear continuous from & x £ to Gy.
Arguing as before we are able to prove that

ods8” (A)—15/2w1‘

3 egsﬂ*ﬁ)—m/sz

e%sﬁ* (,y*)—3/2(w1’ v)w2HL2(Q)N <C ‘

HLOO(O,T;Hl Q)N
(80)

L2(0,T5L5°(Q)N) ’

((wh,p', 2t g ot), (w?,p?, 22, 6% 0%)) — (wh - V)22

and
((w1)p1,217q17v1), (w2,p2,22,q2,v2)) N (21 . vt)wQ
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are continuous from & x £ to Gs. Indeed, for (w, z,p, q,v) € £ we have

ez (3)7Vz € L0, T; L*(Q)V*N) and  e2%%"(5)7z € L2(0,T; L= (Q)N). (81)
Therefore,
258" () =3/2 (1 ¥ 2‘ < C‘ 358% (2 —15/2 1’ ‘ LoB* (7T 2H
He ) (w’, V)z L2(Q)N — ¢ ) v L2(0,T;L° (Q)N) € ()" Lo (0,T;H (Q)N)
and
258* [ x\—3/2/ .1 ot 2‘ < C” 1aB* (7 1‘ ‘ 348% (~\—15/2 2H
He () (27, Vw L2(Q)N — ¢ ()" L2(0,T;L>° (Q)N) € @) v L= (0,T;HL(Q)N)

since
()< @)

Taking into account the continuous dependence with respect to the data, we have that these terms above
are continuous from £ x &£ to Gs.
This ends the proof of Proposition 5.1.

Finally, we can apply Theorem 5.1 for eg =0 € £ and hg = 0 € G. From the result obtained in Section
4, we deduce that A'(0) : £ — G, which is given by

A (0)(w, z,p,q,v) = (wg — Aw + Vp — vy, —2 — Az + Vg —wle) V(w,z,p,q,v) €E, (82)

is surjective, that is to say Im(A'(0)) = G.

In particular, since yo = 0, there exists § > 0 such that, if |le fll2(g)~ < 9, then we can find a control
v and a corresponding solution (w, z,p, q) to (1) satisfying z;— = 0.

This concludes the proof of Theorem 1.1.
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