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ABSTRACT. In this work we present some results for the inverse problem of
the identification of a single rigid body immersed in a fluid governed by the
stationary Boussinesq equations. First, we establish a uniqueness result. Then,
we show the way the observation depends on perturbations of the rigid body
and we deduce some consequences. Finally, we present a new method for
the partial identification of the body assuming that it can be deformed only
through fields that, in some sense, are finite dimensional. In the proofs, we use
various techniques, related to Carleman estimates, differentiation with respect
to domains, data assimilation and controllability of PDEs.

1. Introduction and main results. Let O C RY be a simply connected bounded
open set (N = 2 or N = 3) whose boundary 99 is of class W2, Let v be a
nonempty open subset of 92 and let us denote by 1, the characteristic function
of ~.
Let D* be a fixed nonempty open set such that D* CC . We will consider the
following family of subsets of :
D={D CQ:D is asimply connected nonempty open set,
dD is of class W2 D ccC D*}.
In this paper we will deal with the following inverse problem:
Given (¢,v) and (a,B) in appropriate spaces, find a set D € D such
that a solution (u,p,0) of the Boussinesq system

—vAu+ (u-Vyu+Vp=0g, V-u=0 inQ\D,

—kAO+u-VO=0 in Q\ D, (1)
u=p, 0= on 0€,
u=0, 0=0 on 0D,
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satisfies the additional conditions

n% =B on 7. (2)

In (1), u, p and @ are respectively a velocity field, a pressure distribution and a
temperature f. The constant vector g is the gravitational force and v > 0 and k > 0
are given constants, respectively representing the kinematic viscosity and thermal
conductivity of the fluid. In (2), Id. is the identity matrix and e(u) is the linear
strain tensor, given by

o(u,p)-n:=(—pld. +2ve(u)) - n = q,

e(u) = %(Vu + V).

All along this paper we will assume that, among other things, (¢, ) # (0,0).

The interpretation of problem (1)—(2) is the following. We assume that a station-
ary Newtonian viscous fluid sensible to temperature effects fills an unknown domain
Q\ D at rest. The velocity ¢ and the temperature 1) on the outer boundary 99
are given and we are able to measure the normal stresses o(u,p) - n and also the
normal heat fluzx n% on v C J92. Then the question is whether we can determine
D from €2, v, ¥ and these measurements.

A related problem concerning a Navier-Stokes fluid was considered in [12]. A
similar problem has been analyzed in [18]. There, instead of (1), one has

~Au=0 inQ\D,
u=¢ on 09, (3)
u=20 on 0D,
and the role of the additional information (2) is replaced by
ou
on
Other problems of this kind have been analized by several authors; see for in-
stance [1], [2], [3], [4], [5], [6], [7], [10], [11], [14], [19] and [20].
In what concerns the associated direct problem, i.e. the determination of (u, p, 9)
(and then « and B) from €2, D, ¢ and v, we have the following standard result:

=a on 7. (4)

Theorem 1. Assume that D € D and (p,) € HY/?(0Q)N x H'/2(09) satisfies

/BQ@-ndl"zo. (5)

(a) For any v > 0 and any k > 0, (1) possesses at least one solution (u,p,0) that
belongs to HY(Q\ D)N x L2(Q\ D) x HY(Q\ D) and verifies

C 1
s < S (Wolle + 2 1ollaalblle + il + el ).

1
6]l < C <||¢|H1/2 + el [l +vlellme + ||w||§11/2> ;

where C' only depends on Q and D* and o(u,p)-n € H-Y/2(0Q)N, 8¢ ¢ H=1/2(9Q2).
(b) There exists a positive constant Ko = Ko(S2, D*) such that, if (p,1) satisfies

1
K(v,k,0,9) = Yl + —lelazllvlme +vilelp + lpllF/2
V2K
v+ K’

then the solution of (1) is unique (p is unique up to a constant).

< KO(QaD*)
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(¢) If in addition r € [2,400) and (p,¥) € WQ_Z”(@Q)N X Wi‘l/”(aﬂ), the
previous solutions of (1) satisfy (u,p,0) € W2 (Q\D)N x WLT(Q\ D) x W2 (Q\ D)
and o(u,p) -n € W=/rm (0N and 8¢ € W11/ (0Q).

For completeness, we will present the proof of this result in Section 6.

Remark 1. In the sequel, we will always assume that (¢,1) € HY2(9Q)N x
H'Y2(99), (5) is satisfied, and (7) holds. Accordingly, for each D € D, we can
speak of the unique solution (u,p,6) € HY(Q\ D) x L2(Q\ D) x H*(Q\ D) of (1).
On the other hand, it is clear from (6) that, if (7) is fulfilled, the weak solution
to (1) satisfies
V+K
VK

1 * * *
([Vul| g2 + E||V9||L2 <C(Q,D%) K, k,@,9) <C(Q,D*)Ko(Q, D*)v. (8)

In the sequel, we will have to consider several linear systems of the forms

—VAE+ (u-V)E+(E-Vu+Vx=pg, V-£=0 inQ\D,
—kAp+u-Vp+£-VO=0 in Q\ D,

E=p, p=2 on 0, (9)
£E=0, p=0 on 0D
and
—VAE — (VE U — (u-V)E+Vy=—pVl, V-£=0 inQ\D,
—kAp+—u-Vp=£&-g in Q\ D, (10)
5:905 p:’l/) Onan
£€=0, p=0 on 0D,

where uw € HY(Q\ D)N, V-u =0in Q\ D and § € H'(Q2\ D). Under these
assumptions, there exists a constant K1(Q2, D*) such that, whenever

1
IVul|rz + EHVGHLZ < K1(Q,D*)y, (11)

the systems (9) and (10) possess exactly one weak solution. In view of (8), there
exists a new constant K5(Q, D*) < Ko(2, D*) such that, if we have

1/2K}

K(v, k,0,9) < K3(Q,D")

V+K (12)

and u and 6 solve (together with some p) the nonlinear system (1), then the existence
and uniqueness of weak solution is ensured for (9) and (10).

In the context of the inverse problem (1)—(2), the first property we will analyze
is uniqueness. Thus, let DY and D! be two sets in D and let us consider the systems

—vAut + (ut - V)ui + Vp' =0'g, V-u'=0 in Q\E,

—KAO +ut - VO =0 in Q\ D, (13)
u=p, 0 =49 on 012,
u=0, 6=0 on 0D,

for i = 0 and ¢ = 1. We have the following uniqueness result:

Theorem 2. Assume that (,v) € HY/2(0Q)N x HY?(09), (¢,1) # (0,0) and

satisfies (5) and (7). Let D° and D' be two sets in D, let (u’,p*,0") be the unique
solution of (13) and let us set o' = o(u’,p')-n and B = /ﬁ% fori=20,1. Then, if

a®=at and B°=p' on 7, (14)
one has D° = D'.
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For the proof of this result, we will an argument already used, for instance,
in [6] and [13]. To this end, we need an appropriate unique continuation property,
which will be proved in Section 2. We will also be concerned by the way o(u,p) - n
and n% depend on (small) perturbations of D and some related consequences (see
Theorem 3 and the remarks after it). In order to represent the deformations of a
set D € D, let us introduce

W={meW»*R";RY) :|m|w2~ <e, m=0 in Q\ D"},
where € > 0 is small enough. For each m € W, we define a new domain D + m by

Di+m={zeRY : z=z+m(z), z€ D}

FIGURE 1. Deformations of D

It is then known that, if € is small enough, for any D € D and any m € W, one
has again D + m € D; see for instance [24].
For each m € W, let us consider the “perturbed” Boussinesq system

—vAv+ (v-Vv+Vg=ng, V-o=0 inQ\(D+m),

—kAn+v-Vn=20 in Q\ (D +m), (15)
v=p, =19 on 94,
v=0, n=0 on (D + m).

In view of Theorem 1 and our assumptions on (p,%), for each m € W the
Boussinesq system (15) possesses exactly one solution (v,q,n) that belongs to
H2(Q\ (D +m))N x HY(Q\ (D +m)) x H*(Q\ (D +m)) and satisfies o(v,q) -n €
HY2(0Q)N and 92 € HY2(99). Let us denote by (u,p,6) the solution of (1),
i.e. the solution to (15) for m = 0.

Our second aim in this paper is to deduce identities of the form,

{ o(v,q)-n—o(u,p) -n = Lym +o(m) on v,
1o}

ﬁa—z — Ry = Lom + o(m) on 7,

where L1 and Lo are linear operators and

o(m
|m|(|sz =0 as |m|w2= — 0. (16)

Theorem 3. Assume that D € D, m € W and (p,v) € H>?(0Q)N x H3/?(99Q)
satisfies (5) and (12) and let (v,q,n) and (u,p,0) be the solutions of (15) and (1),
respectively. Then,
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(a) We have

o(v,q)-n—o(u,p)-n=o(u,p) -n+o(m) on 7, (17)
on 06 00’
g = g 1
K ~ g = o + o(m) on 7, (18)
where o(m) satisfies (16) and, for each m € W, (u',p',8") is the solution of the
associated linear problem

VAU + (W - Vu+ (u- V' +Vp =0¢g, V-u' =0 inQ\
—KAO +u' - VO+u-VI =0 in Q\
u' 4+ (m-V)u e HY(Q\ D)V,

¢+ (m-V)0 € H(Q\ D).

D,
D,

(b) Assume that & € C?(0R2), suppé CC v and € = 1 on 7, a relative open set of
0Q such that 5 CC . Then, for any (,2) € C*(F)N x C?(7) satisfying

/gf-ndF:O, (20)
v
we have
n— )7 on 99\ .
[ (et —otup) - gear-en | (5250 )sear o

:—V/BD(m%L)%~%de/aD(m~n)%n%dF+ o(m).

Here, (y,m, z) is the solution of the adjoint system

—vAy — (Vy)lu— (u-V)y+Vr=-2V0, V-y=0 inQ\D,

—kAz—u-Vz=y-g in Q\ D, (22)
y=g6 z=%¢ on 0%,
y=0, z=0 on 0D.

For the proof, our main tool will be the domain variation techniques introduced
by F. Murat and J. Simon in [21] and [22]; see also [24] and [9]. We will present the
proof of this result in Section 4.

Remark 2. Notice that, in view of (17)—(19), for each m € W we can compute
the local derivatives (u’,p’,6) and then the differences o(v,q) - n — o(u,p) - n and
:‘ig—z — Ii% on v up to second-order perturbations. On the other hand, we see
from (21) that the same quantity can be easily computed using (y, 7, z), which is

independent of m.

Corollary 1. Let the assumptions of Theorem 3 be satisfied and assume that 0D €
W32 and the perturbation m is of the form m = An +m* on 0D, where A € R
and m* -n =0. Then, if (y,2) satisfies (20) and

o ou 0Oy 00 0z
K= oD (Van 8n+H8n8n) dr' # 0,

(20 sear) 4 s

we have:

A:-% (L(U(v,q)-n—a(u,p)-n)-yfdl"—i—m/

~
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Remark 3. Assume that 052, ¢ and 1 are regular enough and we have already
computed a first regular approximation D to the solution of our inverse problem.

Then, the associated solution (u,p, ) and consequently

- o 5 00
aly =o(u,p) -nly and Bly =ko—|,

on

are known. Assume that we intend to compute a new (and possibly better) approx-
imation of the form D + m where m = An +m* on 0D, A € R and m* -n = 0.
From (21), for each § and z as in Corollary 1, we can write

L <(o(v,q) ‘n—a) -+ G% — B) zg) dl' = —\K + o()\),

. ou Oy 000z
K = — .= 22 4r
/ajj <V8n on * “on 8n>
and (y,m,z) is the solution of (22). So, the “good” strategy is to choose A, if
possible, according to the formula:

A=—% (L ((a—d)-y€+(ﬁ—/§)2«£)df)-

Indeed, this is a way to ensure that, at least at first order, the projections of
o(v,q) - n|y, and «a|, in the direction of § and the projections of mg—Zh and f|, in
the direction of Z coincide.

where

Remark 4. More generally, starting from an already computed candidate D to the
solution of problem (1)—(2), let us try to determine a better candidate of the form
D + m, where m - nlyp € M and M is a finite dimensional space. Let {f1,..., fa}
be a basis of M. Then we can write

d
menlyp =Y aif;

i=1
for some a; to be determined. Let us introduce d linearly independent functions
(7, 2%) € C2(F)N x C2(7) satisfying (20). Using again (21), we see now that

A ((o(v, q)-n— @) - g;E + (H% — B) zjg) ar = — zd: Kija; + o(m),

i=1

where

N ou dy 90 92 .
K = ; — = —_— T =1,...
! /anl (Van on +H8n 8n> b Vi.j peeed

and, for each j, (y;,7;, z;) is the solution of (22) corresponding to the data g; and
Z; . Consequently, a strategy to compute the coeflicients a; is to solve (if possible)
the system of equations

d
ZKijai =—(a—a,5;1,) = (8-5,z1,), 1<j<d
i=1

These ideas are being considered in a work in progress which will appear in the next
future.
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Our third aim in this paper is the (partial) identification of D. More precisely,
we will analyze the following question. Let us assume that D € D is known and
thus we can solve the direct problem (1) and compute (¢, ) from (2). Let us also
assume that we know the observation (a™, ™) corresponding to a modified domain
D + m, with m € W. Then we want to know whether we are able to compute
m-n|pp from D, (a, ) and (o™, ™). Our third main result is the following:

Theorem 4. Assume that (p,1) € H3/2(0Q)N x H3/2(09Q), (,v) # 0 and satis-
fies (5) and (7) and the corresponding solution of (1) satisfies

2

Ou #£0 on AD. (23)

_2+ 90
on

an

Also, assume that m € W and (m - n)|ap belongs to a finite dimensional space
M C WhH*(dD). Then (m-n)|sp can be computed explicitly, up to second-order
terms, from Q, D, M, «, 8, ™ and ™.

More precisely, there exists a computable function

Hopw: Hl/Q(V)N X H1/2(7) = M

such that
(m-n)lop = Ho,p,m(a™ — a, ™ — B) + o(m)

for all m € W with (m - n)|sp € M.

Remark 5. The assumption (23) is reasonable. Indeed, in view of the unique
continuation results we will prove below (see corollary 2), the set of points of 9D
where (23) is not satisfied has no interior point. On the other hand, (23) is satisfied
whenever, for instance, we have (g, 1) € W2~/ (9Q)N x W2=1/77(9Q) for some
r> N, >0, ¢ # 0 and the other assumptions on (¢,®) are fulfilled. This is
a consequence of Hopf’s maximum principle applied to the equation satisfied by 6;
see for example [17]. In fact, in this case we obtain g—z <0 on 0D, which trivially
implies (23).

To our knowledge, it is unknown whether (23) is implied by the other assumptions
on (p, 1) imposed in Theorem 4.

For the proof of this theorem, we will use (again) domain variation techniques
and also some recent results on data assimilation introduced by J.-P. Puel in [23].
For clarity, we will first present the argument in the case of the similar but simpler
problem (3)—(4), which involves only the Laplace equation; see Section 5.

The rest of this paper is organized as follows. In Section 2, we will prove a unique
continuation property needed for the proof of Theorem 2. Theorems 2, 3 and 4 are
respectively proved in sections 3, 4 and 5. Finally, Section 6 deals with the proofs
of Theorem 1 as well as other technical results.

2. A unique continuation property. In this section, we will present a unique
continuation property which will be used in the proof of Theorem 2. Let G C RY
be a bounded connected open set (N = 2 or N = 3) whose boundary 9G is of class
W10 In the sequel, C' denotes a generic positive constant.

We will prove the following result:
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Theorem 5. Let w C G be a nonempty open set. Assume that a € L>=(G)N,
be L*(G)N,de L>®(G) and V-a =V -b=0 in G. Then any solution (v,q,n) €
HY(G)N x L?(G) x HY(G) of the linear system

{ —vAv+(a-Vv+(v-V)b+Vg=mng, V-v=0 inG,

—kAn+a-Vn+v-Vd=0 in G, (24)

satisfying
v=0 and =0 in w

is zero everywhere, i.e. satisfies v =0 in G, ¢ = Const. in G and n =0 in G.

The proof of this theorem is based on the ideas and results in [15]. It will be
composed of four steps. First, we recall an appropriate local Carleman inequality
(see Section 2.1). Then, in Section 2.2, using this Carleman inequality, we will prove
the result of Theorem 5 but in a ball and for potentials a and b with sufficiently
small L*° norms. Next, in Section 2.3, we will show the result in small balls. Finally,
in Section 2.4, we will conclude the proof.

2.1. Carleman inequality. In [15], the following result can be found:

Proposition 1. Let U C RY be an open set, K C U a nonempty compact set,
aji € C®MRN) for 1 <j<s,1<k<N and ¢ € D(RY). Let us set

s N
Llf:ZZajkakfj Vf:(flvafs)€L2(U)s

j=1k=1

and
ao(z, &) = Z (& = O5(x)?), bolx,€) = 2Zsj djp(z) Y(z,8) €U xRN

Jj=1
and let us assume that ¢ satisfies the following property:

V¢ does not vanish in U; furthermore,
3Cy > 0 such that Ocao(x, ) - Oxbo(x, &) — Ozap(z,§) - Oebo(x, &) > Co (25)
for all (z,&) € U x RN such that ag(z, &) = by(x, &) = 0.

Then, there exist constants C1 > 0 and hy > 0 such that, for any couple (y,F) €
H}(U) x L2(U)* satisfying supp (y) Usupp (F) C K and Ay — L1 F € L*(U) and
any h € (0,hy), one has:

/e2w/h(|y|2+h2|w|2>dxgcl/ ¢/ (W F|” + 1P| Ay — L F[*) de. (26)
K K

2.2. A unique continuation property for small coefficients. In this para-
graph, we will deduce the result in Theorem 5 but for potentials with sufficiently
small norm.

Let B(0;r) be an open ball of radius » > 0 centered at the origin. We consider
system (24) in B(0;2), i.e.

(27)

—vAv+(a-Vv+ (v-V)b+Vg=ng, V-v=0 in B(0;2),
—kAn+a-Vn+v-Vd=0 in B(0;2).

)

We have the following result:
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Lemma 1. Assume that a € L>(B(0;2))", b € L>®(B(0;2))Y, d € L>=(B(0;2))

and V-a =V -b=0in B(0;2). Then there exists ¢ > 0 such that, if
lallc <€ and bl <,

any solution (v,q,n) € H*(B(0;2))N x L?(B(0;2)) x HY(B(0;2)) of (27) satisfying
v=0 and n=0 in B(0;1) is zero everywhere.

Proof. Let (v,q,n) € HY(B(0;2))" x L*(B(0;2)) x H'(B(0;2)) be a solution of
(27) satistying v = 0 and n = 0 in B(0;1). Since ¢ = Const. in B(0;1), it is not
restrictive to assume that it also vanishes in B(0;1).

e STEP 1: Let us first see that Proposition 1 can be applied in this context for some
appropriate choices of U, K, L1 and ¢. Let us choose € > 0 and let us set

1
K={zecR" : %§|z|§2fs} and U= {zecR" : §<|z|<2}.

Let ¢ € D(RY) be such that

o(z) = e 1" vz € B(0;2), (28)

where 6 > 4. Notice that
djp(x) = —20p(z)x;, (29)
0;0kp(x) = —20p(x)djk + 462<p(x)acjack , (30)

where d;;, is the usual Kronecker’s symbol.
Assume that ao(x &) =bo(z,8) =0, ie.
N

252 > (9ip(x))* and Zéjajsﬁ(z)f

j=1
Then, in view of (29) and (30) we have
85a0(96,§) ambO(‘Tag) _azG/O('Tag) afbo(l' 6)
= 640°%p( Z lazzk - 1] = 648%p(z)?|z|?[0]z|> — 1]
j=1 k=1
> 1653e —35/4 (% _ )
Consequently, (25) is satisfied by this function ¢ in this open set U.

e STEP 2: We introduce a function ¢ € D(IO() suchthat ( =1inl1—¢e < |z| < 2—2e.
We put

v=Cv, §=Cq, 7=n, (31)
where (v,q,n) € H'(B(0;2))Y x L2( (0;2)) x HY(B (0 2)) is a solution of (27). It
is then clear that (7, q, n)EHl( Nx L 2(Io()x (

From (27) we can readily see
VAT VGV () =g —(a-V)T+ H in K, (32)

where H; € LQ(IO{) is given by
Hy =b(v-V)(—2vV(-Vv—vvA(+ (a- V(v + qVC. (33)

This is true because V-v =01in U.
Taking the divergence in the first equation of (27), we see that

Ag=-V-((a-VYo+(w-V)O)+Vn-g=-V-((a-V)v+ (Vv)b) +Vn-g. (34)
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Here, we have used that 0;(v;0,;b;) = 9;(0;v;b;), which is a consequence of the
identities V- v = V- b= 0. Then, using (34) we deduce that § satisfies

AG+V - ((a-V)8)+ V- (Vo)) = Vij-g+ Hy in K, (35)
where Hy € LQ([O() is given as follows:
Hy = (a-V)o-VC+V-((a-VO)w)+ V¢ ((b- Vo)
+ V- ((b-VQv) —nV(-g+2V(-Vqg+ qAC. (36)
Using now the second equation of (27), we get
—kAN+ V- (dv) = —a-Vij+ Hs, (37)
where Hjz € LQ(IO{)N is given by
Hs =dv-V{—2kV(-Vn—knAl+ (a- V. (38)

Here, we have used that 0-Vd =V - (d?) —d(V-0) =V - (d?) —dv -V, which is
again implied by the fact that V -v = 0.

e STEP 3: We will now apply Proposition 1 several times.

(a) More precisely, let us first take s = N + 1,
1 1Y
Lif ==—0cfo— =D 0if; Vf=(fo,fr,....fn) € LHW)N,
=1

y = 0 and F = (G, 01by,...,0nbg). Thanks to (32), we have (y,F) € H3(U) x
L?(U), Ay — L1 F € L*(U) and supp (y) Usupp (F) C K. Therefore, we can apply
Proposition 1 and deduce that there exist C' > 0 and h; > 0 such that, for any
h € (0, h1), the following holds:

/ 62“’/h(|ﬁ|2+h2|V6|2)dx§Ch/ (g + |bo]) da
K

+ Ch3/ eQWh|ﬁ|2dz+Ch3/ >/ (a - V)0)? da + ChB/ eX?/M H,|? du,
K K K

(H, € LQ(IO{) is given by (33)). Then, we also have

/ eQw/h(|ﬁ|2+h2|Vﬁ|2)dxSCh/ e”/hldlzdﬁcﬁ/ e*#/Mii|? da
K K K (39)
+Ch3/ e*?/M Hy ? da
K

for 0 < h < hg := min(hy, C(||a||<2 + ||b]|>2). Notice that H; is independent of h
and has the same support than V(. This will be used below.

In the sequel, our goal is to get suitable estimates for the first two terms in the
right hand side of (39). We will be able to do this, using again Proposition 1.

(b) At this point, we will apply again Proposition 1. This time, we take s = N,

Lif==V-f Vf=(f,...,fn) € L*(U)",

a = (a- V)0 + (V0)b. In view of (31) and (35), we have (y,F) €

Yy = nd F a
x L2(U)N, Ay — L1F € L?(U) and supp (y) U supp (F) C K. Thus, we

q
U)

O



A GEOMETRIC INVERSE PROBLEM FOR THE BOUSSINESQ SYSTEM 11
deduce from Proposition 1 that there there exist C > 0 and h3 > 0 such that

[ e#mar - 12vaPy e < ch [ e a- V)sP + |(T5)b) de
+C’h3/ eQw/h|Vﬁ|2dz+Ch3/ e*?/M Hy|? dx:
K K

for any h € (0, hg), where Hy € LQ(IO() is given by (36). Notice that, again, Hs has
the same support than V(.

(¢) In order to apply proposition 1 to 7, let us now take s = N,

1
Lif=-=V-f ¥f=(fi,....fn) € LAU)Y,
y = 7 and F = do. Then, as a consequence of (37), we have again (y,F) €
HYU) x LA(U)N, Ay — L1 F € L*(U) and supp (y, F) C K and there must exist
C > 0 and hyg > 0 such that
/ 20/ (|52 + K2 Vi?) do < Ch/ 20/ 52 dr
K K

+Ch3/ 62“”/h|a-Vﬁ|2d:z:+Ch3/ /M Hs)? dx:
K K

for any h € (0, h4), where Hs € LQ(IO{) is given by (38) (again, Hs is supported by
the same set than V().

From this last inequality we deduce that, for any h € (0,hs), where hs =
min(hy, Cllal|32), the following holds:

/ 22/ (|2 + h2| Vi) da < Ch/ e2“”/hld17l2df”+0h3/ /M Hy|* dx. (41)
K K K

Now, we use (41) in (40) and we get that there exist positive constants R, C' and
hG = min(hg, h5) such that

[ P + 121VaR) de < Rh(lal + [bIE) [ Vo da
+0h2/ eQWh|d17|2d:c+C’h3/ eQw/h|H2|2d:c+Ch4/ e2?/M Hs|? dx
K K K

for any h € (0, hg), where Hy and Hs are respectively given by (36) and (38).
(d) Replacing (41) and (42) in the right hand side of (39), we obtain that

[ + 1V do < ORI (Jalle+ [bIE) [ /7193 da
+C(h? +h4)/KeQWh|dﬁ|2d:c
+C/K 22/ (h*|Ha|? + (h° + hS)|H3|* + h*|H1|?) dw
for any h € (0, h7), where h7 = min(hs, hg). Then, for some Ry > 0 we also have
[+ V) do < Rab(lall% + 912) [ /9ol da

(43)
+/ /" (h3| Hy|? + h*| Hy|* + hP°|H3|?) da
K
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for any h € (0, hg), where Hy, Hy and Hj are respectively given by (33), (36) and
(38). Notice that hg can be chosen as follows:

hg = Cmin(1, [|a|| 32, 1B, |d]|52/%).

Let us assume that

1
lallco <€ and ||bllcc <€ where €:= ——=

2VRy
Then, we deduce from (43) that

/ 2|62 + h2|Vo|?) do < c/ e2¢/M (W3 Hy|? + hY|Ho|* + h°|Hs|?) dz (44)
K K
for any h € (0, hg). Coming back to (41), we also find that
[ ol + 12V do < Ol [ WA+ 1 Haf + 1) Haf?) da
K K
(45)
for any h € (0, hg). On the other hand, from (40) and (44), the following holds:

[ e ar + 1V de

5 (40

<O+ [dIE) [ BRI 4 P+ P da
K

for all h € (0, hs).

e STEP 4: In order to achieve the proof, we will now argue as in [15]. Recall that

H, ,H, and Hs are respectively given by (33), (36) and (38) and have the same

support than V(. Therefore, H; , Hy and Hj vanish outside the ring 2—2¢ < |z| < 2.
We see from (28) that ¢ is a radially decreasing positive function in U, then

/ >/ (W3 Hy|? + h*|Hy|* + 1P |H3|?) do
K

2¢(2—2¢) (47>
<e R / (R3|H1|? + h*|Ha|? + h®|H3|?) da.
K
On the other hand, we also have
/ 2?62 + B2 VoY) de > / 2?1162 + B2 |V |?) da
K 1<|z|<2—-3e (48)
> (18]2 + k2| Vo) do

1<|z|<2—3¢

Combining (44), (47) and (48), the following is found:

/ (152 + R2|V[?) do < ChPeh (#(2=2e) =9 (2-32)) / |Hy|?dz,  (49)
1<|z[<2-3¢ U

where Hy € LQ(IO{) is independent of h. Using that ¢(2 — 3¢) — ¢(2 — 2¢) > 0, and
passing to the limit in (49) as h — 0, we get
2=0 in 1<z <2-3e
As (31) shows, we have o = (v and, since ( = 1in 1 < |z| < 2 — 3¢, we finally
deduce that v =0 in B(0;2 — 3¢).
In a similar way, starting from (45) and (46), it can be proved that ¢ = 0 and

n =0 in B(0;2 — 3¢). Since € > 0 is arbitrarily small, we finally deduce that v, ¢
and 7 vanish identically. This ends the proof of Lemma 1. O
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2.3. A unique continuation property in small balls. In this paragraph, we
will prove a result like Lemma 1 for not necessarily small coefficients but in a small
ball. More precisely, we have:

Lemma 2. Let G be an open connected such that xq € G. Assume that a €
L®(G)YN,be L*(G)N,d e L*(G) and V-a =V -b=0 in G. There exists g > 0
such that, if 0 < r < 1o, any solution (v,q,n) € HY(G)N x L*(G) x H(G) of (24)
satisfying v =0 and n = 0 in B(xo;r) vanishes in B(xo;2r). Furthermore, ro can

be chosen as follows:
. € € p
r9 = min , ,= ], (50)
(”a”oo [1B]] 2)

where € is the constant furnished by Lemma 1 and p is such that B(xg; p) C G.
Proof. Let us assume that (v,q,n) € HY(G)N x L*(G) x H'(G) solves (24) and
v=0 and n=0 in B(xg;r). (51)

For any x € G, we set ' = Az —x¢) and G’ = A\(G — zg), where A > 0 will be fixed
later on. Let us introduce the following notation:

1 n(z),
).

(x

V)=o), d@)=5ak), 7@)
d(a') =a(x), V(')=bx), d)
Using (24) and (51), we have:
{ —vAY + (A VW + (- VYATWY)+ VY =79, V-v'=0 inG,
—kA'N + X7t -V 0 -V (AT3d) =0 in G'.
and v = 0 and ' = 0 in B(0; Ar). Now, if

a’ v
1S < 15l < e and Ar> 1, 52)

we can apply Lemma 1 to (v, ¢’,n') and deduce that
v =0 and n' =0 in B(0;2). (53)
Let us take r as in (50), where p is such that B(zo;p) C G and let us assume
that 0 < r < rg. Let us take A = 1/r. Since)\>%2%,)\>%2%and
Ar = 1, we have (52), (53) and then v =0, n = 0 in B(xo;2r) and ¢ = Const. in
B(xo;2r). This proves the lemma. O

2.4. Proof of Theorem 5. In this section we will achieve the proof of Theorem 5.
Let (v, q,n) be a solution of (24) satisfying v = 0 in w and n = 0 in w. Let us assume
that B(xo;po) C w, and let z; be another point in G. There exists ¥ € C>([0, 1])
with 5(0) = 2o, (1) = z; and such that ¥(t) € G for all t € [0,1]. Let U cC G
be a bounded open neighborhood of F([0,1]). There exists p1 € (0, pg] such that
B(x;p1) C U for all z € 5([0,1]). Let us set

" (i)
ro=min | ——,———,— | .
llalloo " [[bllo ™ 2

In view of Lemma 2, for r € (0,7¢) and any x € ¥([0, 1]), the equalities v = 0 and
7 =0in B(z;r) imply v =0 and n = 0 in B(x;2r).
We fix now r with 0 < r < rg. It is then clear that
sup{t €[0,1]:u=0 in B(y(r);r) Vr<t}=1.

Hence, v =0 and n = 0 in B(x1;7). This ends the proof.
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As a consequence, we obtain the following result:

Corollary 2. Let I' C G be a nonempty open set. Assume that a € L>=(G)N

be L*(G)N,de L*®(G)and V-a =V -b=0 in G. Then any solution (v,q,n) €
HY(G)N x L?(G) x HY(G) of (24) that satisfies

v=0 and n=0 on T,

I
o(v,q) - n and Ko on
is zero everywhere.

Proof. Let us fix a point xg € I' and a number r > 0 such that

B(zo;7)NOG C T
Let us set

G' = GU B(zo; 7).
Then we can define the triplet (9,q,7) € H(G") x L*(G') x H'(G’) by extending
by zero (v, q,n) to the whole set G’, i.e. by setting

-~ [ (vgm), in G,

(2.4 7)) = { (0,0,0), in B(zo;r)NGe.
In this way, we obtain a solution (7, q,7) of (24) in G’ which vanishes in B(zg;7) N
G° C G'. By applying Theorem 5, we deduce that © = 0 in G, 77 = 0 in G’ and
G = Const. in G'. In particular, v and n vanish in G. This ends the proof. O

3. Proof of Theorem 2. Let D° and D! be two different open sets in D, let
(u?,p*) be the solution of the system

—vAut + (ut - V)ul + Vpl =0g, V-ul=0 in Q\E,

—kAO +ut VO =0 in Q\ D¢, (54)
u =, 0=4 on 01,
uw=0, 6=0 on OD*

and let us set o' = o(u?,p') - n, Bt = n%—f: for i =0, 1.

Assume that (14) holds. Let us consider the open sets D° U D! and OY =
Q\ DU D1, Let O be the unique connected component of O° such that 00 = 95
(recall that D and D! are subset of D*) and let us introduce

w=u'—u', y=60°-0' and 7=p" —p! in O.
Then (w,7,x) € HY(O)N x L2(0) x HY(O) and verifies

—vAw+ (W VYw+ (w-V)ul + Vr=xg, V-v=0 in O,

—kAY +u’-Vx+w- -Vl =0 in O,

w=0, x=0 on 012,
0

o(w,m)-n=0, ma—zzo on 7.

We now apply the unique continuation result in Corollary 2 (observe that, as a
consequence of the regularity hypotheses on ¢ and ¥, u°, u* € L>*(Q)" and V-u° =
V-u! =0 in Q) and we deduce that w = 0 and x = 0 in O, that is to say,

u=u'inO and #°=0"inO. (55)
For instance, let us assume that Dl\ﬁ is nonempty and let us introduce the open
set D? = D'U((Q\ D°)N(Q\O)). By hypothesis, D? \EO is nonempty. Moreover,
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d(D?*\ D%) =TOUT!, where ' = §(D?\ D9 NAD° and T'' = 3(D?\ D°) N dD!
(see Figure 2).

FIGURE 2. The dash set is D? \ D!

In view of (54) and (55), (u?,p, 0°) satisfies
—vAu® + (u® - V)u® +Vp® =%, V-u®=0 in D?\ DO,

—kA° +u° - VO =0 in D2\ DO,
wW=u=0, 0=0'=0 on I't,
ud = 00 =0 on IV,

)

Of course, the uniqueness of the null solution implies ©° = 0 in D? \ﬁ and % =0
in D?\ DO. Consequently, from Theorem 5 we deduce that «° = 0 in Q\ D° and
° =0in Q\ DO, which is impossible because u® = ¢ on dQ and 6° = ¢ on 9N
where (i, ) is not identically zero. This implies that D' \ D is the empty set.

We can prove in the same way that the set D\ D1 is empty. Therefore, D® = D!,
This completes the proof.

4. Proof of Theorem 3. In order to prove the equality (17), we will apply the
domain variation techniques introduced in [21, 22] and [24] and particularized in [9]
to Navier-Stokes systems. Notice that the main difficulty to see that the mapping
m— (v,q,n) (where (v, ¢,n) the solution of (15)) is differentiable relies on the fact
that (v, ¢,n) is a function defined for « € Q\ (D + m), a domain that depends on m.
The right way to proceed is as follows:
e First, we introduce a suitable change of variables, we rewrite the equations satisfied
by (v,q,n) in a fixed domain Q2 \ D and we prove the existence of the derivative of
the transported variable (v, g,7n) o (Id. +m). This leads to the definition of the total
derivative of (v,q,n) in the direction m:
(i1, 6)(m) = lim (v, ¢t n') o (Id. + tm) — (u,p,0)

t—0 t

)

where (vt, ¢*, ') denote the solution of (15) with m replaced by tm.
e Then, we prove the existence of the local derivative (u’,p’,¢') in the direction m,
which is defined as follows: For any open set w CC Q\ D, we put

t t .t
11l 1 (U 4 777)|w_(uap79)|w

Notice that this defines (v, p’,0")(m) in each open set w CC Q\ D and, consequently,
in the whole domain Q \ D.
Following the arguments of [9], we can prove the following result:
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Lemma 3. Assume (¢,1) € H>?2(0Q)N x H3/2(0Q) satisfies (5) and (12). Then
(a) The mapping m — (v,q,n)o(Id.+m), which is defined in W and takes values in
HY(Q\D)N x L?(Q\ D) x H'(Q\ D), is differentiable at 0, with (total) derivative

denoted by (i, p,0)(m). That is to say, there exists a linear continuous mapping
m — (4(m),p(m),0(m)) such that

(v,¢,7) o (Id. +m) — (u, p,0) = (i, p, 0)(m) + o(m), (56)
where o(m) satisfies (16).
(b) For each w CC Q\ D, the mapping m — (v,q,n)|w, which is defined in W and
takes values in H'(w)N x L?(w) x HY(w), is differentiable at 0. In other words,
m— (v,q,n) is locally differentiable. The local derivative at 0 in the direction m is
denoted by (u',p',0")(m).
(c) Furthermore, (u',p’,0")(m) is the unique solution of the linear system (19) and

(i, p,0)(m) = (u',p’,0")(m) + (m - V)(u,p,0). (57)

In view of (56) and (57), taking into account that m = 0 in a neighborhood of
09, we find that

o(v,q) -n—o(u,p) -n=0c(,p) -n+o(m) onnr,
Ii@ - m@ = Iia—el + o(m) on 7.
on on on
This proves (17) and (18).
Since (p, 1) € H3/2(Q)N x H3/2(Q), the solution (u, p, §) of (1) satisfies (u, p, §) €
H2(Q\ D)N x HY(Q\ D) x H*(2\ D), so we have

v =0 on 90 and u':f(m~n)% on 9D,
n

=0 on 9Q and 9’:f(m~n)? on 9D.
n

Let § € C?(F)N satisfy (20), with £ € C?(99), suppé CC yand € =1 on 7, a
relative open set of 92 such that ¥ CC 7. Let z € C?(%) be given and let (y,, 2)
be the associated solution of (22). We will justify that (21) holds. Multiplying the
first equation of (19) by y and integrating by parts, we get

/ _o(u,p")Vydx + / ((w- V) + (W - Vu) -y de
Q\D Q\D (58)

~ [ Gty g+ [ dgeyds

o0 Q\D

Here, the first term of the left hand side can also be written in the form

/ o(u',p)\Vydz = —/ vAy - dx +/ (o(y,m)-n) v dl
oD oD oD

=— VAy~u’dzf/ (m~n)%~(a(y,ﬂ)~n)df.
o\D aD on

The second term of the left hand side of (58) satisfies
/ (V) + (W V) yde = / B (ui&-ug-yj + uiOiuyy;) da
Q\D

o\
= (—uiOiyjuy + widpuyy;) de = / (=(u-V)y+ (Vu)'y) - de.
Q\D Q\D
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Therefore, we obtain from (58) that
/ (o(u',p) - n) ~§§dF+/ 0'g-ydx
o0 Q\D
:f/ (m~n)—u~(o(y,7r)~n)df— 2V - u' dx.

aD on oD

On the boundary 0D, since u and y vanish, we have g—z ‘n=V-u=0o0ndD and

o(y,m) -n=2ve(u) -n—pn= I/@ +v(V-y)n—pn ondD.

on
Consequently,
ou ou Oy
e (o(y,m) - n) =vo- g on oD
and

/ (U(U’,p’)'n)~§§dF+/ 0'g-ydx
1Y) Q\D
ou

=-—v (m~n)—~@df— 2V -u' dx.
aD on  On oD

(59)

On the other hand, multiplying the third equation in (19) by z and integrating by
parts, we have

/
/ %25 dl' = / kVE -Vzdr + / (u-VO0 +u'-V0) zdz. (60)
a0 On Q\D O\D

The first term in the right hand side of this equality is as follows:

/ &V -Vzdx —/ k' Az dx + / HG/% dr

O\D oD op  On

= - / k0 Az dx — / (m - n)% n% ar.  (61)
o\D aD on On

The second term in the right hand side of (60) reads

/ (u;0:0' + ), 0;0) zdx = —/ u;0;2 6’ der/ ul, 0;0z dx
o0\D 0D o0\D

= —/ (u-Vz)@’—i—/ 2V0 - u' dz.
Q\D Q\D

From (60), (61) and (62), we deduce that

9/
/ g—idef/_H’g~ydz
a0 on O\D

00 0z
= — m~n—n—dF+/ 2V0 - dx. 63
/BD( )an on oD (63)

Finally, adding (59) and (63) we obtain that

(62)

/
[opyn) gear+ [ Gzear
¥ 5 On (64)
=—v (m~n)@~@dF—/ (m~n)%n%(ﬂ‘
N oD on On oD on on

Now, using (17) and (18) in (64) we get (21). This ends the proof of Theorem 3.

5. Proof of Theorem 4. To clarify the situation, we start presenting a sketch of
the proof of Theorem 4 in the much more simple case of the Laplace equation.
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5.1. A simple case: the Laplace equation. Given ¢ in an appropriate space,
D € D and m € W, we consider the following problems:
—Au=0 inQ\D,
u=¢ on 09, (65)
u=20 on 0D
and
—Av=0 inQ\D+m,
v= on 0F), (66)
v=0 on (D + m).
We now set a = g—;ﬂv and a™ = 22|, . Then we have the following result:
Theorem 6. Assume that p € H3/%(9Q) does not vanish identically. Also, assume
that m € W and (m - n)|ap belongs to a finite dimensional space M C W1>(dD).

Then (m -n)|ap can be computed explicitly, up to second-order terms, from Q, D,
M, a and . More precisely, there exists a computable function Go p m such that

(m-n)lop = Ga,p.m(@™ — a) + o(m) (67)
for all small m with (m -n)lap € M.

Sketch of the proof: We will proceed in three steps:
e STEP 1: Domain variations techniques. Using domain variation techniques, we
can write that

@—@—a—w—i—o(m) on
on  On  On t
where o(m) satisfies (16) and v’ is the solution of

—Au' =0 in Q\ D,

=0 on 0,

u' =—(m n)@ on 0D o

B on '

Therefore, we have

o’

— =a"—a+o(m) on vy

on

and the proof is reduced to compute (m - n)|sgp from %—ih up to second-order
perturbations.
e STEP 2: A (non standard) data assimilation approach. At this point, our approach
is inspired by the techniques introduced by J.-P. Puel in [23]. Thus, assume that
m €W and (m-n)|sp € M, where M C W1>°(9D) is a finite dimensional space.
Then 2%|,p belongs to a suitable finite dimensional space E C H~/2(9D).

Notice that % € C°dD). For simplicity, let us assume that % # 0 on OD.
Then, to determine (m - n)|ap, it suffices to compute the integrals

/ (m-n)%hdf, heM.
oD (971
Let Pg : L?(OD) + E be the usual orthogonal projector and let us assume that,
for each h € M, we can solve the following control problem: Find w € L?(v) such
that the solution 6, of
—Af0, =0 inQ\D,
9h = ’LULY on 89, (69)

%:h on 0D
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satisfies
Pg(0nlop) = 0. (70)

Then, using (68) and making some integrations by parts, we find:

ou / , 00,
— m-n)— hdl = uw ——dI'
/aD( )5 apuan  On
ou

:/ —PE(9h|3D)dF+/ —thF /—wdF
op 0

That is to say, we get the equalities

ou ou’

where %—7; is known (up to second-order terms; this is the consequence of step 1)
and w can be computed solving (69)—(70).

This shows that (m-n)|sp can be computed explicitly by solving as many control
problems of the previous kind as dim M.
e STEP 3: Resolution of the exact finite dimensional control problem (69)—(70).
Finally, it can be seen that, for any h € L?(9D), there exist w and 6}, such that
(69)—(70) hold. Indeed, it is sufficient to apply a classical unique continuation
property for the Laplace equation in combination with the arguments in [25]; see
the proof of Lemma 4 for more details. This ends the proof of Theorem 6. O

5.2. The general case: a Boussinesq system. We will now follow the steps of
the previous proof in order to deduce Theorem 4. We have (¢, ) € W21/ (9Q)N x
W21/ (9Q)N for some r > N and thus (u,p,0) € W27 (Q\ D)N x W (Q\ D) x
W2r(Q\ D). Let us assume that m € W, with (m -n)|ap € M.

Let us also assume that D € D is known, we have computed («, ) from (2)
solving the direct problem (1) and, also, that we know the observation (o™, ™)
corresponding to the modified domain D + m, that is to say,

il
on'"’

where (v, ¢,n) is the solution of (15). We recall that our goal is to compute explicitly
(m-n)|ap from (a, B) and (a™, ™).

e STEP 1: Domain variations. Thanks to Theorem 3, using domain variation
techniques, we get the following identities:

a™ =o0(v,q)-n|ly and " =k

m

am —a=o0(v,q)-n—o(u,p) - n=c(,p) n+olm) on 7,

where (u',p’,0") € HY(Q\ D)N x L2(Q\ D) x H*(Q\ D) is the unique solution to
—vAY + (W -Vu+ (u- V' +Vp =60g, V-u'=0 inQ\D,

—KkAY +u' - VO+u-VO =0 in Q\ D,
v =0 60=0 on 01, (71)
ou 00
r_ o2 ’
u' =—(m-n) o’ 0'=—(m-n)— o on 0D

and o(m) satisfies (16).
Therefore, the proof of Theorem 4 is reduced to compute (m-n)|sp from o(u’, p’)-
n|, and n%—i/h up to second-order terms. This will be done in the next step.
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Notice that, up to now, we have not used the fact that (m - n)|sp belongs to a
finite dimensional space.

e STEP 2: A (non standard) data assimilation approach. Let us now assume that
(m-n)lop € M C WH(OD), with dim M < +oco. Then, in view of (71), we have

0o’
(o(w,p") -nlop k5 -lop) € E,

where E C H™'/2(0D)N x H~='/2(9D) is another finite dimensional space.
As before, we use an argument inspired by the techniques in [23]. We will use
the fact that the quantities

[ e (\g—g

determine (m-n)|sp . Indeed, under the hypothesis (23), the bilinear form (¢, h) —

faD 12 (’ g—z ? + ’g—z ’2) hdl is a scalar product in M. Therefore, our goal will be to

2+ 00
on

2
)hdr, he M,

write these integrals in terms of o(v/,p’) - n|, and ’f%—gh .

To this end, we will argue as follows. For the moment, let us assume that for each
h € M we are able to solve the following exact finite dimensional control problem:
find a control (w',w?) such that (w'l,,w?1,) € HY2(0Q)N x H'/2(0Q) and the
corresponding weak solution (y,q,z) € HY{(Q\ D) x L?2(Q\ D) x HY(Q\ D) of

—vAy — (Vy)tu—(u-V)y+Vg=—2V0, V-y=0 inQ\D,

—kAz—u-Vz=g-y in Q\ D,
y=w'l,, z=w?l, on 0, (72)
ou 0z 00
n==h k== D
satisfies
<((I)’\I/)’(y|3D’z|3D)>5D =0 V((I)’II/) EE, (73)

where (-, -)aop stands for the usual duality coupling for H~/2(dD)N x H='/2(dD)
and H'/2(0D)N x HY?(dD).
Then, using that (u/,p’,0’) is the solution of (71) and (73), we see that

gl
o0/

= <U(ulap/) -n, y>6DUBQ + l‘ﬁ(a—n, Z)BDUBQ

2+ 00
on

2
0z
) hdl' = (o(y,q) - n,u')opuon + Fé(@, 0")opusn

/
= (o) - m, 0t 1)on + K(G 0 1y)on
on
where (-, -)x stands for the usual duality product in H=/2($)N and H~1/2(%).
Notice that this allows us compute (m-n)|sp (up to second-order perturbations)
from o(v',p")-n|y and H%—Z’ |- As we have seen in the previous step, this also allows
us compute (m - n)|sp from the known observations (o™, 5™) and («, 3).
The conclusion of this step is that the proof of Theorem 4 will be achieved if we
are able to solve (72)—(73).
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Remark 6. From the practical viewpoint, what we have to do is the following. Let
{€ ...,0r} be a basis of M and let us put

I
(m . n)|6D = Zai& .
=1

Let (w},w?) be, for each i = 1,..., I a control solving the problem (72)—(73) with
h = ¢;. Then the coefficients a; are given by the unique solution of the following
linear system:

2

1 2
ou 00
G5 | |6dl |ai=q;, 1<j<1,
;(/@D (‘an +‘an )J )a‘ 4q; J
where we have set ¢; = —(o(u/,p') - n, wj 1,)a0 — H(%—i/ w3 1y)aq -

e STEP 3: Resolution of the exact finite dimensional control problem (72)—(73). We
have the following result:

Lemma 4. Let E C H=Y2(dD)N x H=Y/2(9D) be a finite dimensional space. Let
us assume that h € L>(0D) and (u,0) € H?(Q\ D)N x H2(Q\ D) satisfies V-u = 0
in Q\ D and (11). Then, there exist controls (w*,w?) such that (w'l.,,w?1,) €
HY2(0Q)N x HY?(9Q) and the associated solution (y,q,z) of (72) satisfies (73).

Furthermore, for each ¢ >0, we can choose w' and w? such that
|(vlop, zlop)llL2(0D) < €. (74)

Proof. This result is a consequence of the unique continuation properties we have
presented in Section 2 and the fact that F has finite dimension. There are several
ways to prove it. Here, we follow the approach in [25] that, for each € > 0, provides
a control satisfying (74).

Let G be a bounded open set with boundary G of class C? such that Q C G
and 90 NG = 7. Let w be a nonempty open subset of G\ Q. We consider the
following distributed control problem: find controls (f, k) € L?(w)" x L?(w) such
that the corresponding solution (y,q,z) € H*(G\ D)V x L*(G\ D) x H*(G\ D) of

—vAy — (Vy)lu—(u-V)y+Vqg=—2V0+ fl,, V-y=0 in G\ D,

—kAz—u-Vz=g-y+kl, in G\ D,

Y= 0’ =0 on GG, (75)
ou 0z 00

U(%Q)'”—%ha H%—%h on 0D

satisfies (73).
For any (a,b) € H=Y/2(D)N x H=/2(dD), let us consider the adjoint system

—VAE+ (u-V)E+(E-Vu+Vx=pg, V-£=0 inG\D,

—kAp+u-Vp+£-VO=0 in G\ D,
£€=0, p=0 on G, (76)
o, x)-n=a, K? =b on 0D.

n

As a consequence of (11), for each (a,b) € H~Y/?(9D)N x H~'/2(dD) system (76)
possesses a unique weak solution (£, x,p) € HY(G\ D)N x L*(G\ D) x H'(G\ D)
that satisfies

1€l 12y + Xl 2By + 12l 12y < Cll(@s D)l 1720 5
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where C' is a positive constant only depending on G, D, and u. In addition, we
have o(¢,x) -n € H-Y/2(0G)N and g—z € H~'/2(0@), with similar estimates.

On the other hand, if we multiply the first equation of (72) by & and the second
one by z and we make appropriate integrations by parts, we get:

Ju 00
[ errman= [ n(Ghes 5o) ar (@) lon slovlo (77
w oD n on
Let £: H-Y/2(dD) — H'Y?(dD) be the canonical identification operator, with

1Lnll 1200y = Il -2y ¥ € HTY/2(OD),
(Ln,v)i/29py = (0, v)op Vne H-Y2(0D), VYve HY?*OD).

Let E be the finite dimensional space E = LE C HY2(dD)N x HY2(dD) and let
Pj be the associated orthogonal projector in H/2(0D)N x HY2(dD).
For any € > 0, let us consider the functional J.(a,b)

1
Jela,b) = 5 (&l +1pI*) dz +ell (I = Pg)L(a,b)ll /2 (o)

7/ h (@ P > dT V(a,b) € H-V2@D)N x H-Y2(3D),
oD n

where (£, x, p) is the solution of (76).

Let us assume that there exists a minimizer (a,b) € H='/2(dD)N x H='/2(9D)
of J. (we will justify this temporary assumption at the end of this proof). Let us
denote by (£, %, p) the associated solution of (76). Then

C 4 pp) da - I —P3)L(a,b), (a,b))ap
/w(“”p) = PG gy 7 FRIEE D) (e B))o

ou 00
— (. e+ Z))ar=
/aD (an &+ anp)

for any (a,b) € H-'/2(D)N x H=Y/2(D).
Let us take the controls f and k given by
f=8l, k=/pl,.
Then, we deduce from (78) and (77) that the associate state (y, g, z) satisfies

(78)

o

)

(ylop, zlop) = (- Pﬁ)ﬁ(dai))

I(I = Pg)L(a,b)l| 172 (o)
for all (a,b) € L2(0D)N x L?(dD).

Consequently, the controls (wh,w?) = (y|sa, z|aq) fulfill the statement of the
lemma.

In order to end the proof, let us see that there exists a unique minimizer (a, l;)
of J.. But this is a trivial consequence of the following properties of J.:
e J. is lower semi-continuous and strictly convex.
e J. is coercive. More precisely,

lim inf J=(,b) >e.
1(@®)ll y—1/205py =0 [[(@, D)l -1/2(5)

This is a consequence of the following unique continuation property (given in The-
orem 5): If the solution (&, x,p) of (76) verifies ¢ = 0 and p = 0 in w, then

(&,x,p) =(0,0,0) in G\ D. This ends the proof. O
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6. Some technical results. For completeness, in this section we will present a
sketch of the proof of Theorem 1, which provides existence, uniqueness and reg-
ularity properties of the solution of (1). For the proof we will use the standard
Galerkin’s method and some properties of Sobolev spaces.

1 — EXISTENCE: Assume that D € D and (p, ) € HY/2(0Q)N x H'/?(99Q) is such
that [, ¢ - nds = 0. For simplicity, the usual norms in the spaces L*(Q\ D),
H'(Q\ D), ...will be respectively denoted by || - || 12, || - |1, ... Let us set

V(O)={ve H}(O)N : V-v=0},

where O C RY is a given regular domain. Then, for every ai,as > 0, there exists
(®r,, 0 )€ HY(Q\ D*)N x H'(Q\ D*), that satisfies

V.o, =0 in Q\ D*,
&L =p, VY, =% on o9,
¢, =0, ¥, =0 ondD",

(@5, Ve )ll g 57y < CD)[(@, ¥) /2 00

/ (u- V)P, -udx
D+

/ (v- VU, Jwdx
Vo

for every u,v € V(Q\D*) and every w € HE(Q\D*) (see lemmas I11.6.2 and VIII.4.2
in [16]). Let us denote by ®,, and ¥,, the extensions by zero of the functions @},
and U}, to the whole set . Then the couple (®q,, Va,) belongs to H*(Q2\ D)V x
H(Q\ D) and satisfies

/ (u-V)®q, -udr
Q

Q

and

< Oél”’“”?{l((z\ﬁ))

< az|vll g o7 1wl 1 (@057

< 041Hu|\?ql VueV(Q),

(79)
(v- VU, wdz| < asllv]|g|lw||g Yo e V(Q), Ywe H Q).
Q
and
[(@ar, Wa)llar < C(Q, D)0, )| 172 (002 -
Let us introduce F and G, with
F=V,,g+vAd,, — (P, -V)P,,, G=rA¥,, — D, -VT,,.
Then we have
{ 1F -1y < C2D*) (19l a2 + Vil g + lell ) » (80)
Gl -1\ < CED*) (6l1¢l g2 + ol vz 19| grasz) -

We will look for a solution (u, p, 0) of (1). Let us put u = w+®,, and 0 = n+T,,.
Then (w, p,n) must satisfy

—vAw+ (w-V)®q, + (B0, - VIw+ (w-V)w+Vp=ng+F inQ\D,

V-w=0 in Q\ D,
—kAN+Qp, - V4w -Vn+w-V¥,, =G in Q\ D,
(w,n) = (0,0) on 02U OD.

(81)
It will be sufficient to show that there exist positive constants ay, as such that
the nonlinear system (81) possesses at least one weak solution, more precisely, a
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couple (w,p,n) that belongs to V(2 \ D)V x L2(Q\ D) x H}(2\ D) and satisfies
the previous partial differential equations in the weak or distributional sense.

To this end, a standard Galerkin’s method can be used. As usual, in order to
obtain the existence result, the key point is to prove appropriate “a priori” estimates
on the approximated solutions {(wy,, 7,)}n>1. We have:

VvanH%Z = _/Q\D(wn'v)q)oq 'wn+/§2\Dnng'wn+<F;wn>Hla

K| Va2 = - /Q (W - VW) + (G om) s

Taking into account (79), we deduce that

C v 1
V[VwallZ: < a1l Vw72 + ;HV%H%Z + §|\an||%2 + ;HFH%H ;

IN

K 1
2| Vw2 [Vl 2 + ZIIV%Hiz + ;IIGI\?{—l
a2 K 1
%2 | TunlZe + 519l + -Gl

K[Vl

IN

where C' is a positive constant only depending on €2 and g.
Now, let us take oy = v/4. Tt is then easy to deduce that

4C 4

[Vwn|F. < ﬁHV%HQLz + ﬁHFH%{ﬂ ,

2 203 2 2 2

IVinllz: < —5[IVwallz: + 3 1G5+ -

K K
2,2
On the other hand, we can set a2 = IIGKC . From this last inequality, we see that

16C 8

I90allls <~ 5 IGI3- + 5 IF I,

19ml3: < SIGIE-: + S IFI3-

and, therefore, (w,,,n,) is uniformly bounded in V(2 \ D) x H}(Q\ D).

In a classical way, this can be used to prove the existence of a weak solution
(w,p,n) of (81) that belongs to V(Q\ D) x L?(Q\ D) x H}(Q\ D). Finally, from
(80) and (82) we deduce that

c(Q,D
14

||V’LU||L2 < )K(ana 8077/’) and ||V77HL2 < C(QvD*)K(ana 5077/))7

where K (v, k,,1) is given by (7). Obviously, this proves (6). Therefore, (81)
possesses at least one weak solution with the desired estimates.

Let us now see that o(u,p) -n € H-/2(0Q)N. In view of well known results,
it suffices to prove that o(u,p) € L2(Q\ D)N*N and V - o(u,p) € L"(Q\ D)N
for some r > 1if N =2 and » = 6/5 if N = 3. But this is very easy to check.
Indeed, we have (u,p,0) € H'(Q\ D)N x L2(Q\ D) x H*(Q2\ D) and, consequently,
o(u,p) € L%\ D)V*N. On the other hand, V - o(u,p) = (u- V)u + 6 g, whence
we also have V - o (u,p) € L#(Q\ D)V forall f < 2if N =2 and 8 =3/2if N = 3.

In a very similar way, it can be proved that 2% € H~/2(50).

2 — UNIQUENESS: Let us assume that there exist two solutions (u!,p!,6') and
(u?,p?,0%) of (1) that verify (6) and let us set u = u! —u?, p = p' — p? and



A GEOMETRIC INVERSE PROBLEM FOR THE BOUSSINESQ SYSTEM 25

6 = 6 — 02. We assume now that (7) is satisfied. We have that (u, p, 0) satisfies

—vAu+ (u-V)u' + (u? - Vu+Vp=0g, V-u=0 inQ\D,
—kAO+ul VO +u- V% =0 in Q\ D, (83)
u=0, 6=0 on 0QUOD,

By multiplying the first equation of (83) by u and integrating in Q\ D, we get
v||Vull3. z/ Hg-udx—/ (u-V)u" - udz.
Q\D Q\D

Consequently,

{ v[IVulz. CONIVOl 2 Vullr2 + IVl (|2 [[u] s [lull o

84
C(Q) (IVOlz2 + [IVut[[ L2 [Vullz2) | Vul L2 54

INIA

We multiply the second equation of (83) by 6 and we integrate in Q\ D. We obtain
K[| VO3 = —/ Cu- VO 0dr < C(Q DY) Vull 2| VO 2| VO?| 12 -
Q\D

Thus, we have
KV L2 < CQ)|Vull2]|VO?|| 2 -
Coming back to (84), we find that

1
Tl < @) (RN + Ve 22 ) IVl

But, in view of the estimates (6) satisfied by u’ and 6%, we have

V+ K
VK

1 *
||VU1||L2 + EHVH2||L2 < C(QaD ) K(Va"ia (paw)a

whence we also obtain

VHVU”%Q <C(Q,D") K(v, K, QD,’I/))Z/HVUH%Q.

V+EK
VK
Thus, there exists K1(£2, D*) such that, if the couple (¢, 1) satisfies (7), then

V+ K

C(Q, D%

K(V’ K? <P’ w) < v

and we necessary have v = 0. This proves the uniqueness of (u,p,8) (p is unique
up to a constant).

3 — REGULARITY OF wu, p AND #: For simplicity, let us sketch the argument for
r = 2. Let us now assume that ¢ € H3/2(9Q)" and ¢ € H3/2(99). Then the weak
solutions of (1) are in fact strong solutions, that is to say, they satisfy (u,p,0) €
H2(Q\ D)N x HY(Q\ D) x H*(Q\ D), with appropriate estimates. This fact can
be deduced as a consequence of the W2 -regularity theory for the Poisson equation
and the Stokes problems (see for instance [8] and the references therein).

Acknowledgements. The authors are grateful to the anonymous referee for se-
veral comments that have helped to correct some mistakes and improve considerable
the paper.
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