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application to inverse problems

Mehdi Badra* Fabien Caubet! Jérémi Dardét

September 12, 2016

Abstract

In this work, we present some new Carleman inequalities for Stokes and Oseen
equations with non-homogeneous boundary conditions. These estimates lead to log
type stability inequalities for the problem of recovering the solution of the Stokes
and Navier-Stokes equations from both boundary and distributed observations. These
inequalities fit the well-known unique continuation result of Fabre and Lebeau [I§]:
the distributed observation only depends on interior measurement of the velocity,
and the boundary observation only depends on the trace of the velocity and of the
Cauchy stress tensor measurements. Finally, we present two applications for such
inequalities. First, we apply these estimates to obtain stability inequalities for the
inverse problem of recovering Navier or Robin boundary coefficients from boundary
measurements. Next, we use these estimates to deduce the rate of convergence of two
reconstruction methods of the Stokes solution from the measurement of Cauchy data:
a quasi-reversibility method and a penalized Kohn-Vogelius method.

Keywords: Stability estimate, Navier-Stokes equations, Carleman inequality, Inverse
problems
AMS Classification: 35R30, 35Q30, 76D07, 76D05

1 Introduction and main results

For a nonempty bounded open subset  of RY (N = 2 or N = 3), we consider a pair
velocity-pressure (v, p) € H2(Q) x H'(Q) solution of the following linearized Navier-Stokes
equations (also called Oseen equations):

—vAv+ (z1-V)v+(v-V)z2+Vp = f inQ, (1.1)
divve = d in Q. '

Above and in the following, v > 0 is a constant which represents the kinematic viscosity
of the fluid, f € L%(Q), d € H () and

r>2 if N=2

r=3 if N=3. (1.2)

21 €L>®(Q) and 2z € WH(Q) with {
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In the following, z; and z5 will be two solutions of the Navier-Stokes equations in 2. More
precisely, if z1 and z9 are two solutions of the Navier-Stokes equations, then their difference
v = z] — 29 verifies (LI)).

The pair (v, p) is not completely determined by System (I.I)). However, if we have some
additional observation, such as the value of the velocity v in a nonempty (and arbitrary
small) open subset w C 2, namely

V= Vs I W, (1.3)

or the value of the Cauchy data (v, o(v,p)n) on a nonempty open subset I'g,s of 09,
namely

{ v = ¢gp On Cobs,
ov,p)n = gy on Ly,

then Fabre and Lebeau’s Theorem guarantees the uniqueness of the corresponding pair
(v,p) (see [18]). However, the related stability inequality expressing the (conditional)
continuous dependence of (v,p) with respect to [|f|r2(q), l|d|lai@) and to some norm
(v, p)|lobs (corresponding to one of the above mentioned observation) are not yet proved
for system (LLI)). Indeed, up to our knowledge, the most recent result quantifying the Fabre
and Lebeau’s unique continuation theorem in the Stokes case is the following one given
in [I0l Theorem 1.4] by Boulakia et al.:

(1.4)

Theorem 1.1 (Boulakia et al. in [I0]). Assume that Q is of class C*°. There exists dy > 0
such that for all d > dy there exists C > 0 such that, for all solution (v,p) € H?2(Q) x H2(Q)
of the Stokes equations
—vAv+Vp = 0 in (),
{ dive = 0 in £,
we have
[vlle2(0) + IPllH2(0)

/2
| lvllez ) + P20
nl|d
vl (@) + Pl )

lvllez() + P2 (@)

[l ) + 1Pl @) < €

and

vl HPlpig) < €

172
<1n (d [vlle2) + IPllH2(0) ))
lvllL2(r,,.) + ||g—ﬁ||L2(robs) + ||p||L2(F0bS) + ||§—ﬁIIL2(robs>

As underlined by the authors themselves, this result does not depend exclusively on
the needed observations (L3]) or (L4) and then does not fit the Fabre and Lebeau’s The-
orem. The first main results of the present paper are stability inequalities for the Oseen
equations (ILT)) which are quantified versions of Fabre and Lebeau’s uniqueness Theorem
(see Theorem below) and, in this sense, improve the previous work of Boulakia et al. Tt
allows to obtain analogous stability inequalities for the Navier-Stokes equations. Then, in
a second step, we give examples of applications for some parameter identification problems
as well as for some error estimates for numerical reconstruction methods.

Stability inequalities. In order to state our main theorem, we need some assumptions
and notations. Here and in the following, C' > 0 denotes a generic constant which, unless



otherwise stated, only depends on the geometry and which may change from line to line,
and K > e° denotes a constant which satisfies:

max {1, [21]lg~(0) » | V2llir @) b < In(n K). (1.5)

Moreover, w denotes a nonempty open subset of 2 and I'g,s denotes a nonempty open
subset of 0f2. In this paper, n is the outward unit normal to 9 which is assumed to be of
class C? and the stress tensor is defined by o(u, p) ] 2vD(u) — p1, where I is the identity
matrix and D(y) &t % (Vy + tVy) is the symmetrized gradient.

We prove (see Subsections Bl and B.2)) the following

Theorem 1.2. Assume (L2) and (L) and that (v,p) € H2() x HY(Q) is a solution
of the Oseen equations ([LI)). For any M > 0 such that ||v||g2q) + [[pllar @) < M, the
following estimates hold:

M
[vllg20) < CK (1.6)
L2(Q) v,
In{1+
£z ) + lldlla o) + llvllezw)
and
M
[vl[L2) < CK
M
In|1+
< [Fllz@) + ldllgr o) + [vllas2 @, + |’0(U7P)H|VH1/2(robs)>
(1.7)
Moreover, we have
[eurl o] 2 (gy2v-3 + [Ip — div o[z g
M
<CK . (1.8)

1/2
M

In{1+

( ||f||L2(Q) + HdHHl(Q) + ||v||H3/2(1"obS) + ||U(U7p)n||H1/2(robs)))

The above theorem allows us to obtain stability estimates for the Navier-Stokes equa-
tions. Let (z;, ;) € H2(Q) x HY(Q), i = 1,2, satisfy

{—VAZZ'+(ZZ"V)ZZ'+V7T¢ = f inQ, (19)

divz, = d in Q.

Note that the H? regularity of z;, zo implies (IZ). We prove (see Subsection B:3) the
following

Theorem 1.3. Suppose that (z;,7;) € H2(Q) x HY(Q), i = 1,2, are two solutions of (L)
which satisfy [L3) for some K > e®. Then, for any M > 0 such that ||z1 — za|lm2(q) +
71 — m2llm1 (@) < M, the following estimates hold:

M

M
n|{1l4+———
21 — 22|12 ()

|21 — z2llg2i0) < CK (1.10)



and

M

121 = z2lp2 () < CK

M
In|1-+
21 = zollgsro(r,,,) + lo(z1, m)n — o(z2, m2)n g2 r,,

(1.11)
Moreover, we have
||curl (z1 — 22)||(L2(Q))2N73 + [[m1 = moll2(q)
M
<CK . (1.12)

1/2
M

In|1+

21 = zollms2r,,.) + llo(z1, m)n — o (22, m2)n|[gg1/2(p,, )

We stress that these stability estimates respect the well known unique continuation
result of Fabre and Lebeau (see [18]) since the observation in w only concerns the velocity,
and since the observation on I'ghs only concerns vr,,, and a(v,p)n|robs. Indeed, Fabre
and Lebeau’s Theorem states that every velocity v solution of

{—Av—i—Vp =0 in Q,

dive = 0 in €, (1.13)
which is identically zero in w must be zero in 2 (and then p is constant, see [I8 Proposi-
tion 1.1] for precise statements). In particular, no information is required on p to obtain
this result. Moreover, as a direct consequence of the above mentioned uniqueness result,
we can easily deduce that, if a smooth solution (v,p) of System ([I3]) satisfies v = 0
and o(v,p)n = 0 on I'ypg, then, v = 0 and p = 0 in Q. Therefore, inequalities (LG), (7))
and (L8) are quantifications of Fabre and Lebeau’s uniqueness theorem.

The proof of Theorem [[2]is based on global Carleman inequalities for the Oseen system
with non-homogeneous data. Quantitative results for unique continuation are classically
obtained thanks to Carleman inequalities and three-spheres inequalities. We refer to the
topical review of Alessandrini et al. [3] and to the references therein for elliptic cases; see
also the works of Le Rousseau et al. in [25]. However, there is not so much results available
on quantitative uniqueness for systems. About Stokes system we shall mention the works
of Boulakia et al. in [9] [I0] for stability estimates and of Ballerini in [6] and Lin et al.
in [26] for some other connected results.

Applications to inverse problems. We obtain stability inequalities for the problem
of recovering Navier or Robin boundary coefficients. For this, we assume that I'gps and I'g
are two nonempty open subsets of 9 such that I'yp,s NT'g = () and we consider on I'y a non
penetration condition given by z-n = 0 and a friction law given by 2v [D(z)n]_+az =0
(subscript 7 denotes the tangential component). The aim is to reconstruct the friction
coefficient o from Cauchy data on I'y,s. Thus, we consider two solutions (z;, 7;) € H2(Q) x
HY(Q) (i = 1,2) of the Navier-Stokes equations

{—yAzi—l—(zi-V)zi+V7ri = f inQ,

divz, = d inQ, (1.14)

associated to two friction coefficients o € H'/2(T) NL®(Ig) (i = 1,2) in the Navier type
boundary conditions on I'y:

{ z;-n = 0 only,

2v[D(z;)n]_ +a;z; = 0 onTy. (1.15)
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We also consider the reconstruction of the Robin coefficient, still denoted «, in the case of
the classical Robin boundary conditions on I'y given by:

o(zy,m)n+a;z; =0 on Ty. (1.16)

Notice that the HY/2(I'g)-regularity of o is necessary to have a H?(Q) x H'(Q)-regularity
of the solutions.

Theorem 1.4. Let o;; € HY2(Tg)NL>®(Ty), i = 1,2 be two given coefficients. Let (z;,m;) €
H2(Q) x HY(Q), i = 1,2, be two pairs solution of the Navier-Stokes equations (LI4) with
the boundary conditions ([LIH) or (ILI6) which satisfy (L5) for some K > e. Let N <
{z €Ty, z1(z) =0 and z2(x) = 0}, assume that K is a compact subset of To\N with a
nonempty interior and let m > 0 be a constant such that max(|z1]|,|z2|) > m on K. Then,
for any M > 0 such that ||z1 — z2||m2(q) + |71 — m2llui (@) < M, the following inequality
holds:

llar = 2120
CK M

In{1+
21 = z2llgs2r,,,) + llo(z1, m)n — o (22, m2)nl g2, )

(1.17)

Here, the constant C' does not depend only on the geometry but also on ||O‘i||L°°(FO) for
1=1,2.

Remark 1.5. We stress the fact that the previous estimate (LIT7)) depends on the solu-
tions z1 and zo through the choice of the compact set K and the constant m. To complete
this result, it would be interesting to obtain a quantitative estimate of the vanishing rate
of z, like what is done in [l in the case of the Laplace equation.

Remark 1.6. Note that the assumptions of Theorem guarantee that z1, z1 are con-
tinuous. Then if KC exists, the constant m > 0 exists and depends on z1, z1 on K. The
existence of K is known in the case of Robin boundary conditions (LI6) if z1 (or z2) is
not identically equal to zero in 2. It is an easy consequence of Fabre and Lebeau’s theorem.
But in the case of Navier conditions (LID) and if one of the z; is not trivial, the existence
of a nonempty open subset of I'g on which z1 and z9 both vanish is a difficult issue. Indeed,
it reduces to study the existence of a mon trivial vector field v solution to an homogeneous
Oseen equation (see ([AT)) below) and such that v = dyv = 0 on a nonempty open subset
of I'yg. The difficulty relies on the fact that, unlike the Robin case, no additional information
on the pressure is available.

Remark 1.7. We can obtain a better estimate assuming more reqularity on (v,p). More
precisely, for k > 2 and n € N suppose that (v,p) € HF¥(Q) x H*-1(Q), k > 2 and
a; € HY(K), i = 1,2. Then, using an interpolation argument, we can obtain for any
M >0 and N > 0 such that ||v||m2Q) + [pllm @) < M and ||v]lgkq) + IPlar-1@) < N



that for all 0 € [0,1] (see Remark [{1):

||C¥1 - OZQHHGn(K)

10
(SEN)" Jloa = a2l ey

< (2k—3)(1—6) °
2k

M
In{1+
[v1 = vallgsro(r,,,) + llo(v1, p1)n = o(ve, p2)nllgzr,,

(1.18)

For k =3 and § = n = 0, we obtain a result similar to the one presented in [9, Theo-
rem 4.3/.

Theorem [[.4], which completes the previous results given by Boulakia et al in [9, 10],
finds applications in the modeling of biological problems as blood flow in the cardiovascular
system (see [27] and [31]) or airflow in the lungs (see [5]). For the Laplace equation, these
kind of stability estimates for the Robin coefficient have been widely studied: see for
example the works of Chaabane et al. in [14, [13], Alessandrini et al. in [2], Sincich in [29],
Bellassoued et al. in [7] and Cheng et al. in [15].

Finally, we present another application of our stability estimates in the context of
numerical reconstruction methods. More precisely, we focus on the stable reconstruction
of the solution of a data completion problem (also known as Cauchy problem) for the Stokes
equations: for given (gp,gy) € H3/2(I‘Obs) X H1/2(F0bs), we search (v,p) € H2(Q) xHY(Q)
solution of

{—uAv+Vp = f in Q, (1.19)

dive = 0 in €,

and such that
v=gp and o(v,p)n=gy on Dgps.

Estimates (7)) and (L8] imply the uniqueness of the solution of the data completion prob-
lem. However, there exists Cauchy data (gp, gy ) for which it does not admit any solution.
Hence, regularization methods are needed to stably reconstruct (v, p) from (gp,gy). We
study two standard regularization methods: a quasi-reversibility regularization and a pe-
nalized Kohn-Vogelius regularization.

In the quasi-reversibility method, we consider, for ¢ > 0, the following variational
problem: find (v.,p.) € H?(Q) x H'(Q) such that v. = gp on Tops, 0(ve,po)n = gy
on Typs, and for all (w,q) € H2(Q) x HY(Q) such that w = 0 and o(w,q)n = 0 on Ty,
we have

/Q(—I/A’UE + Vpe) - (—vAw + Vq)dx + <d1V(’UE), d1v(w)>H1(Q)
+ &(ve, w)g2(q) + €(Pe; Pur () = /Qf - (—vAw+ Vq)dz. (1.20)

The penalized Kohn-Vogelius approach that we consider here consists in, for € > 0 and

re. 2 OO\ Tops, defining the functional F, : H/? (T,) x H3/2(FS)S) — R given by

def
Fe(on,%p) = [vey — ”¢D|%{2(Q) +lvey — Uiﬁp@{l(ﬂ)

2 2
+ 5||U<pN’p<pN ||H2(Q)><H1(Q) + EHv'l,bD’p'l,bDHHQ(Q)XHl(Q))



where [.|gi(q) 1s the H'-seminorm (i = 1,2, see page@for definition) and where (vy ., Py ) €
H?(Q) x HY(Q) and (ve,, py,,) € H*(Q) x H'(Q) are the respective solutions of

~VAvy, +Vpyy = f in , —vAvy, +Vpy, = f in €,
divwvy,, = 0 in Q, and divwoy, = 0 in £,

Vpoy = ¢gp ON Lobs, O'(’U,lpD,wa)n = gy Oon Lobss

J(U‘PN’pSD)n = YNy On F(%s’ Vypp = ¢D on ngs'

Then, we define (v.,p.) = (ves,, Pys,) Where (%, ¥]) € HY/2(TS ) x HY4(TS, ) is such
that

Fa(‘P?\h’(pED) = inf FE((PN7¢D)’ (121)

m
(N ¥p)eH!/? (TShe) xH?/? (TSe)

For this second method, we specify that we assume I'gpg N FSLS = (), for instance I'ypg could
be one of the connected components of 0f2.

For any (gp,gy) € H¥?(Dops) x HY2(Iops), both the quasi-reversibility problem (I:20)
and the Kohn-Vogelius minimization problem (L2I)) admits a unique solution (ve,pe).
Moreover, if the initial data completion problem admits a solution (v,p), then v, con-
verges to v strongly in H?(Q) and p. converges to p strongly in H'(€). Furthermore, the
stability estimates we obtain in the present paper (proved in Section [) provide the rate of
convergence of both methods (for a survey on the connection between stability estimates
and rates of convergence of regularization methods, we refer to [22]):

Theorem 1.8. For any M > 0 such that ||v|g2(q) + [[pllm (@) < M, where (v,p) is the
exact solution of the data completion problem ([LI9), we have the following error estimates
for both quasi-reversibility method and penalized Kohn-Vogelius method:
T [ M
Ve Wiy o) = o5y IPe T iae) S 1/2

e

and
M

<ln(1 N %))1/2.

[P — pllr2) <

Notations. All along this paper,  is a nonempty bounded open subset of RV (N = 2
or N = 3) with a boundary 9 of class C?, w is a nonempty open subset of , T'yp,s and I'g
are nonempty open subsets of 9, I'g,s Ny = 0, and Fggs denotes the complement of I'g,

namely 'S¢ o OO\ ops.

obs
We here summarize the needed notations in the case N = 3 which can be easily

adapted for N = 2. We denote by n = !(nj,ns,n3) the outward unit normal to 9%
which has a C! extension to a neighborhood of 9Q. Above and in the following * de-

notes the transpose. For a scalar function w or a vector field y = *(y1,y2,y3), we define
def def

Vw = (0w, Onyw, Dyw), VY = (Dr,yi)1<ij<s and divy = Y7 0py;. Moreover,

on 0F2, we define the normal derivatives g—ll;’ < (Vw) - n and g—z < (Vy)n and the tangen-

def Ow def

tial gradients V,w = Vw — grn and V,y = Y(Vry1, Voyo, Voys). We also introduce the

notations y,, e (y-n)n and y, e y — y,, for the normal and the tangential components

of y on 9Q2. The divergence of y is defined by divy o Z;’:l 0z;y; and the curl of w or y
is defined by

Oz, W

—Ouw > if N =2,

curly = 05,92 — 0,y1  and  curlw = <



and
» Or2Y3 — Oy Y2
curly = Oz3Y1 — Oz, Y3 if N =3.
8x1y2 - 8:@91

We will also need to use the tangential divergence operator on 0f) that we denote by div..
We recall that D(y) ] % (Vy + tVy) denotes the symmetrized gradient and o(y,p) £
2vD(y) — pl the stress tensor, where I denotes the identity matrix and v > 0 is the
constant which represents the kinematic viscosity of the fluid we consider.

For r > 0 we denote by L2(Q), L%(9%2), H"(Q2), H"(9€), Hj(2), the usual Lebesgue
and Sobolev spaces of scalar functions in € or in 0f2, and we write in bold the spaces of
vector-valued functions: L2(Q) = (L2(Q))V, L2(092) = (L2(02))", etc.

We recall that z;, z9 are vector fields satisfying (L2]). Moreover, we use the following
particular constant:

m(z1, 29) max{l, B Hv,zgumm}. (1.22)

We also recall that C' > 0 denotes a generic constant only depending on the geometry. In
particular, it is independent on z1, zo and on the parameters s, A appearing in Carleman
inequalities of sections 2] and [3

Finally, for O1, Oy two open subsets of R, the notation ©; € Oy means that there
exists a compact set K such that O; C K C Os.

Organization of the paper. The paper is organized as follows. The Section 2 is dedi-
cated to the proof of Carleman inequalities for the non-homogeneous Oseen equations (see
Theorem 2.3]). It is obtained by combining a domain extension argument with Carleman
inequalities for compactly supported solutions of the Stokes equations. Then in Section [3]
we deduce a Holder type interior estimates for a distributed observation as well as log type
stability inequalities for both distributed and boundary observations. In particular, Theo-
rem is proved in subsections 3.1l and and Theorem [[3]is proved in subsection
Finally, we present some applications in the last sections. The Section [ concerns the proof
of stability inequalities for the inverse problem of recovering Navier and Robin coefficients
(proof of Theorem [[.4]) and Section [Blis dedicated to the proof of error estimates for some
numerical reconstruction methods (proof of Theorem [LH]).

2 Carleman Inequality for Stokes and Oseen equations

In this section, O is a non empty bounded open subset of RV (N = 2 or N = 3) of class C?,
w is a non empty bounded open subset such that w € O and ¥ : O — R is a function
satisfying

Y€ C*O;R), ¥>cy and |VY|>0 in O\@

2.1
Y=c on 00, 2.1)

for some positive constant ¢y > 0. For the existence of such a function see for instance [19]
or [30, Appendix III]. Here, the set O plays the role of £ or of an extension Q of Q which
is used in Section [ below.

The main aim of this section is to prove a Carleman inequality for the non homogeneous
Oseen equations. For that, we first prove a Carleman inequality for a pair velocity-pressure
in H2(O) x H}(O) and then we use a domain extension argument to recover the non-
homogeneous case.



2.1 Carleman Inequality in the case of homogeneous boundary data

Let us first recall a standard Carleman inequality for the Laplace equation:

Theorem 2.1. Let k € {0,1}, F € L2(0) and G € L2(0). There exist C > 0, X>1 and
5> 1 such that for all A > X\ and s >3, the solution u € HY(O) of

—Auy = F+divG in O,
u = 0 on 00,

satisfies the following inequality:
/ (e(k—l))\w|vu|2 + 82)\2e(k+1))\1j)|u|2) €2se>‘wdaj
(@]
<C </ (sek)‘w|G\2 + 8—1)\—2€(k—2))\¢‘F‘2) e2se>‘wdx
(@]
+/ 82)\2€(k+1))\w‘U|2€256Awdx> ) (22)

Proof. Inequality (222]) for k¥ = 1 is given for instance in [2I, Theorem A.1] and (Z2)

for k = 0 is obtained by applying ([2.2]) with £ = 1 to the equation satisfied by e~ 2%u.
Note that the above quoted result is stated for a function ¢ that vanishes on 9O. However,
if 5, A denote the admissible parameters of |21, Theorem A.1], it suffices to choose (s, \) =

(’sveXCO,X) to get (22). O
We deduce the following Carleman inequality for Stokes equations:

Theorem 2.2. There exist C > 0, X>1and 3> 1 such that for all X > X and s > s, and
for all (v,p) € H3(O) x HY(O) the following inequalities hold:

/ (|V”|2 + se™|curlv|? + 32)\262/\7!1‘,0‘2) 025 4y
(@]

<C </ (s IAZe M| Vdivw)? + A3 Vp — A'v|2)e2sewdx + /
]

A
sIN2e3MY \'v\26256 da:>
w

(2.3)

and

. by
/ se™|div o — p|2e?¢ " dx
]

<C (/ A 72|Vp — Av|262sewdaj + / se*|div v —p|26256wdx> . (2.4)
@ w

Proof. First, we set f E_Av+ Vp. Easy calculations yield:

—A(curlv) = curlf in O, (2.5)
—A(divv—p) = divf in O,
—Av = curl(curlv) — V(dive) in O.

Then, by applying (2.2]) for k£ = 0 to (2.6) we obtain (2.4]).



Next, we introduce another open subset wy € w and apply (Z2]) for £ = 0 to (Z3) to
obtain:

/ sTIAN2e M|V (curl v) |26256wdx —I—/ se)‘w|curlv|2e2sewdx
] ]
<C (/ Se’\w|curlv|262‘qewdx +/ A3 Vp — Av|2ezsewdx> . (2.8)
wo @

Let us replace the local term in curlv by a local term in v. For that, we introduce a
function p € C2°(w) such that 0 < p <1 and p = 1 in wy. Using an integration by parts
in w, we get

A o A
/ seM |curl v]?e?¢™ " da < s/pe)‘w|curlv|2e28e dz = s/ M e2se
wo w

curl 'v) vdx
w

curl (p
<C (/ s2 22 |v| |curlv| dx + / seMe2se™” |V (curlv)] |v| dm),
w w
and with Cauchy-Schwarz inequality:
/ se’\w\curlvﬁezsewdm < e/ <3_1)\_2e_)‘we2sew IV (curlw)|* + seM e \curlv|2> dz
wo O
C
+ —33)\2/ 3N 25e™Y |'v|2 dz.
€ w
By combining (2.8]) with the above inequality for ¢ > 0 small enough, we obtain
/ sTIA2e" MV (curl v) \2ezsewdx +/ se)‘w|curl'v\2e2sewdx
@] @]
<C (/ 83)\263)‘w|v|26256wdx +/ A2 Vp — Av\26256wdx> . (29)
w @

Finally, (23) is obtained by first applying (Z2) for £ = 1 to (Z7) and next using the
estimate of curlv given by (2.9]). O
2.2 Carleman Inequality in the case of non-homogeneous boundary data

In this section, we prove a Carleman inequality for the Oseen equations:

{—I/Av+(z1-V)v+(v-V)z2+Vp = f inO,

divv = d inO. (2.10)

Above and in the following, z1 € L®(0), 2z, € WH(O) (with 7 > 2 if N = 2 and r = 3 if
N = 3) and we use the following notation for the particular constant:

(21, 22) & max {1, 210 » IV22lliro) } - (2.11)

We recall that C' > 0 denote a generic constant only depending on the geometry and
independent on s, A, z1, 2o.
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Theorem 2.3. There exist C > 0, ¢ > 0 and 5 > 1 such that for all zy € L>*(0),
> def ~

29 € W (0), all A > X\ Z m(z1,22)¢ and all s > 5 every solution (v,p) € H2(O)xH(0)
of 2I0) satisfies:

/ (|VU|2 + se™|curlv|? + 32)\2e2x\w|v|2) 0256 4
o

<C </ (sTIAZe M |Vd? + )\_2|f\2)ezsewdx + / 83)\263’\w\v|26288wdm
@]

sekc
+e2 (ol o) + IPlo))) (212)

and
/ se*|p — d\2e2sewdm <C (/(33)\263)‘w|v\2 + seM|p — d|2)e2sewdx
@] w

+/ (s A2 M| Vd2 + A2 £]2)e2 ¢ dw + 2567 <”'U”%12(O) + ”pH12{1(O))> :
o
(2.13)

Proof. Let O be a bounded domain of RY of class C? such that @ € O. We extend P to O
(while keeping the same name) in a such a way that:

Y eC?’(O;R), >0 and |V¢|>0 in O\w,

_ (2.14)
v=cg omdO, 0<y<cy inO\O, c¢y<v inO.

Let E : H2(O) x H{(O) — HZ(O) x H(l)(@) be a linear continuous map (given for example
by Stein’s theorem, see [1]), also continuous from H'(O) x L2(0) into H}(O) x L2(0),
such that E(v,p) = (v,p) in O, and define (v, p) £ E(v,p). We also denote by z1, z2
some continuous extensions of z1, zg for the L® and W norms in O respectively. The
pair (¥,p) £ E(v, p) is then solution to

—VAT+ (- V)T + (- V)% +Vp = f inO,
divve = d in O,
v 0 on 00, (2.15)
@ = 0 ondo
on i
p = 0 ondO,

where ? € L2((5) and d € Hl((a) are given by } = f and d =din O and by } =

VAV + (21 - V)0 + (v-V) 2y + Vp and d = divo in O\O. From the continuity of the
extension operator E we have:

1F s, + Il ey < Otz 22) (olluzo) + Ipllin o) (2.16)
Next, by applying estimate (23] of Theorem
/6 (|V§| + seMcurl v|? + 82)\262’\w|ﬁ|2) 2™ dg
<C (/6(3—1A—26—W\v£i|2 A UF—(Z V)T — (0 V) 2] de
—I—/ 83)\263)‘w|ﬂ|2e2“wdx> . (2.17)
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Since z; € L*™(0), we get
/6)\_2 G- V)3 e < Z I ) )\_2/6 Vo[22, (2.18)

Moreover, since Z; € W (O), we use the Holder’s inequality and the continuous embed-
~ 2 ~
ding H{(O) — L™= (0) to get:

2
/~ )\—2 |(:6 . V) :‘2’2 2 eQSeAwdx S /w |vz2|2 ‘)\—ljb’eSEAw dz
@] @]

i

2
> —157,se? > —17 seM?
< |VEIZ g H)\ 15e ‘Lﬁ 5 gcuwguir(@uvu e )‘

©) 12(0)
< CIVEIL e )\_2</6|V5|26286de—|—/6|5|232)\2e2)‘w6256wdx>.

(2.19)

Thus, gathering (ZI7), 2I8) and ([ZI9) and choosing A > m(z1,2z2)¢ for ¢ large
enough (and depending only on the geometry), the terms in z;, Z2 at the right hand side

of inequality (2.I7) can be absorbed and we obtain
/~ (|V%|2 + seM|curl | + 52)\2e2>\¢h~,‘2) 025 4y
]

<C </~(S_l)\_2€_>‘w|vg|2 + >\_2|}|2)e2sewdx + 33)\2/

e?’w|5|2e2sewda}> . (2.20)
@ w

Moreover,

/~ _(5_1)\_26_)"”|Vc’lv\2 + )\_2|f\2)e2sewdm
O\O

—_ Ac 7 -~ _ Acy ~
< A2 /@\@"w‘2 1)z < OA2e% (21, 22)? (0l o) + P13 0)) -
In above calculations, we have used the fact that ¢ < ¢ in O\O and (ZI6). Then ZI2)
follows by combining the above inequality with (2.20)).
Finally, to prove ([2.I3]), we first apply (2.4]) to (v, p) which gives:
/~ seM|divo — ﬁ|262sew dz
@]

<C (/ se™|div e — p2e® ™ dz + /~ A2 —(Z V)T — (3 V) 22|26256de> .
w (@]

Then, using (2.I8) and (ZI9) to estimate the last above integral, we obtain for ¢ large
enough and A > ¢m(z1, z2),

/~ seM|div o — ﬁ|262sewdm <C (/ seM|dive — ﬁ|26256wdm + /~ )\_2|f\26256wdx>
] w @
+ /~ (IVv]2 + 2222 |5)2)e2¢™ .
@]

Hence, we use (2.20)) and the rest of the proof is the same as for (2.12)). O
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3 Stability estimates for Oseen and Navier-Stokes Equations

In this section we use the Carleman inequalities given in Theorem 23] to obtain several
stability estimates for both distributed and boundary observation. In particular, we prove
Theorems and [[L3] We first prove a Holder type interior estimates and a global log
type estimates for a distributed observation. Then, we use an extension of the domain
procedure to obtain a global log type estimates for a boundary observation.

We recall that © is a nonempty bounded open subset of RN (N =2 or N = 3) with
a boundary 99 of class C?, that T'ops is @ nonempty open subset of 9Q and that w is a
nonempty open subset of Q2. Moreover, z, z9 are vector fields satisfying (L.2) and we use
the following notation for the particular constant:

m(z1, 29) max{l, 21/l ) Hv,zgqu(m}. (3.1)

We also recall that C' > 0 denotes a generic constant only depending on the geometry and
in particular independent on s, A, 21, 2.

3.1 Stability estimates with a distributed observation
3.1.1 A Holder type interior estimate

Theorem 3.1. Let Qg be an open subset such that w € Qo € . There exist ¢ >0, 5> 1
and ¢ > ¢ > 0 such that for all z1,z9 satisfying (L2), all A > A 1 m(z1,22)¢ and all
5 >3, every solution (v,p) € H2(Q) x HY(Q) of the Oseen equations (1)) satisfies:

DY
vz 0) + lleurl vl 2 g y2n-s < €™ (HfHL2(Q) + Il @) + H”HL?(@)

—sec
+e7 (Ivllmz) + el ) (3:2)

and
. SEC*A
Ip = divola@gy < e (IF e + Il o) + Iolze) + [Pl )
_Sec*A
+e7*" ([vllmz@) + Pl ) - (33)

def def

Proof. Let us introduce iy = miQn Y(x) and Ymax = max Y(x). We apply ([212) to (v,p)
FASO) e
to get, with A < A,
/ <s2)\2e2w|v|2 + se)‘w|curlv|2) 25 4
Q
< ([P DRI o e oy
Q

Ac
+e2se 0 (H’UH%_I2(Q) + ”pHI%Il(Q))) (34)
and then,
/ (s222eBM0minfo? 4 seMmnjewrlvf?) 2z < (/ (IF + V)™ da
Qo “
AYmax Ac
AT 2 )B4 (o) o) + Pl ) ) -

2se*¥min

Thus, by dividing the above inequality by e we obtain ([B.2)) for some ¢f > ¢ > 0
independent on A. Estimate (3.3]) is obtained analogously. O
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As a consequence of Theorem [B.1] we have the following

Theorem 3.2. Let Qg be an open subset such that w @ Qg € Q. There exists ¢ > 0 such
that for all z1, z9 satisfying (L2), all X > A i m(z1, 22)¢, there exists § € (0,1/2) such
that every solution (v,p) € H2(Q2) x HY(Q) of the Oseen equations (1)) satisfies:

||v||L2(Qo) + ||Curlv||(L2(QO))2N*3

EC*A B 1—
< e (IF e + Il oy + Iollag ) (l0lz) + Pl @)™

and

[p = div |2
ec*A B 1—
< e (IF e + Ml oy + I0lze) + Iplae) ) (ol + Ipln o)

Proof. Since the proofs are analogous we only prove the first inequality. For that, we apply
Theorem B.] and, for s > 3, Inequality (3.2]) rewrites ||v||r2(q,) + ||CUI'I'U||(L2(QO))2N—3 <

B

L eiA for i = 1,2. First, we suppose that ﬁ In(§) >3

eSCT A + ¢=5C2 B where C = e
1 B :
and we choose s = === In (= ). Hence, we obtain
1 C3 (%) v

c3 cf
[vllL2) + ||cur1'v||(L2(QO))2N73 < 2ACT+C5 BCT+C3 (3.5)

Secondly, if m In (%) < 5, then B < eC11C3)5 A, Hence, we also obtain (3.5) using
the existence of C' > 0 such that [|v]|y2q,) + [curlv|lyzq,) < CB. O

Remark 3.3. According to the proof of Theorem[3.2, we have 5 = () = % where

T e
i > & > 0 are the constants given in Theorem [31 which only depend on the geometry.
Therefore, B(\) € (0,1/2) and B(A) — 0 as A — +oo.
3.1.2 A global logarithmic estimate

Theorem 3.4. There exist ¢ > 0, § > 1 such that for all z1,z9 satisfying (L2), all
A > X Y m(zy,29)¢ and all s > 3, every solution (v,p) € H2(Q) x HY(Q) of the Oseen
equations (L)) satisfies:

Sec*/\ 1
vz <e (HfHL?(Q) + |/l g2 () + HUHL2(w)> + - (lvllaz) + 2l ) > (3.6)
sec*/\ 1
[eurl ] ;2 qy)2v-3 <€ <”fHL2(Q) + |/l g2 () + ”UHL2(W)>+51W ([lvllz(0) + ol o)
(3.7)

and

: sec A
[p — divolli2q) <e <||f||L2(Q) + lldllgr () + [vllLew) + ||p||L2(w))

1
RSV (Ivllez@) + Pl @) - (3:8)
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Proof. We apply (ZI2) to (v,p), with 2 < A, to get ([B4) as in Theorem Bl Thus, by
dividing inequality (3.4 by 250 and using the fact that

e [ A > [ joPda
Q Q

we obtain (B.6]) and (3.7 for some ¢* > 0 large enough (independent on ). Proceeding as
previously (but with (ZI3) instead of ([2I2))) we obtain (38]). O

Then, we deduce the following

Theorem 3.5. There exist ¢ > 0 and ¢* > 0 such that for all z1,zo satisfying (L2)), all
A > XY m(zq,22) ¢ every solution (v,p) € H2(Q) x HY(Q) of the Oseen equations (L)
such that ||v||g2(q) + [pllai ) < M for some M > 0 satisfies:

c* A
e "M
[vll2@) < : (3.9)
L2(Q) . ;
n
[ FllLz@) + g o) + vl w)
e
e "M
HCHI‘I’UH(LQ(Q))ZN—fS < ” 7 (3.10)
In|1+
£ ll2@) + lldlla o) + vllew)
and
c* A
. e "M
lp — div vl < (3.11)

i3
M
In| 1+
( ( 1 fllez@) + 1l @) + 1vllLzw) + HPHLz(w)))

Proof. We apply Theorem 3.4l and, for s > §, we introduce A such that we rewrite ([3.0]) as
||'v||Lz(Q) <esA %M where C* & "X First, if A = 0, since the previous inequality
is true for all s, we obtain [|v|[r2(q) = 0 and then (3.3) holds. In the following, we assume
A#0.

Next, we suppose that 5= In(1+ 2{) > 5 and we choose s = 5= In(1 + &) It yields

M\Y? A 20" ¢*
< i =y -

if0<m<1,i.e.M§Aandrl%§mif

and next, using the fact that % < m
x>1,i.e. M > A, we obtain ([39) (by choosing ¢* > 0 larger if necessary).
In the case 5z=In(1 + &) < 5 we have M < e * A for some (other) constant ¢* > 0

and B.0) with s =5 gives [|v[|g2q) < e« A for some (other) constant ¢* > 0. Then the

conclusion follows from A = M% < Mln(li%) (since L < m for all z > 0).
The proof of (310) and (BII]) are obtained in a similar way. O

15



3.2 Stability estimates with boundary observation

We now prove the following theorem from which we deduce the logarithm estimates stated
in Theorem [[.2] as in the proof of Theorem Notice that the first estimate (L)) is given
in the previous Theorem B35 (see (3.9)).

Theorem 3.6. There exists ¢ > 0, § > 1 such that for all z1,z9 satisfying (L2)), all
A > XY m(zy,29)¢ and all s > 3, every solution (v,p) € H2(Q) x HY(Q) of the Oseen
equations (L)) satisfies:
c* X
[vllLz@) < € (HfHL?(Q) + 1l ) + vllas/2 @y, + HU(%P)HHHU%FM))
1
+ (lvllmz) + llpllm @)  (3.12)

and

HCUI‘I’U”(LQ(Q))ZN—E) +|lp — divv||r2(o)

sec*A
< e (I lage + Il oy + 0lsagr) + lo@.pnle,,.))

obs

1
TR (vl (@) + Pl @) - (3:13)

Let us begin by proving the following lemma which is a construction of an extension of
the domain  and of the solution (v, p) of Problem ([II)):

Lemma 3.7. Let Q be an extension of Q of class C? through Tops (see Figure[dl), namely
Q is of class C?, 0QnN Q= Tobs-
There exists an extension (v,p) € H2(Q) x HY(Q) of (v,p) € HX(Q) x HL(Q) such that

Pyt - v — v 1 -
U|Fobs = U|lops> 8n|FObS - 8H|Fobs7 p|robs _plrobs

with the following estimate

ovl|?
D2 < PR~ < 2 — 2 . (3.14
||’U||H2(Q\Q) + HpHHl(Q\Q) = ¢ <||U||H3/2(Fobs) + Han HU2(T,) + ||p||H1/2(1"obs)> (3 )
In particular,
15020y + 17120 ) < C (I0le0) + ol ) - (3.15)

Proof. We consider the linear continuous trace-right inverse operator (see for example [20],
Theorem 1.5.1.2])

R: H3/2(Fobs) X Hl/Q(Fobs) X Hl/2(robs) — HQ(Q) X HI(Q)
(gobsahob57kobs) — (w7Q)

with (w, %—7111’, q) = (Gobs, Probss kobs) on T'ops. Then, let us denote by S the linear continuous
extension operator given by Stein’s theorem (see [I]):

S: H2Q)x HY(Q) — H*RY)x HYRY) .
(w,q) — (W,Q)
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We also denote by T the linear continuous operator of restriction to O

T: H2RY)x HY(RY) — H2(Q) x HY(Q) .

Finally, by denoting (w, q) EToSoR (v,0nv,p), we conclude by defining

5 4t v in J _aer [ p in Q
o mO\Q o TV 7 mOn
It is easily checked that (¥,p) € H3(Q) x HY(Q). O

Proof of Theorem [34. In what follows, z1, Zo denote some continuous extensions to ]RJX
of z1, 29, for the L and the W norm respectively. Let us consider the extensions {2
and (v,q) € H3(Q) x H(Q) given by Lemma Bl Let us consider w € Q\Q a non empty
bounded open subset. We summarize these notations in Figure [

Figure 1: Notations

Next, we apply (Z12) and (ZI3) to (¥,p) and, with A < A, we get:
/~ <s2)\2e2>‘w|5|2 + se™|curl B |? + se*|p — div 5|2) 2™ dg
Q
<C </~(| — VAT + (21 - V)T + (0 V) Zo + V5|2 + |Vdivo|?)e? ™ da
Q

b (~ A - - A Ac
+/w(53)‘263 w‘v‘2 + se ¢|p _ dlvv‘2)e2se dx 4 25 (”U”ip(ﬁ) + Hp”?p(ﬁ))> )
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and from BI), BI5) and w C Q\Q we deduce

/ <s2)\2e2>‘w\'v\2 + se™|curlw|? + se M |p — div 'v|2> 2™ dg
Q

< C (/ <|Vd|2 + |f|2) 25 Qg 4 BMimax p2seNPmax /~ <s3)\2|5|2
Q

o\

+s|p— divo|?2 + |AB2 + |(Z1 - V)02 + (@ - V) 222 + VD2 + \Vdivm2>dm

Ac
e <HUH%—12(Q) + Hp”%{l(g)) )

ov||?
< C 33)\263/\wmaxezsewmaxm 21,2 2 Joll2.. + I + 2
< ( (129" (19 * |0 | F P
2 2\ 2se?? 2se*e 2 2
/Q(|Vd| £[2) €2 da 4 2 (HUHHQ(Q)H\pHHl(Q)))
Here, we have used the notation tmax — max__g ¥ (x). Thus, by dividing the above

2serc0

and using that

e—2seAC0/62Aw‘v‘2e2se>‘wdx2/ "Ude
Q Q

inequality by e

and that A > m(z1, z2)¢, we obtain for some ¢* > 0 large enough (independent on M),

v ||

sec*)\ 2
ol e < (Hfuizm) 1l + Pl + [

Wl

1 , ,
t3 (||U||H2(Q)+||p||H1(Q)). (3.16)

H1/2 (Fobs)

With a similar argument,

. sec*/\
HCUYIU|’?L2(Q))2N—3 +[lp — leU”iz(Q) <e (Hf”%?(m + HdH%Il(Q) + Hv”%ﬁ/?(robs)

8_’0
on

ol

1
+ el + = (Il + Iplf @) ) - (317
/) ”p”wrobs)) = (IR + Il ) - (317)

Now, to conclude, it remains to replace the term Hg—ﬁH;/Q(F ) + Hp”f{m(F o) by

obs

lo (v, p)n3/2r,, - First, from

d=dive = g_'v ‘n+div,vr + (divn)(v-n) on oy,
n

we deduce that
2

ov ) )
‘ on " HI/2( ) =C (||v||H3/2(Fobs) + ||d||H1(Q)) . (3.18)
The above inequality with the following computations
’/g_z = o(v,p)n+pn—v'Von

= o(v,pn+pn—vV(v-n)+v(Vn)v

= o(v,pn+pn—v (g—z . n) n—vV.(v-n)+v(Vn)v,

18



yields

|

Finally, from p = 21/2—:; ‘n —o(v,p)n-n and [BI8) we deduce that

ov ||?

2 2 2 2
o < C (oo, 0l ) + Iolsnqr + 1082 + Il ) -

HY/2 (Fobs)

”p”%{lm(pobs) <C (”U(%p)n”%lm(pobs) + H'U”%{S/?(robs) + ”dH12{1(Q)>
and then
v |)?
'a—n e )+||p||?{1/z(pobs) < C (o, Pl + 1010e,,,) + ldig ) -
obs
(3.19)
Then, ([B12) and BI3)) follow from (BI6), (B.I7) and (B3.19). O

3.3 Proof of the stability estimates for the Navier-Stokes equations

Theorem [[.3] is a simple consequence of Theorem applied to the pair (v, p) ] (21 —
z9, M — m2) which is solution of:

—vAv+ (z1-V)v+ (v-V)z2+Vp = 0 in Q,
dive = 0 in ,

VvV = Z1— 22 on Fobsa

ov,p)n = o(z1,m)n—o(ze,m2)n  on Igpy.

Note that in the same way, we can also obtain the same estimates as in Theorem
and Theorem for a distributed observation.

4 Application: stability estimates for boundary coefficients
inverse problems
In the present section, we focus on the proof of Theorem [L4l We begin by considering the

Navier boundary conditions. One can first notice that the pair (v, p) ] (21— 29, m —T2)
satisfies

—vAv+ (z1-V)v+ (v-V)z2+Vp = 0 inQ,
dive = 0 in Q,
v.-n = 0 only, (4.1)
2v[D(v)n], + a1z1 — azz9 0 onTy.

Without loss of generality, we can assume that |z1| > m on K. Then, since (as — a1)z1 =
asv + 2v [D(v)n]_ on Ty, we have

C
lox = azllizgey < — (Nolluaey) + 199 laqry)) - (42

To estimate the above right hand side, we use the following inequalities:

1/2 1/2

ooy 10l and  1Vollagy) < Cllollydig ol gy - (43)

[vllLzrg) < C vl HY( H2(Q)
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Note that the above inequalities are an immediate consequence of the interpolation inequal-
ity ||'||iz(ag) <C ||-||H1(Q) ||-||L2(Q) which can be obtained for instance by first applying [20]
Theorem 1.5.1.10] to get C' > 0 such that for all u € HY(9Q) and all 0 < & < 1,

Il eqony < C (2 IVullfagy + 72 ulz(qy ) -

and next by taking ¢ = ||u||iz(m / ||u||12{1(9). Combining the interpolation inequality
[l @) < ||v||1/2 |lv ||;/22(Q with the second inequality in ([£3]), we deduce that
1/4 3/4
IV0llga(my) < Clivllhig, ol g -

Hence, from (£.2]) we obtain:

C 4 3 4
lon = azllyzgey < — 0l ol (4.4)

and we conclude using the estimate on |[v||yz2q) given by Theorem
For the Robin boundary conditions, we proceed in exactly the same way to obtain
C
o = azllzqey < = (Ivllgaqee) + IVolla,) + IPla,)
and conclude using the estimate on [|v[|12q) and on [|p||;2(q) given by Theorem

Remark 4.1. We can obtain a better estimate assuming more regularity on (v,p). For
example, if (v,p) € HY(Q)xH*1(Q), k > 2, we can use an interpolation inequality in (4
to obtain

C . 14 1- 2/k 2/k 1- 3/ 3/(2k
Jon — asllagey < = folletey (I ol ) = ol ol 229 (4.5
Then ([LI8) follows from (LX) with the interpolation inequality ||-||yon ) < C |- || || ||Hn(]c

Remark 4.2. Concerning the Navier boundary conditions, we can obtain the same result
in a different way, by writing [D(v)n], in terms of curlv on T'y. Indeed, since v -n = 0

on Ty, V(v -n) = Mn and then,
" ov
curlv x n = (Vv —"Vo)n = I V(v-n)+ (Vn)v
9w, +(v-n)n) I(v- n) _ Ov,
B on ~ on +(Vnjor ~ On +(Vnjo
On the other hand, using the same kind of computations, we have
ov ov O(v-n)
— t - . _ - T —
2D(v)n = (Vv + 'Vo)n = o + V(v-n) — (Vn)v o +2 o D (Vn)v,

Hence, we obtain that
curlv x n = [2D(v)n]_+ 2(Vn)v,

Thus, in the previous proof, we can write
(g — a1)v1 = agv 4+ 2v [D(v)n]_ = apv + veurlv X n — 2v(Vn)v,

and conclude using the estimates (L1I) and ([LI2) on [[v||y2q) and ||CUI'1’U||(L2(Q))2N73
given by Theorem [1.3.
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5 Application to error estimates

In this section, we consider the reconstruction of (v, p), solution of the Stokes system in €2,
knowing v and o(v,p)n on I'g,s. In other words, we consider the data completion problem
for the Stokes system, that is: from given data g, € H3/2(F0bs) and gy € Hl/z(FobS),
reconstruct (v,p) € H3(Q) x HY(Q) verifying

—vAv+Vp = f in Q,

dive = 0 in £, (5.1)
v = dgp on Pobm '
O-(,vyp)n = gn on [gps.

As the problem is ill-posed, it is mandatory to use a stabilization method to stably recon-
struct (v, p) from the data f, g and gy .

Such a stabilization method usually depends on a parameter of regularization € > 0, and
it must fulfill the two following requirements: it must have a solution for any data f, gp
and g, regardless of the existence of a solution to the corresponding Stokes problem (B.1]).
And its solution should converge to the solution of (5.I]) when the parameter e goes to zero,
when such a solution exists.

We study below two standard methods of regularization: a quasi-reversibility method
and a penalized Kohn-Vogelius method. In particular, we obtained the convergence rates of

these methods directly from the estimates obtained previously.
def
(

In the following, we denote (('v,p), (w, q)) = (v, w)g2 (o) +(p, @) (o) Which

H2(Q)xHY(Q)
is obviously a scalar product on the Hilbert space H?(Q) x HY(Q2), and H(U,p)HHQ(Q)XHl(Q)
the corresponding norm.

5.1 Error estimates for the quasi-reversibility method

The quasi-reversibility method has been introduced in [24] by Lattés et al. to stabilize
elliptic, parabolic and hyperbolic ill-posed problem. The main idea of the method is to
solve well-posed variational fourth-order problem, depending on ¢.

More precisely, for € > 0, we define the following quasi-reversibility variational problem:
find (ve,pe) € HQ(Q) x HY(Q) such that v. = g, on [ops, 0(ve,p-)n = gy on Tgps and
for all (w,q) € H3(Q) x HY(Q) with w = 0 and o(w, ¢)n = 0 on I'yps, we have:

_Ae e)’ —VvA ! e)s I
/Q( vAv. + Vp.) - (—v w—l—Vq)d:c—l—(dlv(v)dlv(w))Hl(Q)

+ (v, w2 () + €(Pe, Qi) = /Q f-(—vAw+Vq)dz. (5.2)

We start by proving that the quasi-reversibility problem is well-posed:

Proposition 5.1. For any (f,9p,gy) € L2(Q) x HY2(Dyps) x HY2(Dops), there exists a
unique solution (v.,p.) € H2(Q) x HY(Q) to the quasi-reversibility problem (5.2).

Proof. Let us first note that there exists (V, P) € H?(Q) x H'(Q) such that Virg. = 9D
o(V,P)n =gy and

1V, P2ty < Cl@r 5 gz er 2
Indeed, since o(V,P)n-n = 21/%—‘; -n— P and

[c(V,P)n|, =v (88‘17

£9V ) = (v ) = (S (@ V).

n
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it suffices to choose P = 0 and a continuous lifting V' which satisfies V' = gp and V%—K =
%(gN ' n)n + gN: — V(ngD)n on I‘obs~
Defining (v. , pe) 4 (ve =V, p. — P), we see that v. = 0 and o(ve,pz)n = 0 on Ty

and, for all (w,q) € H2(Q) x H'(Q) such that w = 0 and o(w, ¢)n = 0 on Ty, we have

/Q(—VAUE + Vi) - (—vAw + Vq) dz + <d1v('v5), dlv(w)>H1(Q)

+ (v, w)g2() + €Pe, Dur () = / f-(—vAw + Vq)dz — / div(V) div(w) dz
Q Q
—e(V,w)gzq) — (P, Q)ui(q),
where } & f+vAV — VP. The Lax-Milgram theorem gives then the result. O

Suppose now that the initial data completion problem admits a (necessarily unique)
solution (v,p) € H2(Q) x H'(Q). Then, we have the following

Theorem 5.2. The solution (ve,p.) € H2(Q) x HY(Q) of the quasi-reversibility prob-
lem (5.2) converges to (v,p) € H2(Q) x HY(Q) solution of the data completion problem for
the Stokes problem (B.1I) when € tends to zero, strongly in H2(Q) x HY(Q). We furthermore
have the estimate

| — vAv. + Vp. — .f||i2(g) + ||div(v€)||12{l(9) < 5||(v7p)||%-12(Q)XH1(Q)‘ (5.3)

Proof. Using (w, q) & (ve — vp: — p) as test functions in the quasi-reversibility prob-
lem (5.2), which is admissible as they verify the boundary conditions, we directly obtain

| —vAv: + Vp. — f”%,?(g) + ||div(v€)||%—ll(g) + 5((”6)1’6)’ (ve —v,pe _p))HQ(Q)XHl(Q) =0
(5.4)
We hence have ((ve,pg), (ve — v, pe — p))HQ(Q)le(Q) < 0 which implies
(e, pe) Iz (@) (@) < 11(vsP)la2(0)xnt () (5.5)
Subtracting E(('v,p), (ve —v,pe — p)>H2(Q)xH1(Q) to equation (5.4]), we obtain
2
(e = 0.2 =Pl @) < ~ (020 (0 —vpe=p)) 0 (56)
implying
[[(ve — v, pe _p)||H2(Q)><H1(Q) < ||(U’p)||H2(Q)><H1(Q)' (5.7)
Going back to equation (5.4]), we finally obtain
| — vAv. + Vpe — f”%ﬂ(g) + ”div('va)”%{l(ﬁ) <e ((Uaapf)a (ve —v,pe — p)>H2(Q)xH1(Q)

which, using (B.5) and (5.7), directly leads to the estimate (5.3)).
Now, suppose that v. and p. do not converge to v and p. Then there exist p > 0
and &,, sequence of strictly positive real numbers verifying £, —— 0, such that the
n—oo

def def .
couple (v,, = ve, ,pn = P, ) satisfies
En En

|vn — v, pn _pHHQ(Q)XHl(Q) > p-
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By equation (5.5), we know that (v, p,) is a bounded sequence in H?(Q) x H'(Q). Hence,
up to a subsequence (that we still denote (v,,p,)) the sequence converges to some (w, q)
weakly in H?(Q2) x H'(€2). Then equation (5.3) and the boundary conditions verified by
(v, pn) directly imply that (w, q) verifies the Stokes data completion problem (5.1J), which
in turn implies by uniqueness of such solution that w = v and ¢ = p. Therefore, v,, weakly
converges to v in H?(Q) and p, weakly converges to p in H'(Q). But Equation (5.5)
implies then that (v, py,) strongly converges to (v, p), which is a direct contradiction with
the definition of the sequence, and therefore ends the proof. O

Remark 5.3. [t is not difficult to obtain the following complement to the theorem: if the
initial data completion problem for the Stokes system does mot admit a solution, then

10, Pe) 20y < () T 00

Otherwise, we would have a sequence of strictly positive real numbers (e,)nen verifying
en —— 0 and [[(ve,, pe,) lm2 () xmi ) < C. But using the same arguments as in the last
n—o0

paragraph of the proof of theorem[5.3, extracting a subsequence and passing to the limit, we
would obtain a solution to the data completion problem for the Stokes system, in obvious
contradiction with the assumption.

Proposition (5] and Theorem clearly show that the proposed quasi-reversibility
method (5.2)) is a regularization method for problem (5.1). However, if Theorem [5.2] assures
the convergence of the approximated solution to the exact one, it does not give any rate
of convergence. Actually, it is known (see |23 section 2.5] and the references therein)
that Carleman estimates are the key argument to derive convergence rates for the quasi-
reversibility method. This is the case for the quasi-reversibility method proposed above
and we now prove Theorem [ for this method:

def

Proof of Theorem[L.8 for the quasi-reversibility method. Defining (u, q) = (v. — v, p. —
p), we notice that we have u = 0 and o(u, ¢)n = 0 on I'y,s and that the following estimates

hold (see Inequalities (B.3]) and (5.1)):

IN

I[(2, @) lr2 () 112 () (v, D)2 () <11 ()
|| — I/AH-FV(]HL?(Q) < \/EH(v’p)HHQ(Q)XHl(Q)
[div(u)|lz@) < Vell(v,p)lmz@o)xm )

Hence, applying estimates (I.7]) and (LS]), we directly obtain the result. O

Remark 5.4. Suppose that instead of exact data (f,9p,gx) € L2(Qobs) x HY2(Dyps) X
H'/2(Tgs), with corresponding solution (v,p) € H2(Q) x HY(Q), we have noisy data
(faagéD’gg) € L2(Q) X H3/2(Fobs) X Hl/z(robs); such that

< 0.

)
<dé and gy —gnlmpr,,) <

17~ Fluzay <0, lgb = gl

Due to the ill-posedness of the data completion problem (&.1l), there might be no solution
corresponding to this noisy data. However, the quasi-reversibility problem (5.2)) has a cor-
responding solution, denoted v‘g and pg. We also denote v. and p. the solution of the
quasi-reversibility problem with exact data. It is not difficult to verify that there exists a
constant C' > 0, depending only on the geometry of the domain, such that

)
H(’vg - 'vsapg _p€)||H2(Q)><H1(Q) < C%-
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Combining this result with the previous estimates, we therefore obtain

0 M
||(v(5S - v,pg _p)||H1(Q)><L2(Q) <C|—=+ ,

Ve (1 + %))1/2

where M > 0 is such that ||[v||g2(q) + IPll () < M. Such estimate highlights the competi-
tion between reqularization and noise, which leads to the question of the optimal choice of
the regularization parameter € with respect to the amplitude of the noise 5. On this subject
of the optimal choice of the regularization parameter for the quasi-reversibility method for
elliptic equations, see [11, [12] and the references therein.

5.2 Error estimates for the Kohn-Vogelius method

The quasi-reversibility method proposed in the previous section regularizes the data com-
pletion problem for the Stokes system by solving approximately the first two equations
of (1)) (see the estimate in Theorem [(.2]) while verifying exactly the boundary conditions.
The Kohn-Vogelius method we study now is somehow a symmetric method, in the sense
that it solves exactly the equations in €2 with approximated boundary conditions. And
again, we obtain the rate of convergence of the method using the same estimates (L7
and (8.

We recall that FSDS < H0 \ Tops and that we here assume that Tgpg N FSLS = (). For
ey € HY2(TS ) and ¥p € HY2(TS ), we denote (Vg Pey) € H*(Q) x H(Q) and
(Vs Pyp) € H?(Q) x H'(Q) the respective solutions of

VAV, +Vppy = f in £, ~VAvy, +Vpy, = f in Q,
divwy,, = 0 in Q, and divvy, = 0 in ,
v(PN = dgp on I‘ObS) O-(Udlep’l/JD)n = gn on FObS?
0(Vpy,Poy ) = @y oOn FSDS, vy, = Yp on Fg)s.
(5.8)

We define the non-negative functional
F (¢N’¢D) € HI/Q(F(?bs) X H3/2(Fg{)s) = |U‘PN - vd’D@IQ(Q) + |v<PN - U¢D|%-II(Q) € R’
def d_cf

)=

where |- g1y = [V()llp2q) and |- g2
seminorm.

‘VQ(-)HLQ(Q) are the respective H! and H?-

Remark 5.5. For this Kohn-Vogelius method, we have to impose mﬁﬁ = () in order
to guarantee that the functional is well-defined and more precisely that the pairs (vy,, Py, )
and (v, pyp,) belong to HA(Q) x HY(Q) for all (¢, % p) € H1/2(FS)S) X H3/2(FS)S) . In
the case Tops NTC 0, one cannot guarantee that the solutions belong to H%(Q) x HY(Q)

obs

(see for example [28]).
It is not difficult to verify that the two following propositions are equivalent:

e there exists (¢, ¥ p) € Hl/z(ngs) x H32(TC ) such that F(py,%p) = 0;

obs
e there exists a (necessarily unique) solution to the data completion problem (5.1).

Hence one could try to reconstruct the solution of problem (5.1]) by minimizing F'. However,
this is not a stable strategy: indeed, the infimum of F' is always 0 even if (51)) does not
admit a solution, but in this case there are minimizing sequences (@3, ¥'5) such that

Jim ([ YD) e ywmszre ) = 00 (5.9)
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Let us briefly explain why. Due to the denseness of the admissible data (see 8] or |16
section 2|), for all £ > 0, there exists (fa,gDE,gNE) € L2(Q) x H3/2(F0bs) X H1/2(F0bs)
such that the corresponding Stokes problem (5.1)) has a solution (v.,p.) and

If-—fll <e, HQDE —QDH <e and HgNe _QNH <e.

Therefore, choosing . = o(ve, pe)n and ¥ = v. on T'G . it is not difficult to see that

0 < F(epn,.¥p,.) < Ce. (5.10)

Hence, the infimum of F" is 0. Furthermore, if the above sequence (¢ y_,%p_) is bounded

in H'/? (TS,,) x H5/? (TS..), one can extract a weakly convergent subsequence which leads
to the existence of a solution of the Cauchy problem (5.I)) using Problems (5.8) and In-

equality (5.10).

Thus, to regularize the problem, we add a penalization term: for € > 0, we introduce
the functional F; : Hl/z(ngs) X H3/2(ngs) — R defined by

F.(pn:Yp) = Flen,¥p) + 5||(U<pNapcpN)||%{2(Q)><H1(Q) + EH(’v'l,bD)p'l,bD)H%—I2(Q)XH1(Q)'
We have the following result:

Proposition 5.6. For any (f,9p,gy) € L2(Q) x HY2(Dyps) x HY2(Tops), there exists a
unique (9%, YD) € H1/2(Fg)s) X H3/2(ngs) such that

F. (o5, v5) = min F, ).
(PN, YD) (o tbp) 2 (PE )< EP/2(TC, ) (N, YD)

Proof. Obviously, the functional F. is continuous and strictly convex. Furthermore, it is
coercive. Indeed, suppose it is not. Then there exists a sequence (¢, %’5) and a constant
C > 0 such that

W}gnoo H(onm\h "pg)HH1/2(F§bS)XH3/2(ngS) =+oo and Fs(soﬁa 'l/)nDl) <C.

This directly implies [[(vym, pom)llmz@)xui(@) < C and [[(vyn, pyr) a2 xm@) < C,
which directly implies H(‘P%‘p%)HHU?(ngs)xH?’/?(ngs) < C by continuity of trace and
normal derivative operators, which is a contradiction with the initial assumptions.

Therefore F. is continuous, strictly convex and coercive, which implies the result
(see [17]). O

Suppose now that the initial data completion problem admits a (necessarily unique)
solution (v,p) € H?() x HY(Q). Then, we have the following

Theorem 5.7. The solution (vys,, pys,) € H2(Q) x HY(Q) converges to (v,p) € H3(Q) x
HY(Q) solution of the data completion problem for the Stokes problem (5.1)) when & tends
to zero, strongly in H2(Q) x HY(Q).

Proof. We denote ¢ = a(v,p)n‘Fcb and & = Ve . By definition, we have (vysr, Py ) =
(Vg3 Pyz) = (v, p) and F(pF, ¥P) = 0. Therefore, by definition of % and 17, we have

2 2 2 2
Vs, —Vye, |H2(Q)+|U<PN —Uy5, |H1(Q)+5|| (Vg3 » P, ) ||H2(Q)xH1(Q)+5|| (Vg5 Pys, ) ||H2(Q)xH1(Q)

< F(PN.¥5) = QEH(U,p)H%I?(Q)Xle(Q)
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which directly implies

2 2 2
[Ves, = Vo5 a2 () T Ve — Vel o) < 26010, D)2k o) (5.11)

and

2 2
||(U4P§V7p¢§v)||H2(Q)XH1(Q) + ||(v’l/JED7p’l/JED)||H2(Q)XH1( < 2||(v, p)||H2(Q xHL(Q)" (5.12)
Let us consider now an arbitrary sequence of positive real numbers &, such that

lim e, = 0. From (5.12), we see that

m—r0o0
def def
(vtpan7p9071<fL) = (/vcpNsm ’pLPNEm ) and (U¢7S7p¢gb) = (’U’l/Jng 7p1pDem)

are bounded in H2(Q2) x H'(Q). Therefore, up to a subsequence, we have the following
weak convergences in H?(Q)

v’lpg - v1/’Doo7 v‘PW - v‘PNoo

and the following weak convergences in H!(£2)

p’/’% Apd’Doo’ p‘PTJ\rf _\p<PNoo‘

But Equation (5.II) implies directly that vy, =ve, +e, withc€ R and passing to
the limit in the first equations in each Stokes problem of (5.8]), we get Dyp,, = Pon,, TG
with ¢ € R. In particular, passing to the limit gives v, = gp and O'(’UcpNoo ,p,/,Doo)n =
o (vy Doo,pd,Doo)n = gy on 'y by weak continuity of the trace and normal derivative
on I'ghs. Therefore (v, Now P Doo) = (v, p). Hence, we have the following weak convergences

in H2(Q)
v¢gév+c, v(pﬁ—\v

and the following weak convergences in H!(£2)
Dy =Py Ppp — P FC

Now, we see that F(pS,9%%) =0 = F(¢S + cn, ¥ + ¢) for any ¢ € R and ¢ € RY.
Therefore, similarly has prev1ously, we have F.(o%, YD) < F:(o%N + cn, Y5 + ¢) which
implies

2 2 2
”(”ﬁwpwi,)”H?(Q)X}{l(Q) + H('vw%vp¢%)”1{2(g)le(Q) < |[(v.p+ C)”HQ(Q)XHI(Q)
+[[(v + Cm)”%{?(g)le(Q)

directly implying that the weak convergences are actually strong convergences.
Finally, a standard argument ad absurdum ends the proof as in the end of the proof of
Theorem O

We now prove Theorem for this penalized Kohn-Vogelius method, recalling that
(Uaapa) ('UgoN7p1/:D)

Proof of Theorem [I.8 for the penalized Kohn-Vogelius method. 1t is not difficult to verify
that we have the a priori bounds (see (5.12)))

[ve = vllg2i) < C(v.p),  Ipe — Pl () < C(v,p)
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where C(v,p) and C(v,p) are constants depending only on the H?(€) x HY(Q) norm
of (v,p). Furthermore, thanks to (5.11J), we see that

|o(ve, pe)n — gN||H1/2(F0bS) = ||U('U<p§vvp¢ED)n - J(Uwa,pwsD)n||H1/2(Fobs)

Ve = Vys, l2() + [Ve — vys, [n () (5.13)
< VeC(v,p)

where C(v, p) is another constant depending only on H?(Q) x HY(Q) norm of (v, p).

Hence, applying again estimates (7)) and (L8], we directly obtain the announced
result. O

IN

Remark 5.8. The Kohn-Vogelius functional is classically defined by F (@, % p) = |vp, —
U¢D|?{1(Q) instead of F(pn,%p) = [vyy — v¢D|f{2(Q) + v, — v¢D|%{1(Q). Notice that
Proposition s also wvalid for the associated functional F.. The only point where the
H2-seminorm is needed is Inequality (5.13).
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