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Feedback Stabilization of a Two-Fluid Surface Tension System Modeling the Motion
of a Soap Bubble at Low Reynolds Number: The Two-Dimensional Case
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Abstract. The aim of this paper is to design a feedback operator for stabilizing in infinite time horizon a system modeling
the interactions between a viscous incompressible fluid and the deformation of a soap bubble. The latter is represented
by an interface separating a bounded domain of R? into two connected parts filled with viscous incompressible fluids. The
interface is a smooth perturbation of the 1-sphere, and the surrounding fluids satisfy the incompressible Stokes equations
in time-dependent domains. The mean curvature of the surface defines a surface tension force which induces a jump of
the normal trace of the Cauchy stress tensor. The response of the fluids is a velocity trace on the interface, governing the
time evolution of the latter, via the equality of velocities. The data are assumed to be sufficiently small, in particular the
initial perturbation, that is the initial shape of the soap bubble is close enough to a circle. The control function is a surface
tension type force on the interface. We design it as the sum of two feedback operators: one is explicit, the second one is
finite-dimensional. They enable us to define a control operator that stabilizes locally the soap bubble to a circle with an
arbitrary exponential decay rate, up to translations, and up to non-contact with the outer boundary.
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1. Introduction

In this paper we consider a model that describes the time evolution of an interface I'(t) separating
a bounded fluid domain © C R? into two connected components. The fluid is assumed to be viscous
and incompressible. This interface represents a soap bubble, and is subject to surface tension forces.
Surface tension is the result of intermolecular forces in fluids (air or liquid, see [64]). We consider the
low Reynolds number case, that is the inertia forces are assumed to be negligible compared to the other
involved forces (viscosity effects, surface tension, electric field, etc. .. ), which is typically the case of blood
flows [39] containing globules [9]. We will also neglect the temperature effects. Our aim is to stabilize the
deformations of this soap bubble such that this latter converges to a circle, with a prescribed exponential
decay rate, via the design of a feedback operator acting on the interface. Our contribution falls within
the modeling and mathematical aspects of the motion of bubbles out of equilibrium.

1.1. The Model

Due to incompressibility, the volume contained inside the soap bubble remains constant, and any sphere
of this volume, strictly contained in €2, can be considered as the sphere of reference I'y. Denoting by
X(+,t) the Lagrangian deformation of this sphere, the deformed soap bubble is given by I'(t) = X (T's, t),
with the initial condition Xq = X (-,0), and separates the whole domain € into two subdomains Q% (¢)
and Q7 (t), corresponding to the exterior and the interior of the soap bubble, respectively. The geometric
description and notation are given in Fig. 1.

We will assume throughout the paper that T'(¢) is a Jordan curve, that X(-,t) is invertible and
orientation preserving, and the non-contact condition, that is T'(t) C ). This can be guaranteed by

Xy X(-,t)o X!
o
s

(1)

) r

Fic. 1. Deformation of the soap bubble, from the reference configuration I's, to I'(¢) at time ¢
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assuming the data smooth and sufficiently small, in particular X, close enough to the identity, implying
that X (-,¢) stays close to the identity as well. With this condition, we then have I'(t) = 9Q~ (¢) and
ANt (t) = 0QUI'(¢) (disjoint union), and Q7 (¢) is connected. The deformation X and the velocity /pressure
couples (u™,p™), (u™,p~) constitute the unknowns of the following system

—dive(u®,pt) = fF in QT (t), t € (0,00),
—divo(u",p7)=f" inQ (1), t € (0,00),
divu®™ =0 in QF(¢), t € (0,00),
divue™ =0 in Q7 (t), t € (0,00),

ut =0 on 90 x (0, 00),
0X
ot
o’ p)nT +o(u”,p)n

wt=u" = (X (-, )" t), onT'(t), t € (0,00),

=pusn~ +g onI'(t),t € (0,00),
X(-,0) =Xy on Ty,

where T'(t) = X (g, t) splits © into Q7 (¢) and Q7 (t). We adopt the Lagrangian formalism for describing
the interface T'(t): Particles of coordinates z € T'(t) are obtained uniquely from particles y € T's as

0X
z = X(y,t), and their velocity writes ——(y,t). On the other hand, the Eulerian velocities u™ or u~

ot
describe the velocity field of particles occupying position x € Q () or Q~(¢) at time ¢. Therefore from

X
the equality of particle velocities on I'(¢) we have the relation aa—t(y, t)=u"(X(y,t),t) =u (X (y,1),1),

leading to the equality of Eulerian velocities on I'(t) above, by using y = X (z,t)~!. The pressure variables
pT and p~ play the role of Lagrange multipliers for the zero divergence conditions, referring to the
incompressibility of the fluid. We have introduced the Cauchy stress tensor o(u,p) := 2ve(u) — pld, where
e(u) := Sym(Vu) = $(Vu + VuT), and the viscosity v > 0 is constant and assumed to be the same in
QT (t) and Q™ (t), for the sake of simplicity, but without loss of generality. We denoted by n™ and n~
the outward unit normal of Q% (t) and Q™ (), respectively. By default we denote n = n~ = —n™. The
parameter p > 0 is a given constant surface tension coefficient, and x denotes the mean curvature of I'(¢),
with the convention x < 0 for the l-sphere. In dimension 2, the mean curvature is simply called the
curvature. The right-hand-sides f* and f~ are given volume forces, representing for example the effect
of an electric field [71], or some density contribution like in the case gravity Stokes flows [32], leading to
the so-called Stokes-transport system [40,43]. The function g is a surface tension type force, acting on the
interface T'(t). It will be considered as the control function, and will be chosen in the form of a feedback
operator. For the sake of concision, we rewrite the system above as follows:

—divo(u®,p*) = fF and dive® =0 in QF(t), t € (0,0), (1a)

u™ =0 on 90 x (0,00), (1b)

ut = 86—): (X(,t)""t)  and  —o(u,p)]n=prn+g onI(t), t € (0,00), (1c)
X(-,0) = Xy onTy. (1d)

We have denoted by [¢] = ¢ — ¢~ the jump across I'(t) of a vector/matrix field, and by ¢* when we
consider p* and ¢~ separately, simultaneously, and respectively. In (1c), the control function g and the
surface tension force pxn induces the jump of o(u, p)n across I'(t), and the response of the surrounding
fluid is the trace of the velocity field on the interface I'(t), governing the time evolution of the latter via
the time derivative of X (-, t). Recall that mapping X (-,¢) determines the interface I'(¢), and therefore also
the domains Q% (¢) in which the Stokes equations are set, as well as the mean curvature that satisfies the
relation kn = Ap(yId, involving the Laplace-Beltrami operator. Thus system (1) couples in a nonlinear
manner the geometry given by X (-,¢) and the state variables of the fluid, namely (u®, pT).

Existence of solutions for such a model in the context of two fluids separated by a closed free interface
has been studied by Denisova and Solonnikov [21,24], in line with prior contributions [19,20,22,23,61],
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based on the work of Rivkind [54-57]. More recently Priiss and Simonett revisited wellposedness questions
in the context of the LP-maximal regularity [46-48], addressing also the case of phase transitions [49-51].
Modeling aspects, leading to the transmission equations on I'(t), were first introduced in [58], as far as we
know. Addressing advanced wellposedness questions for systems of type (1) can be a difficult task, as for
example global existence of solutions for the Navier-Stokes model is still an open problem (see for example
[28] dealing with the notion of varifold solutions). We refer to [25] for an exploration in this direction.
Note that in this article the equality of velocities in (1¢) which governs the time evolution of the interface
will be treated as Dirichlet-type boundary conditions, but we could also represent the flow of surfaces T'(¢)
via the Peskin formulation [45], the so-called immersed boundary method, which consists in writing this
equality as an integral supported by a delta function. In this fashion, recent wellposedness contributions
were provided in [31,33,34,44,59]. At low Reynolds number, namely for the Stokes model, let us mention
the recent contributions [41,42]. Let us also mention that stability questions were addressed in [32,67]. In
the present article we will only be interested in the stabilizability question, and will address wellposedness
only for the linearized system as well as for the feedback-control-stabilized nonlinear system (1).

1.2. Main Result

Note that the volume enclosed by I'(¢) is constant and prescribed by the one enclosed by the reference
circle I's, due to incompressibility. Since any circle of the same volume, strictly included inside €, is a
stationary state (see Lemma 2.1), we can decide to stabilize system (1) around any of these circles, and
thus stabilization around the sphere is understood up to elements of the following space

Cr, = {Xc € HQ(FS) such that X.(T's) C ) is a circle of the same radius as Fs} .

The initial configuration Iy is represented via the deformation Xy of T'y, so that I'y = X(T's). Since we
need smallness assumptions on the data, in particular Xy, in practice we can choose X. € Cr, such that
| Xo — Xcllm2(r,) is minimal, for example by restricting Cr, to translations. We refer to Remark 2.1 in
Sect. 2.2 for further comments. This amounts to say that I'g is close to a circle of the same radius as T';.
The main result of the present article is Theorem 1.1:

Theorem 1.1. Choose X, € Cr,. Let be Xo € H?(T's)/R? and f* = figx ) such that f € L*(0, 00; L?()).
For all A > 0, there exists a finite-dimensional linear operator Ky, depending only on \, Uy, v and u,
such that if the quantities || Xo — X¢|lu2(r,) and ||€)\tf||L2(O’OO;L2(Q)) are small enough, then the solution
of system (1) with

g= ((detg)’l/z (divr, (7 ® 7)Vr, (X — Xo)) + KaVi, (X — Xc))> o X1

satisfies

e (x - X, ) < OlXo = Xellcr,).

) ||L2(0,00;H5/2(Fs)/Rz)ﬂHl(0,oo;H3/2(1"S)/R2

Where 14 denotes the tangent vector of I's, C > 0 is a constant, and g denotes the metric tensor of I'(t).

This result implies the asymptotic convergence towards a stationary state corresponding to an immo-
bile circle, up to a translation in R?. Note that in the choice of g, we need two different operators, one
explicit, namely divp, ((7s ®7)Vr, (X — X.)), and one of finite dimension. Both deal with the tangential
derivative of X — X.. This feedback stabilization result is in line with many others obtained for other
fluid-structure models, for example [13,14,53]. But as far as we know, there are very few mathemati-
cal contributions that address control-related questions for models involving surface tension forces: The
models considered in [2,8,11,18,30] deal with free boundary problems, that do not involve jump condi-
tions like in (1c). However, other non-mathematical references explain the practical realization of surface
tension controls on a small scale [12,52].
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1.3. Method

Like in [13,14,53], our method is based on the feedback stabilization of the linearized system. For deriving
the latter, we first need to rewrite system (1) in cylindrical domains, in order to uncouple the fluid domains
and the state variables, in particular the deformation X. Since this surface deformation is initially defined
on I'y only, we need to define a suitable extension to the whole domain, which leads us to study the
non-trivial question of extension of diffeomorphisms from boundaries. This is realized in Sect. 3.1, and
the corresponding proof relies on recent results on the harmonic extensions of diffeomorphisms (see
Appendix A.1).

Concerning the model, for the sake of simplicity, in the fluid domain we choose to consider the linear
stationary Stokes system, which corresponds to a low Reynolds number fluid. Considering fluid models at
average or high Reynolds number would introduce other difficulties. For example, in [16,17] the authors
consider the Euler system, and existence of solutions is obtained with high-order energy estimates, without
any operator formulation that could be used for designing a possible feedback operator. On the other
hand, addressing the Navier—Stokes system consists classically in deriving an operator formulation of the
linearized system, involving the non-stationary Stokes system, for which a lifting method is used. For
the present model, based on jump conditions, it is not clear how a lifting method would enable us to
derive an operator formulation. Still in the case of the non-stationary Stokes equations with transmission
conditions, the respective authors of [47] and [21] first reduced the interface to a straight line, and derived
existence and uniqueness results via pseudo-differential calculus techniques, which lead to a space-time
operator for describing the solution. In practice, such approaches can not be used in a infinite-horizon
stabilization problem, moreover dealing with general surfaces. Further, the unique continuation argument
used in our case for obtaining approximate controllability and stabilizability of the linearized system does
not apply to the case of the non-stationary Stokes system, as the latter would necessitate taking into
consideration zeros of spherical harmonics, leading to difficulties that go beyond the scope of this article.

Therefore we adopt the stationary Stokes equations, as we prefer to focus on the time-evolution of the
interface displacement, more specifically an operator formulation that involves the time derivative of the
interface displacement only. For the linearized system, involving the Stokes system in time-independent
domains, we describe the solution via a stationary Poincaré-Steklov operator denoted by Pr,, of Neumann-
to-Dirichlet type, mapping the different transmission conditions. The existence of this operator is obtained
via the Ladyzhenskaya-Babuska-Brezzi condition. Next the operator formulation for time-evolution of the
interface displacement is obtained, involving Pr_, as follows

% — pPr, (divp, Vi*Z) = Pr,G on I'y x (0,00), Z(+,0) = X — Id on Iy,

where Z = X — Id represents the displacement of the interface, Vi := (ns ® ny)Vr,, and G rep-
resents a control function to be chosen in a feedback form. Since V? is not coercive (see Sect. 2.3),
we define a first feedback operator as pdivp, Vi' Z, where Vi Z = (7, ® 75)Vr, Z, so that Z —
—pdivy, VEZ — pdivy, VIT;*SZ = —Ar.Z is coercive. This operator is explicit, and supported on the
tangent to I's, which is compatible with possible practical realization. The resulting operator generates
an analytic semigroup of contractions, with compact resolvent. Next we prove approximate controlla-
bility for the linear system via a unique continuation argument. Since the spectrum of the operator is
discrete, the number of unstable modes is of finite number, and thus we can reduce the problem to a
finite-dimensional control problem where approximate controllability implies stabilizability by a finite-
dimensional feedback operator satisfying a Riccati equation. This feedback operator is re-used for defining
another control function that stabilizes locally the nonlinear system, via a fixed-point argument, provided
that the perturbations of the steady state are sufficiently small.

One of the main reasons why we restricted our study to dimension 2 is due to theoretical difficulties
that arise in dimension 3 when trying to extend diffeomorphisms. Another reason lies in the fact that
the linear evolution equation above, involving the operator VF; would be a priori more complex in
dimension 3. All these reasons are explained in Sect. 7. Nevertheless, the methodology adopted in the
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present article for designing in practice the feedback operator is still valid in dimension 3. Throughout
the paper we try to keep as much as possible a formalism that is not restricted to dimension 2.

The paper is organized as follows: Notation and functional spaces are defined in Sect. 2. Comments
and important properties of the model are described in Sect. 2.2. A change of variable is introduced in
Sect. 3.1, enabling us to rewrite in Sect. 3.2 the main system in time-independent domains. Section4 is
devoted to the study of the corresponding linearized system, where in particular in Sect. 4.1 we define
operator Pr_, leading in Sect. 4.2 to an operator formulation. In Sect. 5 we design a linear feedback
operator that stabilizes the linear system. In Sect. 6 we deduce another feedback operator that stabilizes
the nonlinear system, and thus prove the main result. Questions related with the extension to dimension 3
of the present work are posed in Sect. 7. Finally, technical proofs of intermediate results are given in the
Appendix.

2. Functional Setting and Preliminaries
2.1. Function Spaces and Notation

Denote by L2, H* and W*? the standard Lebesgue/Sobolev spaces of real-valued functions, and their
multi-dimensional versions for d = 2 as follows:

L2(0F) = [[2(QF), 12(0F) = L@, T3(T,) = [LA(T,)) 0D,

The notation I.?(T',) applies when considering for example tangential gradients on I'. Naturally we trans-
pose the same type of notation for other types of spaces and domains. Recall the notation H~/2 (Ty) =
H'/?(T,). For matrix fields A, B of R?*? we recall the inner product A : B = trace(A” B) and the cor-
responding Euclidean norm satisfies |AB|gax2 < |A|gex2|B|gax2. We will denote Sym(A) = $(A4 + AT).
Denote by cof(A) the cofactor matrix of any matrix field A, and note that in dimension 2 the mapping
A+ cof(A) is linear. Given two vectors a and b of R?, the tensor product a ® b denotes the matrix of
R?*? defined by (a ® b);; = a;b;.
For 0 < T < o0, the displacements Z = X — Id of I'; will be considered in the following space

Zp(D,) == L2(0,T; H*%(I',)/R?) N H(0, T; H*/%(I",) /R?),

where quotient spaces have been introduced for considering displacements Z up to a constant of R2. This
is equivalent to consider deformations X = Z +Id up to translations of R?. Note that the translations of
R? are also elements of the space Cr,. For any Banach space B and subset I C B, we define ||Z] 5,1 =
Zl}lefl |Z — Z;||g. Subsequently, because of (1c¢), we will consider the velocity/pressure variables in the

respective spaces

Ur(Qf) = {u € L0, T; H*(9)) | ujp0 = 0} ,

Ur(Q;) :==L0,T;H*(Q7)),  Qr(Q7) :=L*(0, T;H'(27)/R).
We endow the spaces Ur(Q2F) with the classical norms, and Qp(QF) with Hpi”QT(Q?) =
”vpi”L?(o,T;Lz(Qsi))' Note that the pressures in Qr(QF) are determined up to a constant. Actually

these constants are the residual static pressures pf corresponding to the stationary state. We refer to
Lemma 2.1 for more details. Still for 0 < T" < oo, the data will be considered in the following spaces

Fr(7) =L20,T;L%(Q7)),  Gr(Ly) =L*(0, T;HY3(Iy)),  Zo(Ts) := H (L) /R

Note that Z(T's) is the trace space of Zp(T's), and we recall that the following continuous embedding
holds:

Zo(Ts) < Cy([0,00); HA(T)).
The interest of this regularity framework is that we can define extensions X of mappings X that are
continuous in time with values in H%/2(QF) < C'(QF). More specifically, extensions X of X will be
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considered in the following space:

X (OF) = L0, 00; HY/2(0F)).
Besides, the extensions X are such that VX € L*® (0, oo; H3/2 (2F)). The same property holds for the
inverse of VX (Corollary 3.1), which is convenient for deriving Lipschitz estimates when stabilizing the
nonlinear system in Sect. 6, as the space H?/2(QF) is an algebra (see [35, Proposition B.1, page 283]). In

the same fashion, the space H'(T;) is also an algebra.
Recall the Petree-Tartar lemma [27, Lemma A.38 page 469], that we will use several times.

Lemma (Petree-Tartar lemma). Let By, By and Bs be Banach spaces. Let A € L(By, B2) be an injective
operator, and let C € L(B1, Bs) be a compact operator. Assume that there exists a positive constant*
C > 0 such that for all ¢ € By we have

lells, < C([AellB, + 1CollB,) -
Then there exists C > 0 such that
lelle, < CllA¢] s,
for all p € B;.

2.2. On the Surface Tension Model and the Stationary States

The surface tension force is generated by the mean curvature vector of the surface T'(¢). It is related to
the Laplace-Beltrami operator via the following relation (see [68, p. 151, Exercise 2]):

RN = Ap(t)ld
Using [1, Theorem 2.6], the following energy estimate holds, showing that the surface tension force derives
from a potential energy quantified by the area of I'(¢):
d _ o
Mau—‘(tﬂ +2v (HE(UJr)H]%Z(m(t)) + lle(u )Hf?(n—(t))) = (fHuM) ey + (F 7 u7 )20 + (9 v ) L2 ).

This energy is dissipated with the help of the viscosity terms. From [66, page 18], the kernel of ¢ is
reduced to the tangent space of the special Euclidean group SF(2), namely the functions of type u*(z) =
h* + w*at, where h* € R? and w® € R are constant. Using ut = 0 on 99, we deduce ht = 0 and
wT = 0, which also implies h~ = 0 and w™ = 0 when we have vt = u~ on I'(¢). Therefore, the first
Korn’s inequality combined with the Rellich-Kondrachov theorem and the Petree-Tartar lemma yields
the following general result:

Lemma 2.0. Let OF be any smooth subdomains of Q split by a closed smooth curve I' = 0Q~ such that
[ C . Then, for all u* € HY(QF) such that ut =0 on 9Q and vt =u~ on T, we have

Jut |l 0+ + [ [ o-) < C (||5(u+)||]i2(9+) + ”5(“7)“]%2(9—)) ;
where C' > 0 is independent of u*.

Since our approach is based on the study of the linearized system that involves divr, Vi (X —1I) (see
Sect. 3.2), we will rather focus on the different differential operators rather than on the mean curvature.
The curve I'y is considered as a Riemannian manifold, and due to its regularity, we claim that the
trace spaces H*(T'y) coincide with the definition of Sobolev spaces given on Riemannian manifolds [37,
section 2.2]. For a circle I'y C Q of given radius r we adopt the parameterization by arc length

X, :[0,277r) 3 € — (rcos(¢/r),rsin(E/r))" €Ty C R2.
Denoting 75 the tangent vector of I's, we have

ns o X, = (cos(&/r),sin(¢/r)", 740 X, = (sin(&/r), —cos(&/r))"
IThroughout the paper the notation C' refers to a positive constant generically independent of the different variables.
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Recall the notation for the tangential gradient Vr_ and the tangential divergence divr,. In the particular
case of a circle, with the parameterization X, chosen above, the metric tensor g5 of 'y is scalar-valued,
equal to |V X |2, = 1. Therefore, for all ¢ € H'(T'y), these operators simply write

(Vr,p) o Xs = Ve(po Xs),

0
(divr, ) o X, = (detg,) ™ 5 ((detg,) (0 X,)) = Velp o X,) = (Vr,¢) 0 X,.
We will still use the general notation Vr_ and divr,, for the sake of consistency with higher dimension.
Recall the Frenet-Serret formulas:

1
Vr ns = —;TS, Vr, 7s = ;ns.

The integrals on I'y have to be understood as surface integrals. We recall the Stokes formula on smooth
manifolds without boundary, that we will use in this article only for the 1-sphere I'y. For all ¢, €
H'/2(T,), we have

<AFS@7w>H*1/2(FS),H1/2(I‘S) = _<VFS%VFJ/’>1L2(FS)7

where we recall the definition Ap, = divr, oVp, of the Laplace-Beltrami operator on I's. More generally,
for all matrix field ¥ € H!(I'y) and vector field ¢ € H*(T's) we have

(dive, E, @)u-12(0,)m1120,) = — (5, Ve, o)re(r,)- (2)

We define admissible deformations, summarizing the basic assumptions we consider for mappings X,
as well as the set of admissible deformations transforming the circle I'y into another circle of the same
radius and orientation:

Definition 2.1. We say that X € H?(T,) is admissible if X is invertible, orientation-preserving and
volume-preserving, that is that the volume contained by T's is the same as the one contained by X (T'),
and if X (T's) C Q. Further, we define

Cr, = {X e HX(I',) | X(I',) C Qs a circle of the same radius as Fs} .

The relation X (T'y) C €2 is the condition of non-contact with the outer boundary, that is X(Ts)No =0.

Remark 2.1. Note that any volume-preserving deformation X € H?(T,) that is close enough to the iden-
tity and volume-preserving is admissible. Relaxing the non-contact condition, remark that the space Cr,
contains elements of the special Euclidean group SE(2), made of proper rigid transformations X, namely
direct isometries, composed of translations and rotations, as Xg : R2 3 y — h + Ry € R?, where h € R?
and R is an orthogonal matrix with detR = 1. The space Cr, also includes the group Diff™(T,) of
direct diffeomorphisms of the circle I's. We claim that Cr, can be generated by composing elements
of SE(2) with elements of Diff(T'y). Finally, we note that we can obtain the circle X (T's) globally—as
geometric object—from I'y simply by composing the latter by a translation of SE(2). But for the sake of
completeness we introduce Cr, as above for describing all the possible stationary states.

We derive a series of lemmas, that will be used several times throughout the paper. The first one
characterizes the stationary states, given by system (4):

Lemma 2.1. Let be subdomains QF C Q like in Lemma 2.0. If g € H™Y/2(T) is the right-hand-side of the
following system
—dive(u®,pt) =0 and divut =0 in QF,
ut =0 on dQ, (3)
+ _ _ _
ut=0 and [o(u,p)ln=g onT,

then necessarily g = cn, where ¢ is a constant equal to the difference [p] of constant pressures. In particular,
the admissible mappings X such that X(T's) C Q splits Q into two subdomains denoted by Q)i((rs) =QOF,
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like in Lemma 2.0, and satisfying
—dive(u®,pt) =0 and divut =0 in Q)i((rs)v
ut =0 on 09, (4)
ut =0 and —[o(u,p)|n= pAxrHyld on X(Ty),
+

describe the set Cr,. That is, X(I's) is a circle of the same radius v > 0 as I's. The velocities u™ are
equal to zero everywhere, and the pressures p* are constant, equal to the static pressures psi such that
[ps]ns = pAxrHId = kens (namely the so-called Young-Laplace equation), where ks = —1/r < 0 is the
curvature of X (Ts), implying that p; > pt.

Proof. Taking the scalar product of the first equation of (3), and integrating by parts leads to

||E(Ui)||L2(Q§(rS)) = 0, and from Lemma 2.0, to u* = 0 in H'(Q¥). Then we also deduce Vp* = 0

in the first equation, that yields that p* are both constant, equal to the static pressures pE. Thus
g = [2ve(u) — pI]n = — [ps] n, where [ps] is a constant, which completes the first part of the proof. Next,
using this result for system (4) with Q% = Q)i((n), I' = I'xr,) and g = pAxr,)Id, the constant [p]
obtained previously corresponds to [p]n = pAxr,)Id. Actually Ay yId = kn, where s, namely the
(mean) curvature of X (I'y), is constant, equal to ks = —1/r. Therefore X (I'y) is a circle, and since X
is assumed to be admissible, this condition yields that X (I's) and I'y have the same radius r, and so
the same mean curvature —1/r. Therefore X lies necessarily in Cr,, and conversely, which completes the
proof. ([

The stationary states are then obtained from the reference circle I'y via transformations of Cr_. The
deformations X of I's will be then compared to an element X, € Cr_, and the corresponding displacements
writes X — X,. For the sake of simplicity we will rather consider X — Id in what follows, by keeping in
mind that Id is to be replaced by any given X, € Cr,. From there, we will use the notation

Z=X-1d

for the displacements, keeping in mind that ultimately we shall consider Z = X — X, with X, € Cr,.
Next we introduce the following differential operator

Vi = (ns ® ng)Vr,.

Operator Vi appears in the linearized system (22) (see Sect. 3.2 for its derivation). Note that the matrix
field ng ® n, is never invertible.

2.3. The Kernel of V’IZ and the Lack of Coercivity

The operator divr, V* appears in the linearization of (kn)oX (see Sect. 3.2). The description of the kernel
of Vr, is then central for the methodology we adopted, namely the wellposedness of the corresponding
linearized system (Sect. 4), and the unique continuation argument (Sect. 5.1). Unfortunately there are
non-trivial mappings X = Z+Id that are smooth, orientation-preserving, volume-preserving, transforming
the circle into a Jordan curve, that can be chosen arbitrarily close to the identity, and such that V? Z =0.
Indeed, V*Z = (Vr,Z -ng)ns = 0 implies that Vr_ Z is tangent to I's. There exists a function £ — a(§)
such that VFSZ = aTts. Decompose « with its Fourier series:

o0

alg) = Z (a1,k cos(k€/r) + ag j sin(kE/r)).

k=2
The modes k = 0 and k = 1 are not considered, as they introduce constants that are necessarily equal to 0,
because of the periodicity of Z, meaning that (Id + Z)(I's) is a closed curve (Z(X(0)) = Z(Xs(2nr))).
Integrating the equality Vi, Z = a7 leads us to

2(X(0) = Y 1o (a0 cos(kE/r) + azesin(ke /) + (— s,k cos(he/r) + ar wsin(ke/r)7s),
k=2
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(L O

Fiag. 2. Different deformations X (I's) of the circle such that V}L; (X-1d) =0

up to a constant that corresponds to a translation. Several examples of such displacements are represented
in Fig. 2 below, corresponding to k € {2,3,4,5,6,7} and coefficients ag, b, € {0,1}.

In order to define a linear operator whose the kernel is reduced to a trivial set, we need to regularize
the operator divr, V1.

2.4. Regularization

Instead of considering pdivrp, V}L alone, we add a regularizing term, namely
pdivp, VI = pdivp, o((7s ® 75)Vr,),

so that the linear system studied in Sect. 4 involves the following operator

7 — —u diVF8 V?:Z — ,udivrs V‘Ir‘iZ = —/,LdiVFS VFSZ = —/,LAFSZ.
For the Laplace-Beltrami operator —Ar, we recall a rigidity result combined with Garding-type inequal-
ities.
Proposition 2.1. Assume that Z € H*(L'y) with £ > 1 satisfies Ar,Z = 0. Then Z is a constant of R
Moreover, the following estimates hold:

1Z )1 r.y /w2 < ClIVr, Zllwa(r,y for all Z € HY(T), (5)
1 Z ez 20y 2 < ClIVr, Zllws/zr,) for all Z € H2(T,), (6)
1 Zlez/2 (0 2 < CIVr, Zllmsar,) for all Z € HY(T,). (7)
Furthermore, if Z € H*(T'y), the following estimate holds:
1Z]le2(r.)/r2 < CllAr, ZllLz(r,)- (8)

Proof. See for example [37, section 2.8]. Estimate (5) is deduced from the Poincaré inequality combined
with the Petree-Tartar lemma. The same inequality applies to high-order derivatives of Z, and conse-
quently estimates (6)—(7) are deduced by interpolation. Finally, estimate (8) is classically obtained by
using Fourier series on the circle. (I

We deduce a unique continuation result that is used for proving Proposition 5.1.
Lemma 2.2. The mappings X € HY(T') satisfying the following system
—divo(ut,pt) =0 and divu® =0 in QF,
ut =0 on 99, (9)
ut =0 and —[o(u,p)]n = pAr, (X —1d) on Ty,
are translations of R2.

Proof. By using Lemma 2.1 with QF = QF T' =T, and g = pAr, (X —1d), we deduce Ar_ (X —Id) = cns,
where ¢ is a constant equal to the difference of constant pressures. Recall that the static pressures
introduced in Lemma 2.1 satisfy uArp_ Id = [ps|ns. Therefore we can assume that the constant pressures
mentioned above are such that ¢ = 0, and so Ar_ (X —1Id) = 0. Since I'; is a compact manifold, it follows
that X — Id is a constant, and X is a translation. ([l
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Remark 2.2. In the proof of Lemma 2.2, another argument for deducing ¢ = 0 would have consisted in
restricting the deformation X to volume-preserving deformations. Since ny; = —rAr, Id, we would have
deduced Ar_ (X —Id+c¢rld) = 0, implying that X + (er — 1)Id is a constant. Assuming that X is volume-
preserving then leads to ¢ = 0. This also amounts saying that the difference of static pressures remains
the same after deformation by X.

The third lemma is an energy estimate that holds for an unsteady linear system:

Lemma 2.3. Let be T'> 0 and X\ > 0. Assume that Z satisfies

—dive(u®,pt) =0 and divut =0 in QF x (0,T),
ut =0 on 09 x (0,T),

07 10
uiza—)\Z and  —[o(u,p)ln=pAr.Z+g onTs x (0,T), (10)
Z(-,0) = Z on Iy.

Then the following identity holds almost everywhere in (0,T):
B0 Ve, 20aqry + 20 (I g, + 1@ ) = MR 2By + (g0 gy - (1)
In particular, if g =0 and Zo = 0 in H ('), then Z =0 up to a constant of R?.

Proof. Taking the scalar product of the first equation of (10) by u*, and integrating by parts yields

07
2 —\ 12 +
2 (lle@t) |22 ) + @2 gy ) = 1 <3t ~\Z,Ar, >L2(F)+<g7u Diar,) -

The Stokes formula (2) shows that divy = —Vr,_, so we deduce

Z Z
<8 — A7, ,uAF > = — <8VFS — AV, Z, uNVr, Z >
L2(T,) L2(Ts)

ot ot

= A 9, Z ey + M Z e,

and thus (11) follows. By integrating in time this identity, with ¢ = 0, we obtain HVFSZ||]2L2(FS) <
||VFSZ0||i2(FS) = 0, which yields Vr_,Z = 0, and Proposition 2.1 enables us to complete the proof. O

Note that the energy estimate (11) is also valid for any geometric configuration satisfying the non-
contact condition, but we will use it only for I's.

3. Extension of Diffeomorphisms and Change of Variables

In order to rewrite (1) in time-independent domains, we need to define in the whole domain € a change
of variable that coincides with X on T's. Therefore the question of the extension of X in QF arises.

3.1. Extension of Diffeomorphisms

Let us define an extension of X which inherits its regularity properties. We state the following result:

Proposition 3.1. Let be X —1d € Z,,(I's) such that for all t > 0 the mapping X (-,t) is a diffeomorphism
from T's onto I'(t). There exists a mapping X defined in €2 x (0,00) such that for all t > 0 we have
X(- )t € H°/2(QF), X‘ag =1Id, X‘F =X, X(-, t)iq; is a diffeomorphism from Qg onto Q7 (1), and
that satisfies

X —1d||x_ o) < CIX =1z, (12)

T Birkhauser
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where the constant C > 0 is independent of X. Furthermore, given X, — Id, Xo — Id € Z(Ty), the
respective extensions X1 and Xo so obtained satisfy

1X1 = Xoll vty < CIX1 = Xallz(ry)- (13)

The H*/2(QF) regularity implies in particular that for every ¢ > 0 the mapping X’(, t)|Q§: is of class

C! on QF. The proof of Proposition 3.1 combines different results that are not related to the main result
of the paper. Therefore it is given in Appendix A.1. Note that the domains Q*(t) defined as the two
connected components of Q\I'(¢) are also described as QF(t) = X (QF, t), due to conexity. By choosing
X — Id small enough, we can define a local inverse for X o (-, t). We deduce regularity for the inverse of

the Jacobian matrix of X (-, t)jaz-

Corollary 3.1. Given the assumptions of Proposition 3.1, the inverse ?(-,t) of mapping X(-,t)lﬂsi, s0
that

X(}}(:E,t),t) =z, forz e Qi(t)v (&S (Oa OO), ?(X(yﬂf),t) =y for (yvt) € Qi’t X (Oa OO),
satisfies the following estimate, provided that || X —1d||z_(r,) is small enough:
||VY/(X) - I||Loo(0,oo;11—113/2(9§t)) <Cllx - IdHZOC(FS)~ (14)

Denoting by Y1 and Y, the respective inverses of X1 and X», extensions of X1 and X5 respectively, we
have

IV91(5) — V35K o megioraatyy < CIX ~ Xallzoir,, (15)

provided that | X1 —1d||z_(r,) and || X2 —1d||z_(r,) are small enough.

Proof. Even if X iot (1) is not globally invertible, we still use the notation VY (X) for the inverse of
V):(, for the sake of simplicity. Recall that H*?(QF) is an algebra. The identity VY(X)-1=(I-
VX)(VY(X)-1)+ (I—- VX) yields

IVX Tl (0 o0smr2 ()

VY (X) = 1]l coiH3/2(0)) <
Lo°(0,00;H3/2(QF)) 1_CHVX_I||Loo(o,oo;ﬂ-ﬂ3/2(ggt))

which, combined with (12), implies (14). Further, the identity
VY1(X1) - VY3(X,) = (fol(jfl) - VY/Q(XQ))(I — VX)) = (VYa(X2) —I)(VX; - VXy) — (VX; — VX))

enables us to derive (15) similarly, by using (12) for controlling (I-V X)), (14) for controlling (VY (Xs) —
I), and (13) for controlling (VX; — VX5), completing the proof. |

Remark 3.1. In case we would consider stabilizing X around some X, € Cr,, instead of Id, we would need
to define an extension X, € H>/2(QF) of X, € H*(T,). Such an extension is provided by Proposition A.1
in Appendix A.1, and the Lipschitz estimates (12) and (14) would then be

IX = Xellx_ o2y < CIX = Xellzorays IVY(X) = (VXe) ™Moo 0 00msrz(0ty) < ClIX = Xell zo(r,)s
respectively.

We now have the tools for rewriting system (1) in cylindrical domains. The Lipschitz estimates of
Proposition 3.1 and Corollary 3.1 are used in Sect. 6.
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3.2. Change of Variables and System Transformation

We introduce the change of variables

u*(y,t) == u (f(( t),t), P (y,1) : pi(f(( t),1), (y’ )EQjE x (0, 00),
uE(x,t) = aF (Y (2,t),1), p*(a,t) = p=(Y(2,1),1), e |J of@) x{t},
te(0,00)
Ay, 1) = (detVf((y,t))fi()?(yi)’t% (y,1) € QF x (0,00),
J(y,t) := |cof (VX (y,t))ns| g(X (y,1),t), (y,t) € Ts x (0,00).

Implicitly, on I'y, VX refers to VX . Composing system (1) by X and using the Piola’s identity, we
obtain

—div ((U(Ui,pi) OX) cof(Vf()) =f* and div (COf (vx)T ) =0 in QF x (0,00),
at =0 on 92 x (0,00),
0X - - (16)
at = v and  — [(o(u,p) o X)]cof VXng = plcof VXny|(Appld) o X 4+ g on I'y x (0, 00),
X(-,0) =Xy on Ty,
where

o(u,p) o X = vSym(VavVy (X)) — pl =: 6(@, p),

and where we used n o X = cof VXn,/|cof VXn,|. Let us develop (Ap(yld) o X. The parameterization
Xs : [0,277) 2 & — X (&) € T's of T'y introduced in Sect. 2.2 enables us to define X o X, as a
parameterization of I'(¢). We denote by gs, g(t) the metric tensors of T'y and T'(¢), respectively. We have,
in local coordinates, and using the Einstein notation?:

8(X o Xs)i

0 1/2
(oot o X o X, = (deta(t) /2 ((deng(0) /2 252

J

07). an
Volume forms considerations yield

(detg(t))*? = |cof VX n,|(detgs)*/?
(see for instance [7, Lemma 6.23, p. 135]), and when X — Id is small, we write

g(t) = Ve(X 0 X,)TVe(X 0 X) = g5 + Ve(X 0 X)TVe(X 0 X)) = Ve XTI Ve X,
= g5 +28ym (VeX[ Ve (X —1d) 0 X,)) + O(|VX 1|3 ¢ ),
o) =g; ' — 297 'Sym (Ve X Ve((X —1d) 0 Xy)) 9" + O(IVX =TI r,)
=g;" =20, (VeXIVe((X —1d) 0 X)) g5 + O(| VX — Illﬁm(rs))
detg(t) = detgs + 2 cofg, : Sym (Ve XTIV ((X —1d) 0 X)) + O(||[VX — i r,y)
= (detgs) (1 +2g;" : (VX Ve((X —1d) 0 X)) + O(IVX — Il r.y)s
(detg(t))'/2 = (detgs)V/? (14 95! : (VeXTVe((X —1d) 0 X,))) + O(|[VX — Il e,y
(X o Xy); I((X —1d) o X,);
b kel 7. X,); ;
o5, (VeXdut gy

where we have used the symmetry of gs and g(¢), and where the Landau’s notation O applies when
VX —1is small in the algebra H' (T's). Further, let us make some simplifications provided by dimension 2,
using the parameterizaion by arc length given in Sect. 2.2: The metric tensor gs is scalar valued, equal
to \V5X5|2 = 1, and the tangent space of I'y is made of the tangent vectors 75 such that 75, 0 Xy =

2Even if in our case g(t) is scalar-valued, we still keep the matrix formulation for generalizability to higher dimension.
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—VeXs/|VeXs| = —VeX,. We then have

_ _ VeXs, Ve((X fId) o Xs))re
N1 = g1 _ < EAs, Ve

=g, " +2(r 0 X, Ve((X —1d) 0 X)ge + O(|VX — I,

+O(|VX - I||1%11(1"5))

VeXa, V(X —1d) o X))o i
|VeXs|
= (detgy)'/? (1 — (75 0 X, Ve((X —1d) 0 X ))m2) + O(|VX = 1|3 p));

(X 0 X,);
(82;6) = (1,0 X,)i + Ve((X —1d) 0 X,);.
Linearizing (17), we deduce
(ArpId) o (X 0 X) = [cof VXn,| ' (Ar,Id + divr, (Vr, (X — Id))) o
—|covans|*1(detgs)*1/2% ((detgs)l/Q((Ts ® 74) 0 X, ) Ve((X —Id) o Xs))>
+O(IVX —1lfu(r,))
= |cof VXn,| ! (AFSId + divp, (Vr, (X —1d)) — divp, (7s ® 76) Vi, (X — Id))) o X,
+O(IVX =1 r,)), i
(ArpId) o X = [cof VXn,| ™! (Ap,Id + divr, ((ns ® ns)Vr (X —1d))) + O(IVX = 1|lf ),

as ns®ng = I — 75,7 is the projection operator on ns. Thus, recalling the notation V" = (ns®ns)Vr,,
the fourth equation of (16) writes

— [6(@, p)] cof VXny = pAp,1d + dive, Ve (X = 1d) + §+ O(|[VX —I[|a(p.)) on T x (0,00).

The interest of (16) lies in the fact that the space domains domains QF are time-independent. The price

to pay is the nonlinear operators with respect to X that appear above. Recall that Ap_ Id = [ps]ns,

where pt are the constant static pressures introduced in Lemma 2.1. Further, we introduce the following
unknowns:

ai — BAt’ELi, ﬁi — e)\t(p'i _pét% fi — e)\tf in Q;‘Z X (0’ OO),

Z(t) = eM(X(t) —1d), §=eM§ on T, x (0,00).

The idea here is to find a control § that will make the variables (4%, p*, 2) bounded, so that the original

unknwon will decrease exponentially with A as decay rate. The system satisfied by (a*,p™, X ) is the
following:

(18)

—div(e(aF,p%) = f* + F(a*,p%,Z)  and dlvu—dlvH( ,Z) in QF x (0,00),
=0 on 90 x (0, 00),

=" —X\Z, and — [o(ii,p)] ns = pdivp, V"SZ—i—g—l—G( T, 07,p7,Z) on Ty x (0,00),

Z(+,0) = Xo—Id on T,
(19)
where we have introduced

Fla*, pt, 2) = div ( (6%, p%) (cof VX — 1)) + 2vdiv (Sym ( a(V(X) - 1))) . (20a)
Glat,pt,a=,p, 2) = [6(4, p)] (cof VX — Dng + 2w [Sym (Vu — )]

HIVX |l o) OUIVX = Il r.)), (20b)

H(a*,Z) = 1—cofVX)Ta*. (20c)

In Sect. 6 we deduce regularity for the functions F', G and H. Note that the condition ’d‘gﬂ = 0 on the
outer boundary implies that H(a, Z)|sq = 0, and so we will consider in particular H (4", Z) € Uso(Q7).
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In system (19), the linear part is on the left-hand-side, and the nonlinear part is represented by the
right-hand-sides F';, G and H. Considering small data, the displacements X — Id remain small, and the
nonlinearities F', G and H too (see Sect. 6). Therefore we first study the stabilizability of the linearized
system.

4. On the Linearized System

From (19) we deduce the linearized system with (u®, p®) and Z as unknowns:
—dive(u®,p*) =0 and divet =0 in QF x (0,00),
ut =0 on 90 x (0,00),
" _ 0z . s
ut =uT = o - AZ and  —[o(u,p)|ns = pdivp, Vi*Z + G on Iy x (0,00),
Z(,0) = Zp on T. (21)

As explained in Sect. 2.3, the operator V?S is non-coercive, and we define a first feedback operator
Z — pdivr, ((7s ® 75)Vr,Z) = pdivr, VI Z = G, such that the resulting elliptic operator in (21)
becomes

Z v pdivr, Vi Z + pdivre, V[© Z = divr, Vr, Z = Ar, Z.
Given T € (0,00), this section is devoted to wellposedness and operator formulation for the following
linear system:

—dive(ut,pt) =0 and dive® =0 in QF x (0,7), (22a)
ut =0 on 90 x (0,7), (22b)
Z
ut =u" = aa—t —XZ and —Jo(u,p)|ns =pAr.Z+G on T, x (0,T), (22¢)
Z(,0) = Zp on T. (22d)

The data are assumed to satisfy G € Gp(I'y) = L2(0,T;HY2(T,)), Zo € 2Z0(T,) = H*(T,)/R%. Our
approach consists in writing (22) as an abstract evolution equation with Z as the only unknown. The
other unknowns (u*, p*) can be then deduced as solutions of standard Stokes problems with the Dirichlet
boundary condition of (22c).

4.1. A Poincaré-Steklov Operator

For G € H'/2(T',) given, in this subsection we are interested in the following linear transmission problem:

—dive(u®,p*) =0 and dive* =0 in QF, (23a)
ut =0 on 09, (23b)
[ul=0 and —[o(u,p)]ns =G onT,. (23¢)

Following the approach of [15], the equality of velocities in (23c) leads us to introduce a boundary velocity
¢ € HY2(T,), and we obtain a weak solution of (23) as a critical point of the following Lagrangian
functional:

Lt p* 5™ XA, 0) = 2Ry g, + 200
_<p+’d1Vu+>L2(Q;r) — (p—,dlvu_>L2(Q;)
—(Atut — B)u-r/2rymr/zr,) — (AT, U7 = @ -1/, /2 (T,
—(G, d)m-1/2(r,)m1/2(r,)-
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Note that the variable ¢ also plays the role of a multiplier for the transmission condition (23c). Let us

introduce
vVt = {1} c H'(Q)) | V) = 0}7 V- =H'(Q;)/R? QF = LQ(Qgﬁ)/R’

W = {'U S Hl/z(rs) ‘ <Uvn>L2(Ps) = 0} :

Relying on the Korn’s inequality and the Petree-Tartar lemma, we equip V* with the norms |v||y= :=
[e(v)ll.2(qz)- For the sake of brevity we denote

u=(ut,ptum pT AN G), o= (v g T g e e ),

V=V xQ"xV xQ xW xW xW.
A weak solution of (23) satisfies the variational formulation given by the first order optimality condition
for functional L:

Find u € 9, such that for all v € U :
<U(ui’pi),a(vi)>p(9§t) — O\EF o wew =0, —(¢*, div “i>Lz(Q}) =0, (24)
—(uF vt = Pywrow =0, AT+ AT =G o)wrw = 0.

By integration by parts, we easily see that at the optimality we have A* = o(u™, p*)n*. We rewrite the
variational problem (24) more compactly, as follows:

Find u € U such that M(u;0) = G(v) VYo €D,
where  M(u;0) := 2v(e(u®), e(v)) 2y + 20(e(u™) 1 £(v7)) L2 (an)
—(p*,divot) e ey — (@7, divut) e gry) = (07, diveT ) e o) = (@7, diveT ) o0
—(AT 0" —hwew = (L ut = Qywew — (AT 0T = p)waw — (17,07 = Q)waw,
G(0) = (G, )wrw -
The existence and uniqueness of a solution for (24) is equivalent to the Ladyzhenskaya-Babuska-Brezzi
inf-sup condition. In that sense we state the following result:

Proposition 4.1. There exists a constant C' > 0 such that

inf sup M(u;v)

7 > .
ueB\ {0} pexn {0} [[ullw[ollw

The proof of this proposition is given in Appendix A.2. The consequence of this result is the existence
and uniqueness of a weak solution for system (23).

Corollary 4.1. Assume that G € W. System (23) admits a unique solution (u™,pT,u™,p7) in VT x QT x
V= x Q™. Moreover, there exists a constant C > 0, depending only on QF and Q , such that

lut e oty + 1P 2oty m + 11w e oz + 1P lzory /e < ClGla-1/20,)-

The proof of Corollary 4.1 is also given in Appendix A.2. Thus, considering the trace on I'y of the
solution u™ of system (23), we have defined the operator

Pr. . W - W

G — u‘ﬁlis (25)

mapping the jump condition in the right side of (23¢) to the velocity trace on I's. From Proposition 4.1
and Corollary 4.1, we can deduce more regularity for system (23), and consequently for operator Pr,
restricted to H'/2(T',).

Proposition 4.2. Assume that OQ is of class C*, and that G € HY?(T,
unique solution (u™,p™,u=,p~) in H2(QF) x HY(QF) x H2(Q;) x HY(Q5

Then system (23) admits a
and it satisfies the estimate

);
lut ez oy + 1P ey + 10 a2y + 107 sy < ClIGHE2(r,),
where the constant C' > 0 depends only QF and Q.
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Proof. The proof of the regularity theorem of [36, Theorem 9.19, p. 278], can be repeated in our context,
and the regularity of u® in H2(QF) follows, as well as those of p* in H'(QF)/R. O

Therefore Pr, maps H/?(T,) onto H*/2(T',). Finally, we state the following properties for the Neumann-
to-Dirichlet operator Pr:

Proposition 4.3. Operator Pr, is self-adjoint and non-negative, and Ker(Pr,) = span(n).

Proof. Let be Gy, Gy € H™Y/2(T'y), and denote by (ui,pT) and (uf,ps) the solutions of system (23)
corresponding to (G; and G respectively. By integration by parts, we obtain

(G2, Pr,Gr)u-1/2(r,ym/2(r,) = (— [0(u2, p2)] s i Y e—1/2(r ) /2 (r,)
= <J(u§r7p2+)n;’_ + J(ugﬂpg)n;7ui‘:)Hfl/Z(FS);Hlﬂ(FS)
= 20 ({e(ui), e Diaor) + (WD) 6@ iaar) ) -
This symmetric form shows that Pr, is self-adjoint. Further, with G = G'; = G4, we have
(G, Pr.G)a-1/2(r,)mr/2r,) = 2V (Hg(uf)nizm;) + HE(UI)H?R(Q;)) >0,

and (G, Pr,G)g-1/2(r,)mr/2r,) = 0 if and only if uf = 0 from Lemma 2.0. Finally, Lemma 2.1 also
describes the kernel of Pr_, finishing the proof. O

4.2. The Semi-homogeneous System

Using the operator Pr,_, we rewrite system (22) with A = 0 as the following abstract evolution equation

0Z
E - PFS (/J diVI‘S VI‘S Z) = ’PFSG in (0, T‘)7 Z(O) = ZQ, (26)
with Zy € H?(T's)/R?. Composing (26) by Vr,, we obtain an equation dealing with Vr Z as unknown:
oVr, Z
% — uVr. Pr.(divr, Vr.Z) = Vr,Pr.G  in (0,T),  Vr.Z(0) = Vr, Zo. (27)

The interest of this formulation is that the following unbounded linear operator
A Ve HY2(T,) — Vp HY2(Ty)
VFS Z = NVFS’PFS (dinS VFS Z) ’

with domain D(A) := Vp HY?(T,), is self-adjoint. For V. Z € Vp HY(T,) we consider the norm
IVr. Z|lge-1(r,), with £ > 1. Let us derive the fundamental properties of A = uVr, Pr, divr,.

(28)

Proposition 4.4. The operator (A, D(A)) is self-adjoint, dissipative, and thus infinitesimal generator of
an analytic semigroup on Vr H?/2(T,).

Proof. The Green’s formula (2) shows that (Vr,)* = —divp,. For Z;, Zo € HY2(T,) we have

(AVr, Z1,Vr, Z2)ier,) = w{Pr, (divr, Vi, Z1), (Vr,)*Vr, Z2)L2(r,)
= —p(Pr, (divr, Vr, Z1),divr, Vi, Z2)12(r,)
—(Pr,(Ar, Z1), Ar, Za)r2(r,).-

Using Proposition 4.3, we see that A is self-adjoint and dissipative. Consequently, from [10, Chapter 1,
Proposition 2.11], the operator (A, D(A)) generates an analytic semigroup, completing the proof. O

We prove now that 4 is maximal monotone, and has compact resolvent.

Proposition 4.5. The operator A generates an analytic semigroup of contractions, and has compact re-
solvent.
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Proof. Let us show that there exists A € R such that A\Id—.A is invertible. Let be Vp W € Vr H*/%(T') C
H3/2(T,) and consider the following resolvent equation:

AV . Z - AVy Z =V W. (29)
Taking the scalar product of this equation by Vr, Z, and using the Green’s formula (2), we obtain
MVr. Z|[z2 ) + u(Pr, (dive, Vi, Z),dive, Ve, Z)r2r,) = (Ve W, Vi, Z) 2,

Further, from the definition of Pr,, we introduce u¥ the solution of

—dive(u®,pt) =0 and divut =0 in QF,
ut =0 on 01, (30)
[ul =0 and —[o(u,p)]ns =pdivp, Vr,Z on T,

and by integration by parts we deduce
AV, ZIRaqe,) + 20 (le@HlEaas + o) Feamy ) = (V. W, Vo, e, (31)
Introduce the bilinear form
a:Vp, HYT,) x Vi, HYT,) > R
(Vr,Z1,Vr,Z2) = MVr,Z1,Vr, Za)12(r,)
+2v ((e(ul), e(uz )La(an) + (e(ur),e(uz )Lz (e-)) |
where ui and uF are solutions of (30) corresponding to Z = Z; and Z = Zs, respectively. It satisfies
a(Vr,Z,Vr,2) 2 N[V, Z| 2

and thus, for A > 0, it is coercive. From Proposition 4.4, it is sufficient to study the resolvent equation (29)
for A = 1 for example. Introduce the linear form b : Vo HY(I'y) V., Z — (Ve W, Vr, Z)12(r,), which
is clearly continuous. We consider the variational formulation of (29) as follows:

Find Vp,Z € Vp, HY(T,) such that a(Vp, Z, Vi, Z) = b(Vp,Z) for all Vi, Z € Vo HY(T,).  (32)

From the Lax-Milgram theorem there exists a unique Vr,Z € Vp H!(T'y) solution of (32), and so
satisfying (29). Note that it is sufficient to assume Vi W € Vr H!(T';) for obtaining Vr_,Z € Vr HY(T;).
Choosing Vr,Z = Vr,Z in (32), with the Cauchy-Schwarz inequality we get the following estimate

IVr. Zl|2r,y < ClIVe WllLe(r,)- (33)

Next, if we assume Vp, W € Vp H?(Ty), let us prove that Vp Z € Vp H?([y) too. Since Vr,Z €
Vr.H!(T,), the identity
—AVr,Z =N, W -V, Z

yields
Ve, Pr, dive, Ve, Z|e2r,) = AV, Z|ez @,y < IVe. Wiz, + Ve Zllez e, < CIVe W),
(34)
where we used (33). Therefore Pr_ divy, Vi, Z € H'(T';), which means that u\ﬁi € HY(T;) in system (30),

leading to u* € H3/2(QF), and consequently to — [o(u,p)]ns = pdivr, Vr,Z € L3(T',). Furthermore,
using classical elliptic estimates for Stokes problems with prescribed non-homogeneous Dirichlet boundary
conditions (see [29, Lemma 6.1, Chapter IV], the estimates in fractional spaces can be obtained by linear
interpolation), we estimate

|Ar, Z||L2(r,y = [l dive, Vi, Z||L2r,) = || [o(u, p)] nsllL2r,)
< C (ullggsss oty e + 190 ]330 )
< Cllujp |l /2 = Cl|Pr, dive, Ve, Zlui(r, ) /r2

S CHVFS,PFS diVFS VFSZH]IP(FS) = C”AVFSZHI[F(FS)
< CVr WLz (r,)
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where we have used the Poincaré inequality (5) and estimate (34) above. Next, using (8), we deduce
Ve, Zllwr.) < 1282w, e < ClIVeE Wz, (35)
We proceed similarly in order to estimate
Ve Zlluzr,) < 1Z]lmsw,) < [Ar Zllarw,) = o (wp)]nsllaw,)
<C (||u||H5/2(Qg)/R2 + HVPHHl/z(QSi)/W)

< Olluip a2,y 2 = Cl|Pr, dive, Vi, Z||u2(r.) /5
< C||Vr, Pr, dive, Vi, 2w r,) = Cl AV, Z]w (r,)-

Again, the identity —AVrp,Z = Vpr, W — Vr_Z yields
IAVE, Zllg ) < Ve Wla @) + Ve Zlle @) < ClIVe W),
where we have used (35), and thus we deduce
IV, Zlluzr,) < ClIVe,Wlar,)- (36)
Combining (35) and (36), by interpolation we obtain
IVr. Zllgs2 @,y < ClIVe W lm12r,).

which proves that Id — A is surjective. Hence, from the Lumer-Phillips theorem, the analytic semigroup
that A generates is of contractions. Further, since the embedding VFSHE’/ 2 VFSHS/ 2 is compact,
the last estimate above shows that the resolvent (Id — A)~! exists and is compact, which completes the
proof. (]

We deduce wellposedness for system (26).

Theorem 4.1. Let be 0 < T < oo. For G € Gp(T's) and Zy € Z9(Ts), the following system
—div(u®,pt) =0, and diveT =0 in QF x (0,7),
ut =0 ondQ x (0,7T),
and  —[o(u,p)]ns = pdivp, Vr,Z +G on Ty x (0,T),
Z(-,0) =2Zy onT,

+_92
ot

u

admits a unique solution Z € Zp(Ty). Moreover, there exists a constant C > 0, non-decreasing with
respect to T', such that

1Zllzr ) + 120 o, 75m2(0.)) < C (1 Z0llzor.) + I Gllgrcr,)) -
Proof. See for example [65, Proposition 3.3], that provides for (27) existence and uniqueness of Vp Z
satisfying
IV, ZllL20,m:m0/2 0, )ynmt (0. 2(r.)) + 1V, Zllue 0w r.)) < C (120l z0(r.) + 1Gllgrry)) -

From Vr, Z, we retrieve Z up to a constant, by using estimates (5)—(7) of Proposition 2.1, leading to the
announced result. (]

4.3. The Non-homogeneous System

We now address system (22) in finite-time horizon, for general right-hand-sides, and any A > 0.

—divo(u®,pt) = F* and dive® =div H* in QF x (0,7),
ut =0 on 9Q x (0,7),

ut =u" = oz _ AZ and  —[o(u,p)|ns = pdivp, V. Z+ G on Ty x (0,T), (37)

ot
Z(-,0) = Zy onT.
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With 0 < T < oo, we assume that F'* € Fr(QF), G € Gr(Ty), H* € Ur(QF), and Zy € Z4(Ts). We use
a lifting method: Let us describe a solution of (37) as

ut = vt +wt, pt =gt +at

where (w*, %) are solutions of the following Stokes problems

—div(w*,7%) = F* and divw® =divH* in QF x (0,7),
wt =0 on 8Q><( 1), (38)
whr=w"=0 on T, x (0,7),

and (v*, ¢%) satisfy

—divo(vt,¢*) =0 and dive* =0 in QF x (0,7),
vt =0 on 9Q x (0,7),

_ 0z . (39)
vt =07 = o " AZ and —[o(v,q)|ns = pdivp, Vr,Z + G+ [o(w,7)]ns on I's x (0,T),
Z(-,0) = Z on T,.

Note that the equations of (38) are uncoupled, as both Stokes systems can be considered in QF and Q
independently. By considering w* := w* — H*, we eliminate the non-homogeneous divergence condition,
and we reduce (38) to standard Stokes problems with non-homogeneous Dirichlet condition:

—dive(w*®,7t) = F* + 2vdive(H*) and divw® =0 in QF,

wh =0 on 99, (40)
wT = —H* onT,.
It is well-known that for almost every t € (0,T) there exists a unique solution (w*, 7%) satisfying
— + +
1T 2 ) + 17l gy < € (IFE R gy + 1 div e (HE)IIZ, iy + 1 e ) -

See for example [29, Lemma 6.1, Chapter IV]. We deduce the same estimate for (w*,7) = (w* + H*, 7).
Further, integrating in time this estimate, it follows from the trace theorem the following estimate

o, ™ mllgr.y < C (IF gy oty + MHE lypat)) - (41)
On the other side, equation (39) admits the following operator formulation
0z
5 NZ — Pr, (pdivp, Vi, Z) = Pr, (G + [o(w,m)]ns) in (0,T), Z(0)= Z.

Following Proposition 4.5 and Theorem 4.1, system (39) admits a unique solution, satisfying
1Zll 220 < C (1 Z0llzo(r.) + 1Gllgzry) + Ho(w, m)] nsllgrr.)) -
Combined with (41), this estimate yields
1Z1zrr < © (1Z0llz0(0) + 1G gm0y + 1F= ) + 1 i) - (42)

Wellposedness of the linear system (37) is stated as follows:

Proposition 4.6. For 0 < T < oo, if F* € Fr(QF), HT € Ur(QF), G € Gr(Ty) and Zy € Zo(T's), then
there exists a unique solution Z € Zp (L) to system (37). It satisfies (42).

Proof. Existence is provided by the lifting method described above. For proving uniqueness, we use the
linearity of the system, and assume F* = H* = G = Z; = 0. Then from Lemma 2.3 we obtain (11) with
g = 0, namely the following identity

5 dtHVF Z||1L2(r y T2v (||5( )||iz(gg) + ||5(U_)||L2(Q;)) = )‘HVFSZH?L?(FS)'

The Gronwall’s lemma combined with Zy = 0 yields Z = 0 (up to a constant of R?), and concludes the
proof. O
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5. Feedback Operator for the Linear System

This section is devoted to the design of a feedback operator that stabilizes system (22) in infinite time
horizon. Let us first study its controllability properties in finite time horizon.

5.1. Approximate Controllability

Let be 0 < T < co. We consider system (22) with control G, with null data and initial condition:
—divo(u,pf) =0 and dive® =0 in QF x (0,7),
ut =0 on 902 x (0,7),
and —[o(u,p)]n=pAr,Z+G on T x (0,T),
Z(-,0) =0 on Ts.
Recall the definition of approximate controllability and exact controllability for linear evolution equations
of type (43), that we state in our context as follows:

+_92
ot

. (43)

Definition 5.1. Define the reachable set as
R(T) :={Z(-,T) such that Z is solution of (43) | G € Gr(T'5)} .
We say that system (43) is approximately controllable if R(T) is dense in L?(I'y)/R?, or equivalently if
R(T)* = R?. We say that (43) is exactly controllable if R(T) = L?(T'y)/R2.
We obtain the following key result:
Proposition 5.1. System (43) is approzimately controllable.

Proof. Introduce Zr € R(T)*, and the following adjoint system
—divo(¢E, ) =0 and divet =0 in QF x (0,7),
¢t =0 on 9N x (0,7),
O and (6.0 = pbr.C on Ty % (0,7),
C(T)=Zpr on Ty,
with (¢, 4", ¢, 9™, () as unknowns. Now consider (u™,p™,u~,p~, Z) the solution of (43). Taking the

inner product in L?(0,T; L2(QF)) of the left equation in the first line of (44) by u®, by integration by
parts we obtain for all G € Gr(T's)

7 G 7< dt
[L<Vr‘s T, C1"52(7 )>L2(Is) "ot .
L2(T,)

0

¢:i: — (44)

Since Zr € R(T)*, this identity implies that % = 0 in L?(0,T;L3(T')). System (44) then becomes

system (9) of Lemma 2.2, which yields that ¢ is a constant of R?, and therefore Zr too, completing the
proof. [l

5.2. Feedback Operator

Theorem 5.1. For all A > 0 and Zy € Zy(T's), there exists a finite-dimensional subspace ]Hq(j\) of Vr,
H/2(T,), with orthogonal projection Py : Vr H?/?(T,) — ]HSL)‘), a finite-dimensional space = C HY/2(Ty)
and a linear operator Il € L (IHEL)‘), (]Hg)‘))*) defining the feedback operator

Ky = —Pr (Vr,) TPy € £ (VFSHE’/Q(FS),E)
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such that the solution Z of system (22) with G = K\Vr,Z satisfies HZHZM(FS) < Cy, where the con-
stant Cy depends only on Zy. Further, the operator 11y is the solution of the following finite-dimensional
algebraic Riccati equation

11, ZHK =0, H)\A)\—‘rA;H)\—H)\B,\Bf\H)\—‘rI:O, (45)
where we have introduced Ay = P\ AP\ € L(]I—L(j\ ,IHu ) and By = PA\Vr_Pr, € E(Hl/Q(FS),IHEL)‘)).

Proof. Let us consider the operator formulation of system (22), namely

ovVr, Z

ot
where A is defined in (28). Recall that from Vr Z we can retrieve Z (up to a constant) via Propo-
sition 2.1. We can choose A in the resolvent of A, without loss of generality. From Proposition 4.4,

the spectrum of A is a discrete set of complex eigenvalues (A;);en, contained in an angular domain
{z € C\{0} | arg(f — 2) € (—, )} where 6 € (0,7/2) and o € R. We can order them such that

< RANFL) < A<SROAN) < <R(A2) < R(Ap) < 0.

~(A+Md)Vr,Z =V, Pr,G i (0,7),  Vr Z(0)=Vr, %, (46)

Furthermore, the generalized eigenspace associated with each eigenvalue is of finite dimension (see for
instance [38, Chapter I1I, Theorem 6.29 page 187]). Denoting by A();) the real generalized eigenspace of
i or (A, A;) whether S(\;) = 0 or not, respectively, we introduce the Hilbert spaces

N e}
Y = @A), B = @ A0
i=1

i=N+1

Let us explain what we mean by real generalized eigenspace: If (€;(X;))1<j<m(x,) is a basis of the complex
generalized eigenspace of \;, where m()\;) denotes its multiplicity, then A()\;) is generated by the family
{?R(ej()\i)) RGP )) | 1 <j <m(\)}. Note that H, the space of unstable modes, is of finite dimension.
Both Hg and IEIS are invariant under 4. Denote by P, the orthogonal projection on Hgf‘), parallel
to HM. Projecting equation (46), with A =0, on HY yields

OP\Vr. Z
ot

The approximate controllability of system (43) obtained in Proposition 5.1 implies that (47) too is

— P)\AP)\VFSZ = PAVFSPFSG in (O,T), P)\VFSZ(()) = P)\VFSZ0~ (47)

approximately controllable. Its reachable set is dense in Hg/\), and since this space is of finite dimension,
it is actually equal to ]H,Ef‘). This means that equation (47) is exactly controllable. From there, we use for
instance the result of [70, Chapter I, Theorem 2.9, page 35] stating that there exists a linear operator K
defined on ]Hg‘) such that Py APy + P,Vp, Pr, K, is exponentially stable with A as a decay rate. Since the

same property holds for A(Id — Py), we merely set I, = RK, Py and Z = RK, (H k)) Further, following
[62] (more specifically Lemma 8.4.1 page 381 and Theorem 41 page 384), we consider the following infinite
time horizon optimal control problem:

éréfg {T(Z,Q) | Z satisfies (43)}, (48)

o0

1 1 [
with 7(Z,G) = / |PAVr, Z || (A)dt + - / |G||Zdt. The first-order optimality conditions for Prob-
0

lem (48) lead to G = —Pr (Vr,)*TI\P\Vr, Z = Pr, divr, I\P\Vr, Z, where I = IT} = 0 satisfies the
Riccati equation (45), finishing the proof. O

We deduce an estimate for the stabilized linear system with non-homogeneous right-hand-sides.
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Corollary 5.1. Assume Zy € Zo(Ts), F* € Foo(QF), HY € U(QF), and G € Goo(Ts). Using the
feedback operator Ky obtained in Theorem 5.1, there exists a unique solution Z € Z.(T's) to the following
system
—diveo(u®,pt) =F* and divut =divH* in QF x (0,00),
ut =0 on dQ x (0,0),
ut=u"=-—-XZ and —[o(u,p)|n=pdivr, Vr,Z+K\Vr.Z+G onTs x (0,00),
Z(-,0)=Zy on T,

(49)

and it satisfies

[l ) + 1P low @) + 17 luw @) + I low@ny + 12l 200
<Cs(1+2) (||Z0||ZO(FS) +IF 7o) + I1F 7m0y + TH s o) + 1H  Nluw ooy + HGHQOC(FS)) ;
(50)
where the constant Cs > 0 depends only on T'y.

Proof. The lifting method of Sect. 4.3 can be used here: Introduce u* = v* + w* and p* = ¢* + 7+,
where (w*, %) satisfy the Stokes problems (38) with (0,T) replaced by (0,00), and where (v ,qi, Z)
satisfies
—dive(vt,¢*) =0 and dive* =0 in QF x (0,00),
v =0 on 9N x (0,00),
Z
vt = 887 —AZ and —[o(v,q)]ns = pdive, Vi, Z + KAV, Z + G + [o(w,7)]ns on Iy x (0, 00),
Z(-,0) = Zy onT,.
(51)
We formulate system (51) as

A
aval;s — )\Vng — VFSPFS (/J, diVFS VI‘SZ) — ’C)\VFSZ = VFSPFS (G + [O’(wﬂ'r)] TLS) R
oVr 7
% —(AIld4+ A+ K)\)Vr.Z = Vi, Pr, (G + [o(w,7)] ns) ,

and since the operator AId+.44/Cy is the infinitesimal generator of an analytic semigroup of negative type,
a consequence of [10, Theorem 3.1 page 143, Part II] and Proposition 2.1 is the existence of Z € Z,,(T'y),
satisfying

1Zllz 00y < C (1 Z0llzo(r,) + 1G oo rsy + Il o(w, m)] nsllgory) -
Next, the steps of Sect. 4.3 can be repeated to obtain the existence and uniqueness of Z, which satisfies

1Zllz oy <C (||ZOHZO(F5) +IF N ro @) FIF lrooy + 1H o) + HH llu o) + ||G||gm(rs)> :
(52)
Further, (u®, p*) are also obtained uniquely as the solutions of the classical Stokes problems with Dirichlet
boundary conditions and non-homogeneous divergence condition, namely
—divo(u®, pt) = F* and dive® =div H* in QF x (0,00),
ut =0 on 92 x (0,00),
oz
ut = a5 —AZ on Ty x (0,00).

Up to considering u®™ — H*, from [29, Lemma 6.1, Chapter IV] they satisfy the estimate

o) + 100 < (HAZ +||Hi||um@si)>
L2(0,00;H3/2(T,))

< (4 2Nz + 1H o o))
which, combined with (52), leads to (50), and thus the announced result. O
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6. Feedback Stabilization of the Nonlinear System

In this section we prove Theorem 1.1. We first prove wellposedness of system (19)—(20) when § is replaced
by pdive, ((1s ® 75)Vr, Z) + KAV, Z in (19):

—div(o(a®, p*)) = f£ + F(a*,p*,Z) and  diva = div H(at, Z) in QF x (0, 00),
4T =0 on 90 x (0, 00),

8z . . . .
0t === —XZ, and — [o(@,p)]ns = pdivp, Vr.Z + KAVr. Z + G(at,pT,a7,p, Z) on T's x (0, 00),

Y .
Z(-,0) = Xo —Id on T',.
(53)
Denote

'H(Qj,Q;,FS) = MDO(Qj) X QOO(93+> X U (25) X Qoo (25) X Z6(Ls),

that we equip with the norm that goes without saying. A solution for system (53) is obtained as a fixed
point of the mapping

N HEOQHQ, T —  H(OQHQ;,TS)
(’ai_vﬁfa’al_7ﬁ1_a Zl) = (ag_)ﬁ;_aﬁ;vﬁ;aZQ))
where (43, py , i3 , Py , Z2) is the solution of (49) with F=, HE and G replaced by F (a5, p, Z1), H(i5, Z1)
and G(a}, py, a7, py, Z1), respectively:
—div(e(aF,pF)) = fE+ F@af,pf,21) and  divas = H(aF, Z1) in QF x (0,00),
af =0 on 99 x (0, 0),
af = 22— A2 on T's x (0,00),

— [o(a2, p2)] ns = pdivr, Vr, Ze + KAV, Z2 + G(a], b1, 07,57, Z1) on T's x (0, o0),

Estimate (50) of Corollary 5.1 yields

@3558 .57 Z2)lgar om ry < Co(1+ 2 (1X0 = 1)Lz + 1 s oy + 15 o)
HIF T, 5F, 20l o) + PGP 20k o)
HIH G 20y o + H 7 20l o)

A (54)
(
+\Gat, pf,ay .01, Z1) g (ry) )-

o NS

Consider the following closed subset of Z.(Ts)

Bﬂ = {(a+7ﬁ+7ﬁ77ﬁ7a2) € HOO(Qj7Q;an) | ||(ﬁ+aﬁ+aﬁiaﬁ77ZHH(Q;F’Q;’F ) S 208(1 +)\),0}7

where
pi= 11 Xo — Wl zye) + 1 r_ oty + 1 lror,

and C; is the constant of estimate (50). Let us prove that A is a contraction in B, provided that
| Xo —Id| z,(r,) and ||fi||}-oo(ﬂsi) are small enough. Since the different nonlinearities in the right-hand-
side of (54) are polynomial, from [35, Proposition B.1, page 283] we can address them with estimates of
type

HV?(X)VQHIHN(Q?) < CHV?(X)HHS/?(Q?)”va“Hl(QQE)'
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Combined with the Lipschitz estimates of Proposition 3.1 and Corollary 3.1, we deduce

| (a, AiaZA)”L?(Qét) < CHVS}(X)”HW?(Q?:) (”VﬁHHl(QSi) + ||15HH1(Q§)> ||VX - IHHB/Z(Qgc)a
|F (@, 5, 2) | o) < € (41X =Tz ) (Il @) + 180 o)) IX — Tz r,)
<C (142l zs)) (lillye @b + 1Blo_02)) le ™2l 2 r)
||H(ﬁi72)\\ux(sz}) < Clltfly_ o) IX =]z r,) < C||ﬁHux(Qsi)||€_MZAHZM(FS)7
|Gt 55,57, Dlgwm,) < C (14162l 20w (Il o) + I5lo o)) e 2l z0 0
+O(|VX - I r,))
<C(1+le 2Nz (lillye @b + 1Blo_02)) le ™2l 20 r)
+C||e_/\t2“22’m(rs)'

We see easily that ||e*>‘tZ||Zoo(ps) < C(1+ A)||Z|\Zm(ps). Consequently, if (a7, p7, 47,07, 21) € By,
from (54) we obtain

(a5, 53,65, B3 s Zo)llpgat oz ray < Cs(L+A) (p+ CPAL+ NP1+ (1+X) +p(1+ 1))
Therefore N is well-defined, and if p is small enough, that is
CPAL+ NP1+ (L+A) +p(1+ M%) <p,
the ball B is left invariant under A/. Next, let be
(wf 5,7 Zi) € B,
for i € {1,2}. The difference

(E+7ﬁ+7ﬂ_,ﬁ_,7) = N(a1+7ﬁ1+>ﬁf7ﬁ;a Zl) —N(ﬁ;,ﬁ;,’&;,f);,ZQ)

satisfies
—div(o(@®,pt)) = F° and divi=divH in OF x (0, 00),
ut =0 on 9Q x (0,00),
9z _ . = _ (55)
U= AZ, and —[o(@,p)]ns = pdive, Ve, Z + K\Vr.Z + G on T’y x (0,00),

Z(-,0)=0 on I,

F ,
H = H(uf, 21) — H(iuf, Zs),

Tyﬁfvﬁ;7ﬁ;a Zl) - G(ﬁgvﬁ;vagvﬁga ZQ)
Using the Lipschitz estimates of Proposition 3.1 and Corollary 3.1, they satisfy

7:|: — _ A A R R R N
IF 7 o) + IGllg ) = C (He M(Zy = Zo)zo ey + llaa — Uzl o) + 191 —p2||goo(ﬂsi))

2
X (Z il oz + IPill g o) + ||€MZz'||Zoo(Fs)>
i=1

x (14l Zillzery + e 2oz )
—+ _ 5 5 ~ ~
IH Ny o2y < C (e (21 = Zo) |z + llin — u2||uw(§zsi))

% (Il o) + e ™ 21l -
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Combined with estimate (50) of Corollary 5.1, we then obtain

Y =+ =
1@ 77,57, Dlhyar 0 r < CoL+ N (IF e o) + 1T ey
7+ —_ J—
HIH Moy + I N ) + 1Glloncrsy)
< CA+ A1+ (1+Np)

x|[(@f —ay P — Py iy — Uy, Py — Py s Z1 — Z2)lygat ar 1)
Choosing once again p small enough, that is C(1+X)?p(1+(1+X)p) < 1, we obtain that A is a contraction
in B,. Therefore wellposedness for (53) is a consequence of the Banach fixed-point theorem. Furthermore,

||Z||ZOO(1"S) is bounded. Recall that in (18) we introduced Z = e*(X — Id), where Id can be replaced by
any deformation X. € Cp_. In (53) we have chosen

g = pdive, (s ® 75)Vr,Z) + KaVr, Z
= ,ue’\t diV[‘S ((TS & TS)VFS (X — Xc)) + GMIC)\VFS (X - Xc)

Still following Sect. 3.2, we note that system (53) is equivalent to (1) by choosing
g = (|cof VXng|71§) o X = (|cof VXny|LeMg) o X1
- (|cofVX'ns|*1 (divr, (e ® 7) Vi, (X — X.)) + KAV, (X — XC))) o XL
Since (detg(t))/? = |cof VX n,|(detg,)'/?, and (det g,)'/? = 1 is constant, we consider
g= ((detg)*l/2 (divp, ((1s ® 75)Vr, (X — X.)) + KAVr, (X — Xc))> o X1

Thus the result announced in Theorem 1.1 follows.

7. Comments on a Possible Extension to Dimension 3

Some results obtained in the present paper could certainly and straightforwardly be extended to the
three-dimensional case, like the study of the Poincaré-Steklov operator for example, or the design of the
feedback operator. Higher-order Sobolev spaces may be considered for guaranteeing the C' regularity
and stability of Sobolev spaces by product. However, some geometric aspects would deserve a careful
investigation. Let us make comments on the difficulties that appear in dimension 3:

e About the stationary state obtained in Lemma 2.1: In dimension 2, the interface I'(¢) is a curve,
and its mean curvature is simply called the curvature. From the fundamental theorem of curves,
this curvature determines entirely I'(¢), up to proper rigid deformations. In the case of dimension 3,
the interface I'(¢) is then a surface, and this is the Gaussian curvature which characterizes the
metric of the surface. We say that this is an intrinsic property of the surface I'(¢) (cf. the Gauss’s
Theorem Egregium). More precisely, two surfaces with the same Gaussian curvature differ only up
to proper rigid deformations, we say that they are congruent. The mean curvature which appears in
the surface-tension model is only extrinsic in dimension 3, which means that two surfaces with the
same mean curvature could not be congruent. However, when restricting the framework to closed
surfaces, the Alexandrov’s theorem [3] (see [4] for an English translation) provides a positive result:
Two closed surfaces with the same mean curvature are identical, up to essential transformations.
Essential transformations refer to proper rigid deformations and dilatation. In the incompressible
case, the volume contained inside the surface is constant, and thus this notion reduces to proper
rigid deformations, like in dimension 2.

e About the linearized system in dimension 3: Simplifications specific to dimension 2 have been made
in Sect. 3.2 when linearizing the mean curvature of I'(¢) for small displacements. The expression so
obtained involves the operator VR A priori the linear operator which appears in dimension 3 is
more complex, and discussions of Sect. 2.3 about the kernel of V}L would no longer be relevant.
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e About the extension of diffeomorphisms on the sphere into the ball: This question is less simple
in the case of a 2-sphere. In [69, system (8.3), section 8], the author gave comments on conditions
under which we could extend a diffeomorphism defined on a boundary of a given domain. A sufficient
condition is that the set of diffeomorphisms of this boundary preserving the orientation is connected.
In R2, this sufficient condition is always fulfilled and thus the answer is positive. In R3, things are
more delicate, and counter-examples to this sufficient condition exist. However, in the case of the
sphere, Smale provided a positive answer in [60]. The result requires a C'*° regularity, and we do not
know whether it could be used for obtaining an extension with the same properties as in Sect. 3.1.
Further comments on these geometric questions would go beyond the scope of the present article.
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A Appendix
A.1 Proof of Proposition 3.1

Harmonic extension of X. Let us first discuss of how to extend X from the circle I'y into the unit
ball ;. In dimension 2, one way of extending diffeomorphisms of the circle is to consider the Douady-
Earle extension [26], which is harmonic, and therefore inherits of the elliptic regularity from its Dirichlet
boundary condition. It relies on the Radé-Kneser-Choquet theorem, and more specifically the Poisson
integral formula. Many generalizations of such a result have been obtained afterwards, in particular
requiring the strong Choquet condition, namely that X (T's) shall be convex. But more recently it has
been extended in [5,6] to the case of homeomorphisms from the unit circle onto a simple closed curve of
R2. We state [5, Theorem 1.3] in our context as follows:

Lemma A.1. Let X : 'y — X(I'y) be an orientation preserving diffeomorphism of class C' onto a simple

closed curve X(T's). Let D be the bounded domain such that 0D = X (T's). Denote by Xrkc the solution
of the Dirichlet problem

AXgrkc =0 in Q;,

{ Xpke = X onT.. (56)

When Xrkxc € C! (E), it is a diffeomorphism off onto D if and only if detV Xgrkc > 0 everywhere
on Iy.
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The condition Xgkc € C 1(@) is satisfied when the elliptic regularity of (56) provides a solution in

a Sobolev space that is embedded in C'(£25 ), in our case H>/?(QF). The condition detVXgrgxc > 0 can
be guaranteed by assuming the data X close enough to the identity. The estimates provided in the next
step shows this.

Elliptic regularity, Lipschitz estimates and invertibility. The interest of extending X via the Dirichlet
problem (56) lies in the linearity and simplicity of the latter. Therefore we derive straightforwardly the
following result, leading to Proposition 3.1:

Proposition A.1. If X € Z,(Ts), the solutions X* of
AXE =0 in QF x (0,00),
)gi =X onTy x(0,00), (57)
Xt =1Id on 09 x (0,00),
satisfy 3
IX* —1d_ox) < CIIX ~1d]z(r,). (58)

If |X —1d||z_(r,) is small enough, the extension Xt s locally invertible, and X~ is globally invertible.
Furthermore, given two mappings X1 —1d, Xo —Id € Z(Ts), the respective solutions )N(li, )N(Qi of (57)
satisfy

1X35 = X3l oty < ClIXT = Xollzo(r)- (59)

Without ambiguity we omit the notation X+ for keeping only X.

Proof. Estimates (58) and (59) are straightforwardly deduced from the elliptic regularity of system (57) in
H®/2(QF). Next, recalling that the differential of A +— detA is H — cof(A) : H, and that in dimension 2
the mapping A — cof(A) is linear, for all ¢ > 0 we deduce from the mean value theorem

|detVX (y,t) — 1|z < sup |cof(ay + (1 — a)X (y,1))|r2x2| X (y,1) — ylgex2,
a€l0,1]
467K (1) = Ul gz, < € (14 156 Ollym o)) 1X — MLz -

Therefore, assuming || X — Id|z_(r,) small enough shows that detVX(y,t) > C > 0 for all (y,t) €
Qs x (0,00). Then the local invertibility of XIQ? is due to the inverse function theorem, and the global

invertibility of X 125 follows from Lemma A.1. ]

A.2 Proof of Proposition 4.1 and Corollary 4.1
We start by recalling the two following lemmas that are needed for what follows. The first one can be
deduced from [29, Exercise 3.4, Chapter I11].
Lemma A.2. For p* € L2(QF), there ewists v;t € H}(QF) satisfying
— div v;t =pt in QF, v;t =0 ondQT, (60)

and
||7)z:>t||H1(03) < CHpiHLQ(QSi)‘ "

The second lemma is given in [29, Theorem 1.1, Chapter IV].

Lemma A.3. For h* € W, there exists a unique solution (v,"f,q,f) in VE x Q% to the Stokes problem
—diva(vf,qf) =0 and divv}jf =0 in QF,
v =0 on 0L, (62)
v,jf =h* onT,.
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Moreover, it satisfies
i e o) + 193¢ 2oy < CIRS g (r,)- (63)
We are now in position to prove Proposition 4.1 and Corollary 4.1.

Proof of Proposition 4.1. We adopt the method used for proving [63, Lemma 6, p. 144]. Recall the
definition of the bilinear form

M(u,0) = 2V<5(u+)a€(v+)>m2(9j) + 2V<€(u_))5(v_)>m2(ﬂg)
_<p+’divv+>L2(Q;r) _ <q+ div u+>L2(Q§r) —(p~,div U_>L2(Q;) —{(q~,div u_>L2(Q;)
—(AT ot —p)ww — (whut —d)ww — (A 0T —o)wew — (W uT — d)wrw,

with the notation u = (u™,pT,u™,p~, AT, A7, ¢) and v = (v, ¢, v, ¢, T, ™, p) € V.
Step 1. Choose v; = (u™, —pT,u™, —p~, =A"T, =", ¢). Then

Mw,01) = 20 ([l P + el )P ) - (64)

Step 2. Choose by = ( ,0,v,,0,0,0,0), where v;t € H}(QF) is the solution of system (60) corresponding

to p*, satisfying (61). Then using successively the Cauchy-Schwarz and the Young’s inequalities for any
a > 0, we obtain

M, 02) = 20(e(u™), (07 gty + 242, e(0y Ny + 10T Py + 107 122 0
2 |‘p+‘|i2(gj) + ||p_Hi2(Q;) - aV||5(u+)||]i2(Q;r) - al/HE(u_)H]iz(Q;)
v v _
75”‘?(1};)”52(91) - EH&?(% )”iz(g:)
Furthermore, combining the Korn’s inequality for v+

p
Cv + Y112 —\)12
Muwa) = (1= S2) (7 By + 10 aiary) = o0 (1) g + 1O Bagg )« (65)

where the constant C' > 0 is independent of a > 0.
Step 3. Choose b3 = (’U;n,q;{", vy, 54, ,0,0,0), where (v,i/, q,fn) is the solution of the Stokes system (62)
with v,jfn 0= A% ||whit as data, where the sequences (h5),, are such that [|hf ||w = 1 and —(A*, b )wr.w

and the estimate (61), we deduce

— ||IA*|lw. Then for some 3 > 0, the same combination of the Cauchy-Schwarz and Young’s inequalities
yields

M(u,v3) = 2v{e(u®), (v )p2iqr) +2v(e(u™),e(v, iz ar)
_<quLrnvdiV“+>L2(Q;) - <Q}:nadivu_>L2(Q;) — (AN wew = (AT by )ywew
(AR ww — (AT k) wrw
1 _
~3 ( Ve )||L2 o) +laf, ||L2(Q+) +vlle(vy,, )H]Lz )+ llan, ||L2(Q )
-8 <V||€(U+)||i2(9;r) + ||divu+||Lz(Q+) +vlle(u )HLQ )+l dive” HL2 )

Estimate (63) yields [vp, ||z o) + ”qii”LQ(Qsi) < C||A\||wr, and by passing to the limit we deduce

C
M) = (1= 5 ) (07T + 1A Ber) = €8 (I + el ey (60

where here again the generic constant C' > 0 is independent of 3 > 0.
Step 4. Choose vy = (0,0,0,0, ¢, ¢,0). With the Young’s inequalities we estimate

M(u,04) = 26w — (& u ) wrw — (D, u")wrw = 2[Ry — o lw llu™llw — l[ollwllu™ w,

1 _
M(01) 2 |61y = 5 (et + 1~ [By)
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M(u,04) > 1613 — C (lut |13 + u|3) . (67)

where C' > 0 is deduced from the constant of the trace operators and those of the Korn’s inequality.
Step 5. Choose v = vy + Y209 + Y303 + Y44, for some positive constants s, v3 and 4. Then, the
estimates (64)—(67) yields

M(u,0) > (2v — avys — Bryz — Ca) (||5(U+)Hi2(9+) + \|5(U7)||n2;2(9—))

Cv _ c _
(1= Z2) (B + I o)+ (1= 5 ) (NI + 10T + 2l
By choosing « and g large enough (o > Cv and > C), and next 72, 3 and -4 small enough, we get
M(u,0) > 6]|u]%, (68)

for some constant § > 0, after having used the Korn’s inequality of Lemma 2.0. It remains us to verify
that the norm of v so chosen is controlled by the norm of u, namely the estimate ||v]| < C|ju||, which

holds from (61) and (63). Thus we obtain 'A/l”(;lnn) > C|lu||, which enables us to complete the proof.

Proof of Corollary 4.1. The result is a direct consequence of the Banach-Necas-Babuska theorem (see [27,
Theorem 2.6, page 85]). The continuity of the linear mapping G is obvious. Given the inf-sup condition
of Proposition 4.1, it remains us to verify the injectivity property for the bilinear form. Let u € U be
such that M(u,v) = 0 for all v € . It is sufficient to choose v like in the last step of the proof of
Proposition 4.1, so that (68) holds, and implies u = 0, which concludes the proof.
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