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Abstract

We consider the motion of a rigid body immersed in a two-dimensional viscous incompressible fluid with Navier
slip-with-friction conditions at the solid boundary. The fluid-solid system occupies the whole plane. We prove
the small-time exact controllability of the position and velocity of the solid when the control takes the form of a
distributed force supported in a compact subset (with nonvoid interior) of the fluid domain, away from the body.
The strategy relies on the introduction of a small parameter: we consider fast and strong amplitude controls for
which the “Navier-Stokes+rigid body” system behaves like a perturbation of the “Euler+rigid body” system. By
the means of a multi-scale asymptotic expansion we construct a controlled solution to the “Navier-Stokes+rigid
body” system thanks to some controlled solutions to “FEuler+rigid body”-type systems and to a detailed analysis of

the influence of the boundary layer on the solid motion.
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1. Introduction

In this section we present the fluid-solid model we consider and we state our main result.

1.1. The mathematical model

We split the two dimensional plane into two disjoint parts: the closed part S(¢) representing the solid and the
open part F(t) = R?\ S(t) filled with fluid. These parts depend on time t € [0, 7], where T > 0. Furthermore, we

assume that S(t) is smooth and simply connected. On the fluid part F(¢), the velocity field u : [0, 7] x F(t) — R?

and the pressure field 7 : [0, T] x F(t) — R satisfy the incompressible Navier-Stokes equations with an added source
term & : [0,T] x F(t) — R2, that is

%—i—(u-V)u—l—Vw—Au:f and divu=0 for ¢€[0,7] and x € F(t). (1.1)

Furthermore, we assume that the support of ¢ is in a smooth, compact, simply connected set . C R? with non-empty
interior.
We consider an impermeability boundary condition and a Navier slip-with-friction condition on the solid bound-

ary, namely,
u-n=ug-n, (DWwn)an = —p(u —ug)tan on 9S(t), (1.2)

where ug denotes the solid velocity described below, n is the unit outward normal vector on dS(t), u > 0 is the

coefficient of friction, and for any vector field f, we have

D(f) =5 (Vf+(VHT) and (flean = f — (f - ).

DN | =

Furthermore, we consider a zero limit condition at infinity, namely,
lu] — 0 as |z| — +oo. (1.3)

The solid S(¢) is obtained by a rigid movement from S(0) = Sy, and one can describe its position by the center of

mass, h(t), and the angle variable with respect to the initial position, 9¥(t). Consequently, we have
S(t) = h(t) + R(I(t))So, (1.4)
where the center of mass at initial time is assumed to be hg = 0 without loss of generality, and
R(9) = ( c?sﬁ —sind ) .
singd  cosv
Moreover the solid velocity is hence given by
us(t,x) = h'(t) + 9 (t)(x — h(t)*, (1.5)

where for z = (21, 72) we denote z+ = (—x2,21).

The solid evolves according to Newton’s law, and is influenced by the Cauchy stress tensor on the boundary:

mh'(t) = — / (—7Id + 2D(u)) n do,
85(®) (1.6)
JV'(t) = — /as(t)(x — h(t))* - (—7Id + 2D(u))n do.

Here the constants m > 0 and J > 0 denote respectively the mass and the moment of inertia of the body, where

the fluid is supposed to be homogeneous of density 1, without loss of generality.



F(t) = R2\ S(t)

-
Figure 1: The setting of the control problem
We consider the following initial conditions:
ult—o = ug for z € Fo, h(0) =0, h'(0) = hy, 9(0) =0, ¥'(0) = (1.7)

For the initial data we will asume uy € H*(Fy) and curlug € L(Fp), satisfying the compatibility conditions
div up = 0 in Fo, ug - n = (hf +9pzt) -n and (D(up)n)tan = —p(ug — (hfy + 94xL))tan on 0Sy. The integrability of
the initial vorticity is assumed in order to guarantee that the circulation at infinity is well-defined.

Throughout this paper we will only consider solid trajectories which stay away from the control zone, therefore

our construction will satisfy the following condition:
supp £(t,-)NS(t) =0, Vi € [0,T]. (1.8)

1.2. Definition of weak solutions

We will now present a notion of Leray-type weak solution to the fluid-solid system.
Let £ € L2((0,T) x €.) be fixed.
In order to define a notion of weak solution to (1.1)), (1.2)), (1.3)), (1.6), (1.7)), we introduce for each ¢ € [0, 7] the
following spaces:
H(t) :={p € L*(R*;R?): divg=0inR? D(¢)=0inS(t)},

(1.9)
V(t):={p € H(t): Ve LA(F()}.

Note that the above spaces depend on the solution itself through the domains F(t) and S(¢). Furthermore, according
to Lemma 11 in [38], for any ¢ € H(t), there exists (I, 74) € R® (which may depend on t) such that ¢(z) = ¢g(x) :=
lg +re(x — h(t)) in S(t). Therefore, we extend the initial data ug by hf + 9yt in Sp.

We further define the following scalar product, which endows H(t) with a Hilbert space structure,

(, V)p(r) = / w-vdr 4+ mily - Ly + Tryrs.
F(t)

We give the following definition of a weak solution “a la Leray”.

Definition 1.1. We say that
u € C([0,TT: H(8)) N L2((0, T); V(1))



is a weak solution to the system , , (11.3]), (1.6, (1.7) of (1.8) holds, and for all p € C°([0,T]; H(t)) such
that ¢|m € C°°([0,T); C§°(F(t); R?)) the following holds on [0,T],

(ult, ), 36, ) sy — (10, $(0, o) = / (u(s, ), Brb(5, Do) ds + / / ¢ pduds

//S)u Vo udzdt—2 / f()D . D(¢) d ds
=¥ / /88 ) = us(s,)) - (6(s, ) — ds(s, ) do ds,

where the spaces H(t) are associated with S(t) as in (L.9), and we have that S is transported by the flow of us.

It can be easily checked, by performing some integration by parts, that a strong solution to , , ,
, is also a weak solution in the above sense (see for instance [35] for further details).

Note that there is a slight abuse of notation in writing C'([0, T]; H(¢)) for instance, since the domain in which the
fluid evolves is also time-dependent. Furthermore, the test functions also depend on the solution u as noted above
in the definition of the spaces H(t) and V(¢).

1.8. Main result

Our goal is to investigate the possibility of controlling the solid by the means of prescribing an interior control £
acting on the fluid. In particular we raise the question of driving the solid from a given position and a given velocity
to some other prescribed position and velocity.

In order to ensure that holds, we note that we do not need to control on the whole of €.. Instead, we will
introduce a set of admissible positions for the solid, such that as long as the final position of the solid is in this set,
there exists a fixed open subset of €)., which does not touch the solid neither in its initial nor in its final position,
and which we will use as the support of the controls we construct.

More precisely, we set
Q={q:=(h,9) eR’: int(Q) \ {(h+ R(V)So) USo} # 0} . (1.10)

Since Sy is simply connected, it can be easily checked that Q is path-connected.
We are now in position to state our main result regarding the small-time global exact controllability of the solid

position and velocity.

Theorem 1.1. Consider Sy C R? bounded, closed, simply connected with smooth boundary, which is not a disk,
and ug € H*(Fo; R?), curlug € L' (Fo;R?), qo = 0,q5 = (hy,9f) € Q, by, Iy € R?, 95,9 € R, such that
div ug = 0 in Fo, " hrr_ilroo luo(z)| =0,
ug -n = (hfy + 92 ) - n, (D(uo)n)tan = —i(uo — (hy + 9p2>)) tan on 0So.

Then there exists T > 0 such that, for any T € (0, T], there exists a control £ € L*((0,T) x Q.), compactly supported
in time, and a weak solution u € C([0,T}; H(t)) N L2((0,T); V(t)) in the sense of Definition[1.1) to the system (L.1)),

([T2). [©3). (T6), (7 with (L8). such that we have (h,h',9,9')(T) = (hy, Ky, 97, 9}).

Note that the condition that Sy is not a disk is essential because a significant step during our proof will rely
heavily on a strategy similar to the one presented in [24]. As mentioned in the aforementioned paper, it is possible
to treat the case of a homogeneous disk with a similar strategy, controlling only the center of mass h.

Furthermore, we will present in Section [7] a possible strategy for passing to arbitrary time controllability, given
a sufficiently strong autoregularization property of the system (that would also allow for less regular initial data),

which up to our best knowledge is currently still an open problem in the literature for this type of systems.



We also note that the reason for working in the whole plane instead of a bounded domain will be given in Remark
in Section [2| below, once the main ideas behind our proof have been presented.

References. Our result can be contrasted with the result from [13] (see also [I4] for a gentle exposition) regarding
the controllability of the fluid velocity alone in the case of the incompressible Navier-Stokes equation with Navier
slip-with-friction boundary conditions. However, in our case we are only interested in controlling the solid position
and velocity, and unlike in [I3] we achieve this without any control on the solid boundary. Note that the proof relies
on the previous results for the Euler equations by means of a rapid and strong control which drives the system in
a high Reynolds regime, a strategy which originates from [I2], where an interior controllability result was already
established. For this purpose in our case we generalize the control result regarding 2D “perfect fluid + rigid body”
systems from [24] to treat the viscous case with a similar strategy, but without using the return method, in contrast
to [I2,[13]. Note also that the main result in [24] was presented in the absence of vorticity, however, it was mentioned
that the effect of the vorticity could be handled by some appropriate control strategy. In this paper there will indeed
be some vorticity created at the solid boundary, which we will handle by the means of an asymptotic boundary
layer expansion.

For “viscous fluid + rigid body” control systems (with Dirichlet boundary conditions), local null-controllability
results have already been obtained in both 2D and 3D, see e.g. [5] [0l [32]. These results rely on Carleman estimates
on the linearized equation, and consequently on the parabolic character of the fluid equation. A similar result has
been established in [34] for the case of the 1D viscous Burgers equation with a new strategy introduced by the
authors without the use of any Carleman estimates, and as noted in the aforementioned article, those methods can
be extended to other nonlinear parabolic systems. However, note that the results mentioned above concern local
null-controllability for the solid position and the velocities of both the solid and the fluid, whereas in this paper we
achieve global exact controllability for both the solid position and velocity directly.

Let us also mention some stabilization results regarding “viscous fluid + rigid body” systems in a bounded
domain with Dirichlet boundary conditions, see [I] for the 2D and 3D cases, respectively [2] for a simplified model
in the 1D case. In the aforementioned articles the authors stabilize the position and velocity of the solid and the
velocity of the fluid using a feedback control on the exterior boundary of the fluid domain, assuming that the initial
data of the system is close to a stationary state (which is not necessarily assumed to be zero).

A different type of problem regarding fluid-solid interactions is that of a deformable body in a fluid, regarding
the dynamics of swimming, see for instance [10, 19} [33], 36} 7] for the viscous case, respectively [I1] for the inviscid
case. In the case of such problems, the control is no longer at a distance, rather it consists of the deformation of
the body itself.

Generalizations and open problems. A natural generalization of the problems above would be the passage
from the two-dimensional case to the three-dimensional one. The main difficulty in adapting our methods to the
3D case (apart from the Cauchy theory of the 3D system) is the use of complex analysis to explicitly construct the
spacial part of the control (see the Appendices of the paper). However, one could replace these arguments by a
Cauchy-Kovalevskaya type construction and a higher dimensional generalization of Runge’s theorem (c.f. [18]), so
that a similar result could be established in the three-dimensional case.

Furthermore, one could also be interested in controlling several solids. Indeed, one can see in the Appencides of
the paper that the construction of the spacial part of the vector field associated with control is quite local around
the solid, so the arguments in our proof should be adaptable to the case of multiple solids, also guaranteeing that
there is no collision between the solids.

Another interesting open problem is that of the motion planning of a rigid body immersed in a viscous incom-

pressible fluid. Namely, suppose that we have a fixed curve I' € C2(]0, T]; R3), and the conditions of Theorem [1.1



are satisfied with (ho, o, hg, J5) = (I'(0),17(0)) , (hy,I¢, by, 9%) = (T'(T),I"(T)). Does there exist a control and
a solution to the fluid-solid system as described in Theorem satisfying in addition T' = (h,d) on [0,7]? Even
the approximate motion planning in C?, i.e. the same statement as above but with ||T' — (h, D) le2(jo,rp) < € (with
¢ > 0 arbitrary) instead of I' = (h,¥), is an open problem. Furthermore, as mentioned in [24], the motion planning
for a rigid body in an inviscid fluid is also open. However, there might be some hope to adapt certain techniques
presented in this article (specifically in Section [3|to pass from approximate controllability to exact controllability),
in order to tackle this problem in the future.

Finally, we mention that the global exact controllability of a “viscous fluid + rigid body” system with Dirichlet
“no slip” boundary conditions is completely open, and a very challenging problem due to the fact that the Dirichlet
boundary conditions create boundary layers with a larger amplitude than in the case of Navier slip-with-friction
boundary conditions. Note that even the problem of controlling only the fluid velocity in such a context is open and
similarly challenging, some recent advances have been made in [I5] in the very particular case when the domain is

assumed to be a rectangle, using an added distributed phantom force.

Plan of the paper. The paper is organized as follows.

In Section [2| we give some preliminary results, such as reducing Theorem to the case of a fixed domain and
small viscosity, which we further reduce to constructing an appropriate asymptotic expansion with respect to the
viscosity.

In Section we construct the terms of order O(1) in the asymptotic expansion by a generalization of the geodesic
method used in [24].

In Section [ we construct the boundary layer profiles associated with u”, which appear in particular at order
O(y/e) and O(e).

In Section [5| we construct the linearized terms of O(e) in the asymptotic expansion by a different impulsive
control strategy.

In Section [6] we construct and estimate the remainder in the asymptotic expansion and prove that it converges
to zero in an appropriate space.

We conclude the article in Section [7] with some visual representations of the controls constructed during our
strategy, as well as some remarks regarding the passage to arbitrary time controllability.

In Appendix [A] we explicitly construct the controls by the means of complex analysis.

2. Preliminary reductions

In this section we will prove that Theorem can be reduced to the case where the fluid domain is fixed and
the fluid viscosity is small. Furthermore, we will show that in this case one can introduce a vanishing viscosity

asymptotic expansion for the solid trajectory in order to prove our main result.

2.1. A reduction of Theorem[I]] to the case of a fized domain and small viscosity
The goal of this section is to prove that Theorem[I.1]can be deduced from a controllability result for the following

system:
du* € € € €(,,\L € € : € €
T + (u® —ug) - Vut +7r°(u)" + Vit —ecAu® =0 and div u® = ¢° for z € Fo,
' en=ug-n, (DU )n)an = —pu(u® —u%)tan for x € 08y, I"c\lin—&l-oo luf| =0,
(2.1)
m(lf) = / (=7°1d + 2eD(uf)) n do — mr (I°)*,
850

J (rf) = _/83 zt - (=n°1d + 2e D(u®))n do,



where u§(t,z) = () + r¢(t)xt, for t € [0,T], with & > 0, u(0,-) = eug(-), (I¥,7°)(0) = e(h{,¥}), and the control
term is now g° € C§°((0,T) x Fy) such that supp ¢°(t,-) C R(9°(t))T(Q. — h*(t)) and [ ¢°(¢,-)dz = 0, for any
t€[0,T].

Note that in the viscosity coefficient € appears in front of the term D(u®) in the solid equations (as part of
the Cauchy stress tensor), but not in the Navier slip-with-friction boundary condition on 9Sy. This will be essential
in the asymptotic expansion presented in Section

Furthermore, we may associate the solid position (h®,¥¢), which no longer plays a role directly in solving system

,through
B () = /0 ROF(s))E(s) ds,  0°(t) = /O re(s) ds, (2.2)

for ¢ € [0, 7.
We have the following adaptation of (1.8]) for ¢¢,
supp ¢°(t,-) NSy =0, Vt € [0,T7. (2.3)

Let us first give a definition of so-called “very weak solutions” to viscous fluid-solid models as (2.1)) with non-
zero divergence (similarly to the same notion for the fluid alone, as done for instance in [I6]). To do so, we further

introduce the following spaces:
H:={¢ e L>R*:R?): D(¢)=0and divp=0inSp}, V:= HNH (F).

Once more, note that for any ¢ € H, there exists (I4,74) € R? such that ¢(z) = ¢g(x) := ls+rsz" in Sy. Therefore,
we may once again extend the initial data ug by h{ + 9zt in Sy. We consider the following scalar product, which

endows H with a Hilbert space structure,
(u,v)y :z/ w-vdr +mly - ly, + Trury.
Fo
Note that (-,-)% coincides with the scalar product for the Hilbert space H(0) defined in (1.9), however, H(0) is a
strict subspace of H.

Definition 2.1. We say that
u® € C([10,T];H) NL2((0,7); V)

is a very weak solution to the system (12.1)) if . ) holds, if we have
div u® = ¢°, for a.e. t € (0,7,

and if, for all ¢ € C*°([0,T];H(0)) such that ¢|7 € C=([0,T]; C5°(Fo; R?)), the following holds on [0,T],
t
c s ") 5" - ) 07' = 0 d u® - pdxd
(020000 = 0,600 = [ 50905 s+ [ [ o oo
t
+/0 /FO [(u® —ug) Vo u —rf(u)t- ¢| dxds —/0 mre(15)* - 1y ds

t t
_25/0 . D(uf):D((b)dacds—Zsu/O /E)SO(UE_UES)'<¢_¢S)CZU(18.

Note that in fact the above definition can be extended to less regular divergence terms ¢g° (as done in [16] for
example). But for our purposes the case of smooth ¢ will suffice, since our construction for such solutions will rely
on a linear decomposition into a smooth term which has divergence ¢°, and the remaining term defined as the weak
solution of a Navier-Stokes type system with zero divergence (in the Leray sense, since the divergence is considered
to be zero).

We claim that Theorem follows from the following result.



Theorem 2.1. Consider T > 0, Sy C R? bounded, closed, simply connected with smooth boundary, which is not a
disk, and ug € H*(Fo; R?), curlug € L*(Fo; R?), ¢o = 0,q5 = (hs,9f) € Q, h{),h} € R?, 6,19’]0 € R, such that

div ug =0 in Fy, lim |ue(z)| =0,
|z|—=+o0

ug -n = (hly +9z) - n, (D(uo)n)tan = —u(uo — (hy + 9p2")) tan on 0So.

Then there exists € € (0,1) such that, for any € € (0,&], there exists a control g° € C§°((0,T) x Fo) with [ ¢g° =0,
supp g°(t,-) € R ()T (Q. — hE(t)), and a very weak solution u € C([0,T];H) N L3((0,T);V) in the sense of
Deﬁnition to such that we have

(h*,1,9°,v°)(T) = (hy,eR(9 )W)}, 05,9)), (2.4)

with (h®,9°) given by (2.2)).
Proof of Theorem [I_]] from Theorem[2.1, We will show that given T' > 0, ¢g° as above, there exists some ¢ €

L2((0,eT) x Q) and some appropriate transformations such that we may deduce the existence of a solution to
system (L1)), (T.2), (L.3), (L.6). on [0,e7] from the existence of a solution to system (2.I)), on [0,T].
We will introduce a change of variables for passing from small viscosity to viscosity 1 and for passing from a fixed
domain to a moving domain, and we will switch from a control on the divergence to a control on the evolution

equation via the Bogovskii operator (see for instance [4] or [22]), defined as follows.

Definition 2.2. Given a smooth, bounded domain Q0 C R?, there exists an operator B : C§° () — C§°(Q)? such
that, for any g € C§°(Q) with [ g = 0, we have div Bg = g. Furthermore, B € LW (), WgT"(Q)?), for any
1 <p<+o0, s>0. Also observe that we may extend Bg by 0 outside of 2.

From now on we consider B to be the Bogovskii operator associated with Q.. Given g° € C§°((0,T) x Fy) with
supp ¢°(t,-) € R(9(t))T(Qe — h(t)) and u® € C([0,T];H) N L?((0,T); V) as in Theorem 2.1 we define

g(t,x) :==e1g° (5_175, R (v° (E_It))T (x—h° (5_1t))) )
Ut,z) == 'R (0° (e7't)) u® (sflt, R (v° (5*1t))T (z —h® (z—:*lt))) , (2.5)
W)= 'R (7)) 15 (e71), 9 (t)=er"(e71t),

for t € [0,eT] and z € F(t).

We set

0Bg

ot
and v := U — Bg. It can be easily checked that (u,h,v,¢) defined in this way allow us to deduce a weak solution
in the sense of Definition [[1l

Finally, we may conclude the proof by noting that we have (h,9)(eT) = (h®,9°)(T) = (hy,9y) and (K, 9)(eT) =
e Y (R(0°(T))I*(T),*(T)) = (I, ), by using ([2:4). Therefore, the conclusions of Theorem are satisfied with
eT instead of T O

= +Bg-VBg—U-VBg— Bg-VU+ ABg € L*((0,T) x Q) (2.6)

Remark 2.1. In Theorem[2.1] the control g° can be chosen with an arbitrarily small total fluz through its support,
that is for any 8. > 0, there exists a control g° and a very weak solution u® satisfying the properties of Theorem[2.]]

T
/ / (g°(t,z))_ dxdt| <0..
0 JR(W(1)T(Qe—he (1))

See Section[2.]) for more explanations. Let us mention that such a small flur condition cannot be guaranteed in the

and such that moreover

results [12, [13] regarding the controllability of the Navier-Stokes equations.



2.2. Proving Theorem[2-1] by the means of an asymptotic expansion for the solid trajectory

We introduce the following asymptotic expansion for the solid trajectory:
he = hY +eh! 4 eh%, ¥° =90 + 9! 4 £09%,

e _ 70 1 15 e __ .0 1 5 (27>
F=0+4¢el" +ely, r*=r" +er +erg,

with (19, r0), (11, 71), (1%, 7%) € L>=(0,T).

Now suppose that we could exactly drive (hY,9°)(T) to (hf,J¢), while we had (h',9')(T) and (h%,9%)(T)
bounded in € > 0. It would follow that we have approximately driven (h®,9°)(T) to (hs,¥y), for € > 0 small
enough.

Furthermore, suppose that at the same time we managed to exactly drive (I° 7°)(T) to 0 and (approximately)
drive (I*,r')(T) to (R(95)"h';,9%), while (I%,7%)(T) = 0 as ¢ — 0T. It would follow that we have approximately
driven (I%,7°)(T) to e(R(I)" W, 9), for € > 0 small enough.

However, we want to prove the exact controllability in . To do so, we may pass from the above mentioned
approximate controllability to exact controllability by the means of a topological argument of Brouwer-type, as done
in [24]. This further requires some continuity property for our whole construction with respect to the target data for
the solid trajectory. Therefore, we will realize the above construction not only for (hy, s, R(0 f)Th’f, ¥';) as given
in Theorem but for any (h1,91,1l1,71) in a small enough ball centered at (hf,ﬁf,R(ﬁf)Th’f,ﬁ’f), such that the
construction depends continuously on (hy,¥1,11,71).

More precisely, we claim that Theorem follows from the following controllability result.

Theorem 2.2. Suppose that the conditions of Theorem[2.]] are verified. Let k > 0 such that
int(Q) \ U {(h+ R(9)Sy) U Sy} # 0.
(h,)E€B((hy,05),k)
For any v > 0 there exists eg = eo(v) > 0, which only depends on v > 0, such that for any ¢ € (0,&0], for
any (h1,91,l1,m) € P((hf,ﬁf,R(ﬂf)Th’f,ﬁ’f),n), there exists a control g° € C§°((0,T) x Fo) with [¢g¢ = 0,
supp g=(t,-) C R(9°(t))T(Qe — he(t)), and a very weak solution u¢ € C([0,T]; H)NL2((0,T);V) to .1)), (2.2)), such
that (2.7) holds, and we have
(h°,9°,00,7°)(T) = (h1,91,0,0), [(I*,r')(T) = (L, m)| < v,

(R190)(T) < C, |15, 75)(T)] < Ce3, 2

where C' > 0 can depend on v > 0, but is independent of ¢ > 0 and (hy1,91,l1,71) € E((hf,ﬁf,R(’lS‘f)Th},ﬁ/f),H).

Furthermore, the map
(h‘17 191? ll? ’1"1) € E((h’f7 19](’ R(ﬂf)Th/ 7’0/f)a K‘) = (hsa 7987 lea TE)(T) (29)
s continuous.

Remark 2.2. We note that we settle for approzimate controllability for (I',7') because it simplifies elements of
the proof of Theorem and it will be sufficient to prove Theorem |2.1l. Furthermore, the introduction of eo(v) > 0
serves the purpose of making the trajectory (h®,0°) stay sufficiently close to (h°,9°) such that in order to guarantee
condition , it suffices to guarantee a similar condition for (h°,9°), which we will detail during the proof of
Theorem [2.2

Proof of Theorem[2.1] from Theorem[2.4 We will conclude the proof of Theorem by a topological argument
based on the result below borrowed from [28 pages 32-33].

Lemma 2.1. Let wg € R, k>0, f: B(wo, k) = R"™ a continuous map such that we have |f(w) —w| < % for any
x in dB(wo, k). Then B(wo, §) C f(B(wo, k)).
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We set wg = (hy, 9, R(95)T R 0%) asin Theorem and k > 0 as in Theorem
Let T > 0, v > 0 and (hy,%1,11,71) € B(wg, k). We apply Theorem to deduce that, for € > 0 small enough,

we have
(1, 9°)(T) = (ha,91)| =[(h%,9°)(T) = (h°,0°)(T)| = el (h", 9" )(T) + (h%, 9%)(T)| < Ce,

) (2.10)
e o)D) = ()] < e )T) = (1)) — e r ) (D) + v = (I, rR)(T)]| + v < Ces + v,

where, C'= C'(v) > 0 is independent of ¢ and (hq,91,11,7r1).

Therefore, we fix v = ﬁ and € € (0,e9(v)] such that Ces < ﬁ, and for any € € (0, £] set

f(hlaﬁlvllarl) = (hsaﬂsag_llsﬂg_lrs)(T)‘

It follows from (2.10)) that |f(hy,91,l1,71) — (ha, 91,11, 71)] < %, uniformly for (hy,91,l1,m1) € B(wo, k), and f is
continuous due to Theorem[2:2} We may conclude the exact controllability result of Theorem 2:1] by setting applying
Lemma to deduce that wo = (hy,Jy, R(ﬁf)Th}, ¥’) is in Range(f).

O

2.8. Proving Theorem[2.9 - Constructing the control via the asymptotic expansion for the fluid velocity

In order to achieve an expansion as in (2.7 for the solid trajectory, we consider controls ¢g° in the form of
g° = g + eg', in the style of [13], and we look for the following asymptotic expansion for the fluid velocity and

pressure:

uf = u® + Ve{v} +eut + VO + ef{w} + eus,

(2.11)
7 =70 +e{Q} +em! +ep° + 75,

where, for f = f(t,x, z), we denote {f} its evaluation at z = “0(“:), with some function ¢ to be specifyd in Section

Therefore, proving Theorem reduces to constructing the terms in the right-hand side of (2.7]), in an

appropriate way. Note that we will use an energy estimate to prove the smallness of (I5,7%) as stated in Theorem

which is the main reason for investigating not only the terms in the asymptotic expansion for the solid trajectory,
but also the terms in the expansion for «°, which include certain boundary layer profiles v, w and V6°.

Furthermore, let us emphasise that our whole construction will be done in order to have that the fluid and solid
velocities (u%, 1%, %) associated with the remainder satisfy a Navier-Stokes-type fluid-solid system with small initial
data, some added small source term and small viscosity (“small” with respect to € > 0), such that an appropriate
energy estimate can be achieved.

Therefore, our strategy will be the following:

e We construct ¢° and a smooth solution u° to the Euler equation (with control g%), with zero initial data,
hence zero vorticity and zero circulation around the solid, such that we have an exact controllability result for
(R0, 9°)(T) with (19 r°)(T) = 0. However, we note that contrary to [L3], our strategy will not rely on a return
method for u°, we will rather just use u° to control the solid position (h°,19°)(T). See Theorem in Section

Bl

e Due to the Navier slip-with-friction boundary conditions, the fluid velocity boundary layer v will appear near
the solid at order O(+/¢), together with its pressure @ at order O(g). Furthermore, at order O(e) we introduce
a boundary corrector w and an inner domain corrector V¢, together with its pressure p®, as done in [13]. Note
that there will be no contribution at order O(,/2) in the solid equations due to the boundary layers, however,
at order O(¢) the solid position and velocity (h*, 9,11, r1), and therefore the fluid velocity u', will depend on
€ in a subtle manner due to p°. However, we mention that, for simplicity of notation, we will not write this

dependence explicitly in the notations u', h', etc. Furthermore, we stress that since we do not control the fluid
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velocity u, there is no need to control v (contrary to [13]), it will suffice to prove some regularity estimates
to handle the effect of the boundary layers at O(¢) in the solid equations for (I!,7!), and in the equations of
the remainder. Note that v, w and V¢ only depend on (u,1° %) and their existence is immediate from the
existence of (u%, 79,19 79 ¢g°). See Section [4| for some regularity estimates for these boundary layer profiles,

which we will use in the energy estimate in Section [6 but also to estimate the above-mentioned impact of p®

on (1%, r?).

e We construct g' and a smooth solution u' to a linearized Euler equation around u® (with control g') such
that we have an have an approximate controllability result for (I*,71)(T) (we settle for an approximate con-
trollability here because it simplifies our construction). It would be natural to assume that the initial data of
the original system, that is , would be the initial data in the equation of the linearized term (ul,l!,r!).
However, we only have ug € H*, and for simplifying reasons, we would like to work with an initial data which
has smooth and compactly supported curl, so that the vorticity associated with the linearized equation for u'

stays smooth and compactly supported at all times.

This can be achieved with the following modification. We construct a family of divergence-free u* € C°°(Fy) N
L?(Fo) which is bounded in C? with respect to € > 0 such that we have curlu* € C§°(Fy), u* -n = ug - n on

0So, |u*(z)| = 0 as |z| — +o0, and
uo — u*||o < /8. (2.12)

Indeed such a u* can be straightforwardly constructed using a Helmholtz decomposition and an appropriate

mollification of curlug.

We then set the initial data for (u', 1, r!) to be (u*, hy,J}), and implicitly leave the remaining ug — u* in the
initial data for u%, namely we consider (u%,(%,7%)(0) = (uo —u*,0,0). Note that u* implicitly depends once
more on ¢ > 0, and this gives rise to further dependence of u! with respect to ¢ > 0, which we once again
omit from the notations for the sake of simplicity. However, since we have that u* is bounded in C? uniformly
with respect to € > 0, we expect this dependence to be slight enough such that we can have some uniform
estimates for u' with respect to € > 0. See Theorem in Section

o We construct (u%,[%,r%) as a weak solution (in the sense of Leray) of a system which we deduce from the
equations verified by all the other terms in , (note that at this point we have not yet proven the
existence of (u®, (%, r®), but we know that it should be a very weak solution in the sense of Definition with
g° = g° +¢eg'). We prove by the means of an energy estimate that (u%, (%,7%) is small in L*>°((0,7); L?(Fo) x
R3), when & > 0 is small. In particular, we have |(%,7%)(T)| < Ce'/8, and we may conclude the estimates

(2.8) in Theorem See Proposition in Section [6]
From the above construction we may define (u¢,,r¢) as the right-hand sides of , (2.11)), since now all the

respective terms are constructed and well-defined. Furthermore, in order to ensure the continuity of the map ,
we make sure that the terms on the right-hand side of at time T are constructed continuously with respect to
(h1,91,11,71) in the steps above. In particular it is sufficient to guarantee that (1%, r9), (I',r1), (I%,7%) € L>(0,T)
depend continuously on (h1,%1,11,71), which gives the continuity of the map by using .

However, as mentioned in Remark (u®,1%,7%) defined in such a way will only qualify as a very weak solution
in the sense of Definition if is verified as well, so we proceed in the following manner.

We fix an open ball B, C int(£2.) \ U {(h+ R(¥)Sp) USp} such that d(B., Q) > 0. During our

(h,9)€B((hy,95),k)

construction we make sure that ¢°(¢,-) and g'(¢,-) are supported in R(9°(¢))T (B, — h°(¢)) and that we have

B, N (R(W°(t))So + h°(t)) = 0, ¥t € [0,T]. (2.13)
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Since (h',9') and (h%,9%) are bounded in L>(0,7) by C = C(v) > 0, there exists g9 = £o(v) > 0 such that
implies (2.3), for any € € (0, 0], with g°(¢,-) = ¢°(¢,-) + eg* (¢, -) supported in R(9°(¢))T (Q — h*(t)), for any
t€[0,T].

This concludes the proof of Theorem 2.2

Remark 2.3. Let us now explain why we chose to work in the whole plane R? instead of a bounded domain. The key
technical difficulty in handling the case of a bounded domain with a similar strategy would be the step of transforming
the moving domain F(t) into a fized domain. As mentioned above, in the case of the plane this can be done through
a simple rigid movement. However, in the bounded case one would also need to account for the outer boundary 052,
and construct a diffeomorphism which is a rigid movement in a neighbourhood of the solid, but leaves the boundary
00 intact. This diffeomorphism would clearly depend on the solid position, as well as contribute more complicated
nonlinear terms in the PDE (see for instance [7] or [30] for such a construction). The main problem then is to
investigate what happens to these terms when we look for an asymptotic expansion of the form of for the solid
trajectory, moreover separating them in terms of orders of €. To properly do this, one would need to establish a
rigorous asymptotic expansion of the diffeomorphism (and the associated terms in the PDE) with respect to the solid

position, which is rather difficult.

2.4. Regarding Remark[2.]]

In order to prove that the small flux condition mentioned in Remark [2.I] can indeed be achieved, we ensure

during our construction that g° satisfies in addition the small flux condition

T
/ / (go(t,x))_ dx dt
0 JR(9(#))T(Bc.—hO(t))

This can be achieved by similar arguments as in [24] which we will detail in Remark at the end of Section

Consequently, we have

T T
/ / (¢°(t,x))_ dadt / / (go(t,az))_ dx dt
0 JR(9=(t))T(Qc—h=(t)) 0 JR(9°(t))T (Be—ho(t))

T
/ / (9" (t,2))_ duwdt
0 JRWO(t))T(B.—hO(t))

where C' € (0,+00) is independent of ¢ > 0, therefore we may in fact further reduce the £ > 0 in the proof of
Theorem from Theorem from Section so that it satisfies C¢ < %. This allows us to prove the small flux
condition from Remark 2.1

de
<3 (2.14)

<

dc
< —+eC|

+€ 5

3. The inviscid term u°

In this section we construct a controlled solution to the inviscid terms appearing in the asymptotic expansion

a '

At order O(1), we look for (u®,70,1° 70, ¢%) satisfying the following system.

8871;0 + (Ww® —ul) -Vl +r%w®)t +vr® =0 and div u® = ¢° for x € Fp,

u’-n=ul -n forxz € dS, 1i>n+1c>o [u’| = 0, (3.1)

||

m(lo)’:/ ™ ndo —mr®(1°)* and J(ro)’:/ w0zt ndo,
380 380
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where uQ (¢, z) = 1°(t) +r°(t)at, for t € [0, T, with u°(0,-) = 0, (1°,7°)(0) = 0. The position of the solid is associated
through the system

O—tosossoztross .
h<t>f/0Rw<>>Z<>d, (1) / (s)ds, (3.2)

for ¢ € [0, 1.

We introduce the following notation.

Definition 3.1. The space C% | k > 0 is defined as follows: for any bounded set A C R?, we define

C* (R*\ A) := {f € C*(R?\ A) such that r|1in+1m\vif(:c)\ =0, Vi€ {0,...,k}}.

|
Note that, for any f € CE (R?\ A), we have ||f||cx = sup max |V'f(x)| < +oo.
* zer2\A0<i<k

In the sequel we will use some regularity results with respect to the position ¢ for certain integral terms, which
only hold on a bounded set of admissible positions. Therefore, we consider ¢y and x > 0 as in Theorem @ and we
pick some open ball B C R? such that E(qf, k) C @N B, and for § > 0 we introduce the set

Qs = {q=(h,0) € B: d(h+ R(9)S;, B.) > 0} (3.3)

Consequently, as long as ¢° stays in @Qs, condition (2.13)) will hold. For § > 0 small enough, Qs is clearly path-

connected.
Furthermore, we will look for solutions (19,79 u°) satisfying the following additional condition, which will not be
needed for the construction of u°, however it will be helpful in the construction of u', which as already mentioned,

is a linearized solution around u”. We will therefore look for solutions satisfying
span { (n(x), zt - n(z)), z € 0Sy N supp {u®(T/2,") —ug(T/2,")} } =R (3.4)
We have the following exact controllability result for (h?,9°,19 r0).

Theorem 3.1. Let T > 0, § > 0 small enough such that Qs is path-connected, Sy C R? bounded, closed, simply

connected with smooth boundary, which is not a disk, and qo,q1 € Qs with gqo =0 and ¢ = (hy,91). There exists a
control g° € C§°((0,T) x Fo) and a solution (h°,9°,u°) € C°([0,T]; Qs) x C=([0,T] x Fo; R?) to (3.1), (3.2) with
zero initial conditions for (h9,9°,19 10 u®), such that (3.4) holds, u® € C([0,T); L*(Fo)) and

(h°,9°,1° r°)(T) = (h1,91,0,0), supp ¢°(t,) C R(W°(t))" (B — hO(t)), vt € [0, T].
Furthermore, one may define a continuous map (h1,91) — (19 r% u%) € C3([0, T|; R x C3,(Fp)).

The proof will be given in Section Note that the specific regularity C3(C3,) will serve to establish appropriate

higher order energy estimates for the boundary layer profiles constructed in Section [

3.1. Reformulation of the solid’s equation into an ODE

In this section we establish a reformulation of the solid equations from as an ODE for the three degrees of
freedom of the rigid body with coefficients obtained by solving some elliptic-type problems.

To simplify notations, we denote the positions and velocities ¢° = (h%,9°), p® = (1°,7°). Observe that a smooth
solution u° of satisfies the following div/curl type system:

div u® = ¢°, curlu® =0 in Fy,

u’-n=(+r%") non 550,‘ |hr2 [u°] =0,
x| —-+o0

/ u’ - 7do =0,
0So
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for ¢t € [0,T], the last equation above coming from Kelvin’s theorem regarding the conservation of the circulation
around the body.

We observe that the unique smooth solution of the above system can be uniquely decomposed in a linear manner.
We introduce the Kirchhoff potentials, which in our case are simplified due to the fact that we have moved our
evolution PDE onto a cylindrical domain. Let ® = (&1, ®y, ®3) € C°(Fy) N CS (Fp) be the solution (up to a
constant) of the elliptic problems

Ad;(x) =0 in Fp, | ‘lim [V®;(z)| =0, forice{1,2,3},
x| —+o0
n; on 08y, for i € {1,2}, (3.6)

zt -n on 48y, for i = 3.

&nq)l(l') = {

Note that V®(x) = O(1/|z|?) as |z| — +oo, implying that V& is in fact square-integrable (see for instance Section
2.3 in [25]).

Furthermore, we will also be looking for potential flows to handle the term in the decomposition of u° due to
the control. In order to satisfy the condition supp ¢°(¢,-) C R(9°(¢))T (B.—h°(t)), for all t € [0,T] in Theorem
we introduce, for any ¢ = (h,9) € Qs ,the set

C(q) == {g € C°(R(W)T (B, — h);R) such that /g = O} ,
and we only consider potential flows of the following type.

Definition 3.2. With any q = (h,9) € Qs and g € C(q) we associate the unique solution @ = Alg, g] € C>(Fp; R)

which vanishes at infinity to the following elliptic problem.:

Aa = glgw)yr(p,—n)(z) in Fo, lm [Va| =0, andd,a =0 on dSp. (3.7)
|z|—+o00
Note that since @ is harmonic outside of a compact set and ‘ ‘lim |Va| = 0, in particular we also have
z|—+o00

@ € O, by using a Laurent series development to investigate its behaviour at infinity. Furthermore, noting that
fé)so Va-1mdo= faso Va-n do = 0, we may in fact conclude as in Lemma A8 from [26] that Va(z) = O(1/|z|?) as
|z| — +oo, implying that V@& is in fact square-integrable. Finally, we observe that the map ¢ — Alg, g] is smooth.

The following statement is an immediate consequence of the definitions above.

Lemma 3.1. For any q = (h,9) in Qs, for any p = (I,r) in R2 xR, and g € C(q), the unique solution u in C>(Fp)
to the following system:

divu = gnR(ﬂ)T(Bc—h)7 curlu =0 in fo,

u-n= (l+rxl‘) “noon 98y, lim |u| =0,
|z|—+o00

(3.8)
/ u-7do =0,
0S¢
is given by the following formula, for x in Fo,
u(z) = V(p- @(x)) + VA[qg, g](z). (3.9)

Above p - &(x) denotes the inner product p - ®(z) = Z?:l p:i®i(x).

Let us now address the solid dynamics. We aim for a reformulation as in [24], however due to the fact that we
are now in a domain which does not depend on ¢°, there will be terms that become simplified. We introduce the

following notations.
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Definition 3.3. We respectively define the genuine and added mass 3 x 3 matrices by

m 0
Mg=1 0 m
0 O

G o o

and,

M, = ( [ Vi@ va6) dx) :

1,53
and we denote their sum by M.

We define the symmetric bilinear map T for any p = (I,r),p = (lN7 7) € R? by

T =5 [ (V- @) (VG- )00 do -+ 7 . 5) € R

where T5V™ denotes the symmetric part of the bilinear map T defined by

(T p.j) = — /88 (+rad) V(- ()0 (@) do + (milL, 0) € R®.

Note that T is no longer symmetric, however, we have 2(LY™, p,p) = (T, p,p) + (T, p, p), for all p,p € R3.
Let us first give the reformulation of the model as an ODE when there is no control.

Proposition 3.1. Given p° = (1°,r9) € C>°([0,T}; R?), u® € C=°([0, T] x Fo; R?), we have that (u°,p°) is a solution
to with ¢° = 0 and zero initial conditions if and only if p° satisfies the following ODE on [0, T)

M%) +(T,p% %) =0 (3.10)
and u® is the unique smooth solution to the system with g° = 0.

Observe that the position of the solid plays no role in this case.

Proof. The proof is straightforward based on the above definitions, and due to the fact that (3.1) is on a fixed
domain, contrary to the case of [24] or [27].
We recall Lamb’s form: for any differentiable functions vy, v, defined on a subset of R? with values in R? we

have
V(vy - v2) = vy - Vg 4+ vy - Vg — curlvg (112)L — CUT1U2(U1)L, (3.11)

and we use it to obtain that the gradient of the pressure 7% in (3.1)) with ¢° = 0 can be expressed as V70 =
—0pu® — $V(Jul|?) + V(u® - u}). Note that the solid equations can be rewritten as

1
M) — (mr®(1%)*,0) :/ 10, ®do= | Vr-Vodr :/ (—atuo - §V(|u0|2) +V(u0.ug)) Vo dz,
0So Fo Fo

since even though u% grows like x at infinity, the integration by parts above is justified since V® (and implicitly
u?) behaves like 1/|z|? as |z| — +0o. We may conclude by using Lemma integrating once more by parts and
rearranging the appropriate terms to get (3.10)). O

Now we may move to the case with control. We introduce the following force terms.

16



Definition 3.4. We define, for any p = (I,r) in R3, a in C®(Fp;R), Fi(p)[a] and Fyla] in R3 by Fi(p)la] =
F1qla] + F1p(p)[a], where
1

Fi 4ol =— 5/88 |Vo¢(a?)|28n<b(x) do,

Fip(p)a] =— s Va(z) - V(p- ®(z)) 0,P(x)do + /as I+ TxL) -Va(x)0,®(z) do, (3.12)

Flal=— /68 a(z) 0,®(x) do.

Observe that Formulas (3.12]) only require & and Ve to be defined on 0Sy. Moreover when these formulas are
applied to o = A[qg, g] for some g in C, then only the trace of o and the tangential derivative 0;« on 98y are involved,
since the normal derivative of o vanishes on Sy by definition, cf. (3.7).

We define our notion of controlled solution of the “fluid+solid” system as follows.

Definition 3.5. We say that (¢°,p°,¢°) in C=([0,T]; Qs x R3) x C§°((0,T);C(q°(t))) is a controlled solution
associated with (3.1)), (3.2), if the following ODE holds true on [0,T):

M@°) + (0%, p°) = Fi(p)[a’] + F2[0ra”),

(3.13)
(¢") = R(¢°)p°,

where a°(t,-) :== Alq°(t), ¢°(t, )] and

R(¢®) = R(9°) := < Rf ) (1) ) .

We have the following result for reformulating the model as an ODE.

Proposition 3.2. Given (¢°,p°) € C>([0,T]; Qs x R?), u® € C°°([0,T] x Fo;R?) and ¢° € C5°((0,T);C(¢"(t))),
we have that (u°, %, p°, g°) is a solution to (3.1), (3.2)), if and only if (¢°,p°, g°) is a controlled solution and

u’(t,2) = V(O (t) - @(x)) + VAlg (1), g°(t, 2)] (2),

for any (t,z) € [0,T] x Fo, with ® and A given in (3.6)), respectively (3.7)).

The proof is a straightforward adaptation of the proof of Proposition [3.1] noting that the regularity of the

functions involved allows us to perform all the integration by parts, and is therefore omitted.

3.2. Proof of the exact controllability result Theorem

In this section we observe that it is possible to prove Theorem by exploiting the geodesic feature of the
uncontrolled system and an impulsive control strategy, as done in [24]. We will skip certain straightforward parts
of the proof and refer the reader to the aforementioned article for more details. We will instead focus on presenting
the strategy and highlighting the main differences between our case and the bounded case in [24].

We observe that Theorem can be deduced from a simpler approximative controllability result, namely The-
orem [3.2] where the solid displacement is assumed to be small. The proof of passing from small solid displacement
to an arbitrary one is a straightforward adaptation of Section 4 in [24], therefore will be omitted.

As mentioned in the proof of Theorem in this article, respectively in Section 4 of [24], it is possible to
pass from approximate controllability of the final position and velocity to exact controllability using a topological
argument (see Lemma . In this section however we will proof that this argument could be replaced by a local
inversion argument, both in our case and in the case of [24]. For simplicity, we will present the method only in the
case of (u°,q°,p°), where the fluid is irrotational and the circulation around the body is zero, however, it can be
extended to the general case through some straightforward but technical modifications.

We have the approximate controllability result below, which can be seen as a generalization of Theorem 5 from
[24].
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Theorem 3.2. Consider § > 0, Sy C R? bounded, closed, simply connected with smooth boundary, which is not
a disk, qo in Qs and T > 0. Then there exists 7 > 0 such that B(qo,7) C Qs, and for any v > 0, there exists a
mapping

T : B((0,0),7) — C>°([0,T); Q5 x R?)
which with (q1,q}) associates (¢°,p°) where (¢°,p°, g°) is a controlled solution associated with , , and the
initial data (qo,0), such that we have the following:

o (3.4) holds and the map q1 — (1°,7°,u%) € C3([0, T);R®) x C3([0,T); C3,(Fo)) is continuous, where u° is the
associated fluid velocity given by Proposition [3.5;

e the mapping
(Q17QS) € E((q0a0)7f) = T(qlvqll)(T) € Q5 X Rg

is O, and for any w in E((qO,O),f), we have

%T(w)(T) =Id+ O(v). (3.14)

Using this result, we may prove Theorem in the case of small solid displacement. Indeed, we set T(w) =
T (w)(T), for any w in E((qo, 0), f). Taking v sufficiently small, we see that %(w) is invertible. Consequently one
can use the inverse function theorem on T: there exists » > 0 small enough such that if ¢ € B(qo,7), then T is
invertible at w = (q1,0). Therefore, T(T~!(g1,0)) is a trajectory associated with a controlled solution which at
time T > 0 takes exactly the value (¢1,0). This concludes the proof of Theorem

3.2.1. Proof of Theorem without (3.4)

For simplicity, we will organise the proof of Theorem [3.2] into two steps. In this subsection we first give our
construction without trying to satisfy (3.4). In Section we show how our construction can be straightforwardly
modified to ensure that (3.4)) holds, without interfering with the conclusions presented in this subsection.

The choice of the form of the control - constructing the operator T. Let us first present our impulsive control
strategy based on the intuition that we want to exploit the underlying geodesic structure of . See [8] and the
references therein for examples of impulsive control strategies.

Let w = (q1,41) € B((q0,0),7). We consider controls of the form

gt ) := By(t)go(x) + By(T — t)g1 (), (3.15)

where 3, > 0, (ﬂ%),} is compactly supported in (0,27n) and is an approximation of the unity when n — 0%.
Furthermore, we denote by (¢°, p°) the solution of with control g?,, dropping the dependence with respect to
1 > 0 from the solid trajectory for simplicity of notation.

It can be proven that, for a right choice of go, g1, the trajectory (¢°,p°) will be close to the solution (g, p) of the

following toy system:

Mﬁ/ + <Faﬁ,i)> = 5727() Vo + 6727(T - ‘)vlv (j/ = R((j)ﬁa (316)

with zero initial conditions and some vy, v; € R3 given.

On the other hand, we claim that there exists a local solution in Qs to the ODE system

M(@) +(T,p,p) =0, ()" = R(q)p, on [0,T], with g(0) = qo, ¢(T) = q1, (3.17)

where the map ¢; € E(qo,f) > (co,c1) € RS given by co(q1) = p(0), c1(q1) = p(T), is C*. Note that, contrary to
[24], M and T do not depend on § here, so proving the existence of (g, p) at first glance does not seem to follow as

in [24], at least not directly.
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However, a simple way to prove the existence of a solution to (3.17)) is to first introduce a change of coordinates
which corresponds to changing back from a fixed domain to a domain which moves according to the trajectory (g, p).

Namely, setting

7(t,z) = ROY())" (z — h(t), alt,z) = RO®)V (p(t) - 2(7(t, ), (3.18)
allows us to switch back to the setting where the solid position (and implicitly the fluid domain) evolves and the
control zone stays fixed in time. More precisely, (@, q) will satisfy an “inviscid fluid + rigid body” system as in [24],
but in the whole plane, without any control, with zero initial data for @, and the endpoints of ¢ fixed as qg and ¢;.
For a geodesic reformulation of the equation of g in this setting, see Section 4.1 in [27], and note that the existence
of ¢ then follows in the same way as the proof of Lemma 4 from [24].

Setting
we obtain, similarly as in Section 5.2 of [24], that the solution (g, p) of (3.16|) satisfies

i 1(7.7) = (@) lezn -2 = 0 (3:20)

and (¢,p)(T) = (q1,¢1) as n — 0.

The construction of the controls go, g; relies on the observation that when we approximate the solution (¢°, p®)
with (¢, p), the term from which will behave like Bf] v; is Fy 4, and we use a complex analysis argument to
prove that it can attain any direction v € R3. Since we are in the unbounded case, the construction of potential
flows needs to be adapted in order to guarantee that the flow velocity is in C3,(F) for instance.

We consider B, C B, closed such that d(BC7 0B.) > 0 and set

C(q) :== {g € CYHRWT(B. — h);R) such that /g = O} , (3.21)

for any ¢ € Qs. Note that the purpose of introducing C (¢) is twofold: on one hand it allows us to construct our
controls more robustly with respect to ¢ € Qj, since if g € C(q) and ¢ is close to ¢, it follows that g € C(§), in
particular this will be useful to prove that the support of the control we construct will stay sufficiently far away
from Sy; and on the other hand we will construct a C'' map with respect to g below, which is easier to accomplish
on the Banach space C~(q) Furthermore, we will extend g € C~(q) by 0 in B, \ B..

We have the following generalization of Proposition 2 from [24], which will be proved in Appendix Recall
that A was defined in Definition 3.2

Proposition 3.3. There exists a C' mapping §° : Qs x R — é(Qg) such that for any q € Qs we have
Range(3°(q,-)) C C(q)NC(q), and for any (¢,v) in Qs xR3 the functiona® := Alq,3°(q,v)] in C=(Fo; R)NCS (Fo; R)

satisfies:

AT =0 in Fo \ RW)T(B. — h), ‘ ‘hm |Va| = 0 and 9, @ = 0 on dSy, (3.22)
x|——+o0
/ \va’|® 8, do = v, (3.23)
9So
/ a0,®do =0, (3.24)
0S80
span {(n(z),z" - n(z)), x € supp Va(q,") NSy} = R®. (3.25)

Using Proposition [3.3] we set
90 = 3°(q0, —2v0), g1 = 3" (a1, —2v1)
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in , with v; as in .
It follows that for n > 0 small enough, since the solid displacement during the control phase [0, 2n]U [T —2n, T} is
small enough, the interior control gg given by is truly supported inside the control zone R(9°(-))T (B, —h°(-)).
With the choice of control presented above, we set T(w) := (¢°,p°) and T := (¢,p) the solutions of ,
respectively . We will prove that given any v > 0, for n > 0 small enough, the following hold

(i) The toy model satisfies a similar condition to (3.14)) which we want to prove for 7, namely
o -
a—wT(w)(T) =1d+ O(v). (3.26)

(ii) The differentials with respect to w € E((qo,O),f) of the toy model and the real trajectory are close in
C([0, T); RS*6), uniformly with respect to w € E((qo, 0), f), namely we have

|0 = Tt

<v, Yw € B((g,0),7). (3.27)
o(o.1)

The result of Theorem without (3.4) clearly follows from (i) and (ii), by fixing n = 19 > 0 small enough, and by

observing that once 7 is fixed, we may easily deduce the continuity result with respect to ¢; for (p°,u°) mentioned in

Theorem Indeed, it follows from (3.6)), (3.7)), (3.13)) and Proposition [3.2] that the only issue which needs further
investigation in order to establish such a continuity result is what happens when we differentiate A[¢°(t), gy (¢, )] (z)

with respect to ¢t. Using (3.7)), the fact that g?, defined in ([3.15)) does not depend on ¢°, we obtain that
B Alg°(t), gy (8, 2)](x) = g Alg" (1), gy (1, 2)](2) - (¢°)'(8) + Alg° (1), Degy (t, )] () = Alg°(t), Dugy (¢, )] ().

From here it is straightforward to conclude that the map q; — (1°,7°,u%) € C3([0, T]; R?) x C3([0, T); C3,(Fo)) is

continuous.

Differentiating the toy model with respect to w € E((qo7 0), f). We will prove the following Lemma, which exactly
implies (3.26]).

Lemma 3.2. Letw = (q1,¢}) € F((qo,O),F), and consider the solutions (4,p) of (3.16) with v; = (=1)*M(ci(q1) —
q}), i = 0,1, respectively (g,p) of (3.17). Then (¢,p) and (q,p) are differentiable with respect to w, and we have
that

lim ”(aw(jv awﬁ) - (8qu 811113)||C)'([277,T—2n]) =0 (328)
n—0+

and (0w q, Owp)(T) — Id asn — 0.

Proof. The existence of the differentials of (¢, p) and (G, p) with respect to w = (¢1,41) € E((qo, 0), f) is immediate.
Furthermore, we may formally differentiate (3.16)) and (3.17) to find that the aforementioned differentials satisfy
the following ODE systems:

M(awﬁ)/ + 2 (<Faﬁy awzﬁ>)1§l§6 = /81367111]0 + Bgﬁwvla

/ (3.29)
(0wq)" = (DR(Q) * 0w, 4) P)1<i<e + R(1)Oup,
on [0,T], with Bn = (,(T —-) and (0w q, 0wp)(0) = 0; respectively,
M(up)' +2 (T, 5, 0w,D))1<i<s = 05 (0uwd)' = (DR(T) - 0w, 0) P)1<i< + R(T) D, (3.30)

on [0, 7], with 9,,q(0) = 0, 04,¢(T) = 1d, 04q(0) = 0, 94,q(T) = 0. In particular note that due to d,q(0) =
0, 047q(T) = 0, we in fact have that 9, ¢ and 9y p vanish on [0,T]. It further follows from (3.17) that 9,p(0) =
Owco(q1) = (94, ¢0(q1),0) and 0,,p(T) = e (q1) = (g, c1(q1),0), which both depend continuously on w.
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On the other hand, we may further develop 0, v; = (94, vi, Og; v;) that appear in (3.29)), recalling the forms of v;

in the statement of the Lemma. We have

gy vi = 0gy ((=1)'Mci(@) — ¢;) = (=1)' M0y, ci(ar),

' (3.31)
D v = Oy (—1)' M(ci(qr) — qi) = iM.

Before we proceed to comparing the trajectories (90y,q, Op) and (8,7, OwD), let us explain how one can prove that
they are uniformly bounded in L>(0,T') with respect to n € (0,1) and w € B((go,0),7). Through similar methods
as in Section 5 of [24], it can be checked that ||p||eo is uniformly bounded with respect to (1, w), respectively ||p||oo
is uniformly bounded with respect to w. From we get that

t
|0wp(t)] < C(|0wvo| + |Bwvr]) + CHﬁlloo/ |0wp(s)| ds,
0

t t
0,700 < Clpll | 10u(5)ds+C [ [0(s) s
0 0

for t € [0,T], with C > 0 independent of (1, w). Using a Gronwall estimate and (3.31)), we get that [|0,p| o is
uniformly bounded with respect to (1, w). Similarly one can deduce from that ||0yp||eo is uniformly bounded
with respect to w.
Now we are ready to compare the trajectories (0,,q, 9,p) and (9,,q, Op), which we will do on three time intervals,
namely [0,27], 21, T — 2] and [T' — 2n,T], in order to exploit the supports of the functions 3, and B,,.
Integrating ([3.29) on [0,2n] and taking into account (3.31]), we get that

2n
MOL3(20) = MOy co(ar) =2 | (0500, <o .
0

Using that ||p|lcc and ||0wp||cc are uniformly bounded with respect to (n,w), it follows that 9,,p(2n) converges to
9grc0(q1) as m — 07, uniformly for w € E((qo, 0), f), while the position 9,,G(2n) converges to 9,,G(0) =0 asn — 0*.

During the time interval [2n,T — 2n], the right-hand side of the first line in vanishes, so the equation
satisfied by (0, g, OwP) is close to , provided that p is close to p (in the L® norm). We may take the difference

of (3.29) and (3.30), use a Gronwall argument, (3.20) and the boundedness of ||D]locc; ||D]lcos ||OwDllco, respectively
0wl 0o, to conclude that (3.28)) holds. Implicitly, we have that

Id 6(11 C1 (Q1>

(511;(1, awﬁ) (T - 27]) - < 0 0

) ,asn— 0. (3.32)

Finally, during the interval [T' — 21, T| we proceed as we did during [0, 2n]. More precisely, integrating (3.29)),
using a Gronwall estimate and the form of d,v; from (3.31)) allows us to reorient the final velocity 0,p(T) from
(g, ¢1(q1),0) to (0,Id), while the position 9,,¢(T) converges to (Id,0) as n — 0T, which concludes the proof. O

Differentiating and estimating the real model. As we have also noted at the beginning of Section [3.2] a lot of the
arguments we will use, in particular those using Gronwall type estimates to prove the boundedness or closeness of
certain trajectories, work in the same way as in Section 5 of [24], so for the sake of brevity we will often skip such
details, only sketch the main elements of the proof and refer the reader to [24].

For simplicity of notation, we rewrite into the following form, in which we only consider the dependences
with respect to ¢°, p°, w and By We have

M@°) + (T, 0% p°) = B2F10(q°, w) + B2 F11(q%, w) + (By + By) F2(q”, 0%, w) + (B}, + B;) F3(¢),

(3.33)
(@°) =R(")»p°,
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where Bn = ,(T —-), the maps }7"'1,0,}%171,}%2, F; can be deduced from (3.13)) and are of class C* in (¢°,p°) and C*!

in w. Furthermore, note that we have
Fl,i(Qaw) = Fl,a [-A [Q7§0 (q27 _21]7,)]] 5 1= Oa 17 (334)

where A was given in Definition Fy 4 in Definition and v; in (3.19).
Proceeding as in Section 6 of [24], it can be shown that ||p°||o is uniformly bounded with respect to 0 < n << 1

and w € B((qo,0),7).
The differentiability with respect to w of the solution (q°,p°) to the ODE system (3.33) can be inferred from
the regularity of the maps involved. We deduce the following ODE system for (9,,¢", 9,,p°).

M@up”) +2 (T0°,0u,0")) 1 i = By + By) VE(¢", 9%, w) - (9w, 0up”, 1d) + (B}, + 5,)04 F3(4°) D
+ 82 (8qF1,o(q°, w)0wq + 0w F1,0(q" w)) + B (8qF1,1(q°, w)Duq° + A F11 (%, w)) , (3.35)
(00d®)" = ((DR(4°) - 0:4°) P°) <6 + R(a”) O’

with (9,q°, 9up®)(0) = 0. Let us show that [|0,p°||c is uniformly bounded with respect to 0 < n << 1 and
w € B((go,0),7). Indeed, first we may estimate

10ud®] < / 10up°] < C
[0,2n]U[T—2n,T]

on the support of 6;7 + B;,, so that we can obtain ’f(ﬁ% + B;])aqﬁ?,(qo)awqo‘ < C,/n. Then, using the continuity
of the bilinear from associated with T', the uniform boundedness of ||p°||o, and the continuous differentiability of
FLO, ﬁ‘l,l, Fy, Fy, allows us to deduce from (3.35) that

10wp” (O] + 100" ()] < C+ C(1+ ||29°||oo)/0 [10up°(s)] + 10wd" (s)]] ds,

for t € [0,T], with C > 0 independent of (,w). We then obtain the boundedness of ||0,,p°||s by the means of a
Gronwall estimate.

Let us show that (9,¢°, d,p°) is close to (9, q, dwp) in C([0,T]) by the means of a comparison argument. In
order to see this, we claim that the only terms in that need further investigation are awFM(qO, w), 1 = 0,1,
since all the other terms are sufficiently regular (and of small order with respect to n > 0) for a Gronwall-type
estimate. Indeed, (p°, 0,,p°,w) is uniformly bounded in (w,n), the other terms on the right-hand side of are
regular with respect to (¢°, p°, w), we recall that we have ‘f(ﬁ;, + B;)Oqﬁg(qo)awqo‘ < Cym,aswellas [ 3, < C/n,

and we once again estimate |0,,¢°| < Cn on the support of 6727 + 5727, so that we can obtain
‘/ {Bia’]ﬁlvo(qov w)awqo + Bgyaqﬁ‘l»l(qoa w)awqo} ' < 077'

For the terms awﬁl,i(qo, w), let us first observe that, since ||p°||s is uniformly bounded with respect to 0 < n << 1
and w € B((qo,0),7), there exists C' > 0 independent of (w,n) such that |¢°(t) — qo| < Cn for ¢ € [0,2n] and
1°(t) — q1| < COn for t € [T — 2n,T). Since &uﬁu are Lipschitz in ¢, we get that

‘awﬁl,i(qo(t), w) — awﬁl,i(qi,w)] < Oy for t € [i(T — 2n),i(T — 2n) + 21], i =0, 1. (3.36)

Therefore, it suffices to estimate 8, F ;(g;, w) on [0, 2] U [T — 21, T) instead of 8, 1 ;(¢°(t), w). We use (3.34) and
recall that w = (¢1,¢}), to infer from Proposition and Definition that

1
aUF‘l,a [A [%?0 (QMU)H = 7§Ida aq1F117a [A [ingo (qla U)H =0. (337)
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On the other hand, using (3.34)), we get that
0w (gi,w) = O (3.38)

We may conclude by using (3.29), (3.35)), the respective uniform bounds for the solutions of the two systems,

furthermore, (3.36]), , and a Gronwall argument, that [[(9,q°, 0wp°) — (8wq, Owb)|lc(o,1)) — 0 as n — 0T,
uniformly with respect to w € E((qo, 0), F), which exactly gives us (3.27).

3.2.2. Proof of Theorem with

Finally, in order to ensure that holds, we will add another impulsive control around time 7'/2 which we
will show does not affect in any substantial manner.

More precisely, we change the control given by to the following

go(t,x) == By(t)7° (g0, —2v0) (@) + By(t — T/2+n)g° (¢°(T/2 = n),0) () + By(T — 1)3°(q1, —2v1)(x),  (3.39)

where we note that due to Proposition the function g° (qO(T/ 2—n), 0) is non-trivial and uniformly bounded
with respect to 7 > 0, due to the boundedness of ¢°(T/2 — 7). By the same considerations as in Section the
associated solution (q°,p°) will converge to the solution (g,p) of in C([0,T]) as n — 0T, since we deduced
7° (qO(T/Q — 77),0) by applying Proposition with v = 0, so its effect on the solid equation is neglectable as

n — 07. Furthermore, we have

OuwFia [A["(T/2—1).3° (¢"(T/2 —n),0)]] =0,

so we may repeat the same arguments as in Section for (Bwqo, Bwpo) to arrive at the same conclusion.
To ensure that (3.4) holds, we note that from Proposition and by continuity it follows that

span {(n(ac),gcL -n(x)), = € supp VA [QO(T/2)a§O (QO(T/2 - 77)70)] N 880} =R?,
for n > 0 small enough. Due to , we have
u’(T/2,-) =V (0°(T/2) - @) + By (n)VA[¢"(T/2),5° (¢°(T/2 — n),0)] .

Since 3, (n) = O(1/y/n) and p® € L is uniformly bounded with respect to n > 0, it follows that for > 0 small
enough (3.4) holds.

We conclude the proof of Theorem by further reducing (if necessary) and fixing 7 = 1y > 0 such that ([3.4])
also holds.

Remark 3.1. The fact that one can guarantee the small flux condition is a direct consequence of the explicit
formula for gg(t,m) given in and of a change of variables in time. Due to the properties of B, given at the
beginning of Section one obtains that the flur is of order (/1. Hence one can reduce 1 again in order to satisfy
. It can be easily seen that this argument is also invariant for passing from small solid displacement to an

arbitrary one.

4. The boundary layer profiles

In this section we prove the existence of the boundary layer profiles appearing near the solid, and provide some

regularity estimates which we will use in the sequel to handle the boundary layers’ effect on the linearized and
remainder terms in the asymptotic development (2.7)), (2.11)).
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4.1. The physical boundary layer profile v
At order O(y/¢), we look for v = v(t, x, z) which satisfies the following equations

(u”

—u9)y. __
o +v-Vu® + (u® —ud) - Voo + vt —0.Qn — ﬁzazv =0%vin [0,T] x Fo x Ry,

B.0(++, 0)ean = 2x() (D) + (u® — ul))yan, in [0,7] x Fo, (A1)

v(0,-,-) =0in Fp x R,.

Here ¢ : R? — R denotes a smooth function which is introduced in the spirit of [I3] and [31] such that ¢ = 0 on
080, ¢ > 01in Fo, ¢ < 0 in the interior of Sy, and |¢(x)| = dist(z, Sp) in a small neighbourhood V of 08y, such that
the normal n can be computed as n = —V ¢ close to the boundary and extended smoothly in Fjy. Furthermore, we
consider x € C§°(Fo; [0, 1]) such that supp x C V and y = 1 in a neighbourhood of dSy, constructed as in Section
3.4 of [13] such that the z-support of v does not include points where V¢ vanishes.

Note that the introduction of such a boundary layer profile v in is due to the fact that the PDE satisfied by
u? is of first order, hence it can only satisfy a single scalar boundary condition on 9Sy, namely u°-n = (I°+r%z+)-n,
and therefore the full Navier slip-with-friction condition does not hold for «°. This issue is corrected by v at order
O(/e) satisfying system . In particular, due to the definition of x in the paragraph above, v is compactly
supported in a neighbourhood of 08j.

We further introduce the spaces in which we will look for a solution v to 7 namely the weighted anisotropic
Sobolev spaces H*™P k m,p € N, defined by their norms

+o0 )
[l /0 /f(1+22)k|8§8§u|2dmdz.
0

[a]<m, j<p

We have the following existence and regularity result for v, which can be seen as a generalization of Proposition
5 from [31].

Proposition 4.1. Let (h°,9°,u%) € C>([0,T]; Qs) x C([0,T] x Fo;R?) as given by Theorem|3.1. There exist a
unique solution v € L2((0,T); H**H)NL>((0,T); H*29) to such that 9,v € L>=([0,T]x FoxR4) and v satisfies
the orthogonality property v-n = 0, for any z > 0. Furthermore, we have that v is bounded in L?((0,T); H®>3),
for any k € N, and one may define a continuous map (hy,91) + v € L2((0,T); H*53).

Scheme of proof. We follow the same strategy as in the proof of Proposition 5 from [31].
We first show that the pressure @ in (4.1) can be separated from the first equation, so we may simply consider

v as the solution of the linear PDE

0_,0Y. o
wz@v =0%vin [0,T] x Fo x Ry,
Y

82'”('7 0)tan = 2X(') (D(uo)n + M(“O - u%))tanv in [OvT} X va
v(0,-,-) =0 in Fy x R,.

v+ [v- Vul + (u® —ud) - Vv + 7% an —
(4.2)

Therefore it suffices to prove the conclusions of Proposition for v satisfying (4.2]). Indeed, once the existence of

such a v is determined, we may associate @ as the unique function that vanishes as z — 400 and satisfies
2.Q = [v-Vul + (u® —ul) - Vv + %] -, in [0,T] x Fy x Ry (4.3)
Since v vanishes for = outside of V, so does ). Furthermore, it is easy to check that we have
QM1 S vt - -)lls,2,0, for any ¢ € [0,T], (4.4)

where “ <7 denotes an estimation with a constant which does not depend on the parameter (hy, ).
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To deduce the existence of v, we note that the fact that Fy is unbounded does not interfere with the methods
used in [3I] to prove the existence of such boundary layers, since as mentioned before, v is compactly supported in V,
due to the definition of x. Therefore, the same methods as used in the proof of Proposition 5 from [31] can be applied
to deduce that there exists a unique solution v of which satisfies v € L2((0,T); H®21) N L>((0,T); H*29),
0,0 € L*>®([0,T] x Fo x Ry) and v-n = 0, for any z > 0.

To obtain the higher regularity estimates in Proposition we bootstrap the methods from the proof of
Proposition 5 from [31] in the following manner.

First, we note that having higher regularity with respect to z follows simply from the regularity of u® and
repeating the same methods used to obtain v € L2((0,T); H*21). This allows us to prove v € L2((0,T); H*51).

Next, we differentiate with respect to t to obtain similar estimates on dyv, by using the higher regularity
of (u®,p°). This in turn allows us to estimate 92, v, using . We iterate the process once more to achieve the
desired regularity v € L2((0,T); H*53).

The continuity part of the result is also straightforward due to Theorem The details are left to the reader.

O

4.2. The second boundary corrector w

As in [I3], v generates a non-vanishing slow divergence and tangential boundary flux, i.e. {div v} in Fp, and
(D(v(+,+,0))n+ pv)tan on S do not vanish a priori. This is undesirable if we take into account ([2.7)), (2.11)), since we
would like to have that the boundary layers do not contribute to the divergence of u and that the Navier condition
holds for u®.

To address this we introduce w given by
+oo
w(t,z,z) := —2e *(D(v(t,z,0))n(x) + po(t,x,0))tan — n(w)/ div v(t,z, 2') dz'. (4.5)
z
It is easy to check that we have
1
(D(v(-,-,0))n + pv)tan — 5(8zw)tan =0on Sy, and {div v} —n-{d,w} =0 in Fp. (4.6)
Furthermore, w also vanishes for z outside of V, and for any k, m,p € N we have

lw(t, - Memp S N0 )lkt2,m1pe1, for any ¢ € 0,71, (4.7)

where once again we recall that we use “ <7 to denote an estimation with a constant which does not depend on

the parameter (hy, ).

4.8. The inner domain corrector 0°

Finally, we note that w generates a non-vanishing boundary flux w-n on 98y and a slow divergence. To address
this, for fixed time ¢ € [0, T], we define 6° as the solution to

AP = —{div w} in Fo, 0,0° = —w(t,-,0) - n on ISy, ‘ |lim |[Vo¢| =0, (4.8)
x| —+o0

where we recall that for f = f(t,z, z), we denote {f} its evaluation at z = W\(;é).

Proceeding as in [13], we see that V6° satisfies

VO + (u® —ud) - V(VO°) + VO - Vul +rOVE0° + Vo =0 for z € Fy,
div 6° = —{div w} for = € Fy, (4.9)
VO©-n=—wt,-0) nforzecdSy, lim |V|=0.
|z| =400
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with pressure term p° := —9;6° — (u® — u%) - V6°. Furthermore, we have

1—2m

165t M mre S &1 [lw(t, )

lo,m+2,m + [[(t, ) ll11,m+1,05 (4.10)

for any t € [0,T], m =0,1,2.
Gathering (4.6, (4.8)), and the fact that v-n = 0 for any (¢, x, z), we may conclude that we have

div (vVe{v} + e{w} +eV6°) = 0 in Fo,
(D(’U(‘, ° O))Tl =+ ,LL’U)tan - 5(

(Ve{v} +e{w} +eVe) -n=0o0n S,.

6zw)tan = O on So,

Taking into account (3.1]), (4.1)), this allows us to look for a linearized term u! (with divergence g') and a divergence-

free remainder u% satisfying the boundary conditions

ut-n=ugn,

UR-n=upg-n,

(D(uR)n)tan = —p(ufp — u%’s)tan - (D (ul + VO + w(-, ~,O)) n) + 1 (ul — u}g + VO +w(-,-, O))

tan’

on Sp, so that u® defined via (2.7), (2.11) satisfies the Navier boundary conditions in (2.1) and has divergence
0 1
g +eg.

5. The first order term u!

In this section we construct a controlled solution to the linearized terms appearing in the asymptotic expansion

(2.7, (2.11).
At order O(e), we look for (ul, ! 1t 71, g') satisfying the following system.
ou!

o + (W —ul) - Vu' + (vt —ug) - Vu +r0(uh)t + ot (w0) 4+ Vit = VP,

div u' = g' for x € Fo, u' -n=u-n forx€dSy, lim [u'|=0,
|z|—+o00

5.1
m(l') = / (' +Q(,+0) + p°) ndo —/ (2D(u®)n = d.v(:,+,0)) do — mr®(1")* —mr' (1°)*, >y
980 9So
rl) = mt e Nat-ndo — zt- u)n — du(-, -, o,
7= [ @ Q00+t mdo [ o @D (- 0)d
where u} (¢, z) = I1(t) + r1(t)azt, for t € [0, T], with
ut(0,-) = u*,  (I1,r)(0) = (o, 9p)- (5.2)

Note once again the subtle dependence on € > 0 due to p® and u*, which we have ommited from the notation, and
recall that u* was constructed as per (2.12) and is uniformly bounded in C? with respect to ¢ > 0. Furthermore,

0 is irrotational.

Vg° = AuP, since u

The position of the solid ¢* = (h',9') can be associated analogously with (2.2), however, we remark that the
solid position ¢' does not play an important role in our control strategy, as long as it is bounded independently of
€, due to the scaling in . Once again, observe that using Lamb’s form from , the gradient of the pressure

7t in (5.1) can be expressed as
Vil = =9 = V(- u!) + V(u' - ul) + V(@ uh) + Vg —wl(w® —ul)t, (5.3)

where w! = curlu!.

We have the following approximate controllability result regarding the solid velocity (I*,r!).
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Theorem 5.1. Let T > 0, Sg C R? bounded, closed, simply connected with smooth boundary, which is not a disk,
and u* € C*°(Fo) N L*(Fy), v € R constructed as per [2.12), po = (hy,9y), p1 = (l1,71) € R3, such that

div u* =0 in Fy, curlu* € C°(Fo), lim |u*(z)] =0,
|z|—+o00

u*-n = (hy +9px") - n on Sy, / u* - Tdo =7.
a8,
Given v > 0, § > 0, ¢ > 0 and a solution (u°,h°,9° ¢°) as described in Theorem there exists a control
gt € C5°((0,T) x Fo), and a solution (I',r*,ul) € C=([0,T];R® x C=(Fp;R?)) to (5.1), (5.2), which satisfies
ul € C([0,T]; L*(Fo)) and

(@5 r)(T) = (L)l S v, supp g'(t ) € ROW°(2)T (Be — h2(1)), for all t € [0,T).

Furthermore, (11, 7%, ul) is uniformly bounded in L>=(R3) x L>(C2 (Fo)) with respect to € € (0,1]; and one may
define a map (h1,91,01,71) — (11,71 ul) € L®(R3) x L>(C% (Fy)) which is continuous, uniformly with respect to
e € (0,1].

The rest of the section is dedicated to proving Theorem [5.1] The proof will be based on a similar strategy as
that of Theorem before, with a slight simplification due to the fact that we do not want to control the solid

position, but only the velocity. Hence one impulsive control will be enough.

5.1. Vorticity

1

First we consider w" as the regular solution of the vorticity equation

ow' 0 0 1 1.0
W—F(u —ug) - Vw +wg” =0 forxz e Fy,

w!(0,-) = curlu*(-).

Note that for w' we have once more omitted the dependence with respect to € > 0 from the notation.
We recall the definition of the hydrodynamic Biot-Savart operator on Fy, which can be seen as the “inverse” of

the curl operator, namely for w € C§°(Fy), we consider K y[w] € C°°(Fy) given as the unique solution of the system

div Kg[w] =0, curl Kyw] =w in Fo,

Kglw]-n =0 on 98, x‘liﬁoo |Kplw]| =0, (5.5)

Kylw]-7do =0.
880
We have the following existence and regularity result regarding the vorticity, in particular to investigate the

dependence with respect to (h1,%1) € Qs and € € (0, 1].

Proposition 5.1. Let (hy,91) € Qs, (¢°,p°,u°) as in Theorem (3.1 There exists a unique smooth solution w! €
C>([0,T); C§°(Fo)) of (5.4) such that we have the following.

(i) Kglw'] is bounded in L= (C?% (Fy)), w! is bounded in C([0,T] x Fy), both uniformly with respect to (hi,9;1) €
Qs and ¢ € (0,1], furthermore, the maps (h1,91) — Kgw!] € L>®(C2 (Fo)), (h1,91) — w! € C([0,T] x Fo)

are continuous, uniformly with respect to € € (0,1].

(ii) There exists R > 0, which does not depend on (hi,91) € Qs or € € (0,1], such that supp w'(t,-) C
supp wt(0,-) + B(0, R), for all t € [0,T).

(iii) KglOw?] is uniformly bounded in L*(L3(Fy)) with respect to (h1,91) € Qs and € € (0,1], and the map
(h1,91) = Kglow?] € L2(L3(Fy)) is continuous, uniformly with respect to € € (0,1].
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Proof. Note that the existence and regularity of w! is not in question here, it is classical that if the initial vorticity
is smooth and compactly supported, then there exists a unique smooth solution to which is also compactly
supported at any time. However, tracking the effect of the control ¢° and initial data u* in to get uniform
estimates with respect to (h1,91) and € € (0,1] is not trivial. Recall that u* is uniformly bounded in C? with
respect to € € (0, 1].

(i) It is classical that, for any a € (0,1) and for any w € Cy'®, we have

K w20 < llwla- (5.6)

On the other hand, from ([5.4)) it follows (c.f. [3]) that

d
Ellwl(t, Moo < llg°(t, ) (& )lloa + all V(® = ug)(t, ) ol (£, )llo,ar
where ﬁ denotes the right derivative. A Gronwall estimate gives us
0 0
& ¢ Mo < Clle (0o e 22Tl < €, (5.7)

due to the regularity given by Theorem Iterating this argument once again by differentiating (5.4)) with respect

to x gives us

d
EHVMI(L Moo <Vt ) w! (t )lo.a + 9"t )V (¢, Mo + Ve () - VUl (2, ) o,

+2r" (O V! (£ )lo.a + al V(u” = ug) () ool Ve (2 )lo.a

from where we deduce once more by a Gronwall estimate and (5.7 that

|1,a < Cle((L ')Hl,a e”uoﬂLl(Cgo)JrHPOHoo <, (58)

lw (£, )

thanks to Theorem [3.1] Therefore, (i) follows.
(ii) We define ¢;(-) € C1(Fp), t € [0,T7, as the flow of u® — ug,

S0u@) = (& — )., dole) = . (59

It is classical that, for any t € [0,T], ¢; : R> — R? is a C'-diffeomorphism, and (5.4) can be solved by the method

of characteristics, namely we have

- tos oo Yz S
B Rl

wh(t,z) = w'(0,¢; (5.10)

Therefore, the support of w! is transported by ¢;, and for any x € supp w(0,-) we have

t
|0e(x) — 2] < u’llrcoy + TNl + Tl max —|a] +/ 70(s)l|¢ps(z) — 2| ds,
z€supp w(0,) 0
once again a Gronwall estimate gives us
|¢t(‘r) - 'T| S R7

with R > 0 uniform in (h1,9;1) € Qs and € € (0, 1], due to the regularity given by Theorem [3.1] This concludes the
proof of (ii).

(iii) From (ii), (5.4) and (5.8) we deduce that

10 (2, oo < CUP O] + [u®(t oo + 19°(E, )l
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for some C' > 0 which is uniform in (h1,9;) € Qs and € € (0,1]. Therefore, using the fact that w! is supported in
supp w'(0,-) + B(0, R), we have

||8tw1HL2(LG/5) < C. (511)
Finally, we apply Lemma 1 from [29] with p = g and v = 0 to get that
||KH[8tw1]||L2(L3) S C||8tw1||L2(L6/5) § C,

with C' > 0 uniform in (h;,%1) € Qs and € € (0,1]. The continuity part of the result follows once again from
Theorem [B.11
O

5.2. An ODE reformulation in the linearized case

In this section we will give a different ODE reformulation of the solid equations in compared to Section
due to the fact that the equations are now linear.
We introduce the stream function 1) € C°°(F) for the circulation term in the following way. First we consider
the solution v of the Dirichlet problem A = 0 in Fy, ¥ = 1 on 98y, | 11)151_ V()| = 0. Then we set
xT o0

S

/ O do = —1,
08y

noting that the strong maximum principle gives us 9,1 < 0 on dSy. Note that we have V+¢ € C? (Fo).
We remind the reader of the definition of the Kirchhoff potentials given in (3.6]), as well as M from Definition

3.3l We further introduce the following notations for some new force terms appearing in the solid equations in (|5.1)),

1 ~
v, (5.12)

such that we have

which do not depend on the control.

Definition 5.1. Given a solution p° = (1°,7°) € C°°([0, T]; R3), u® € C>([0,T] x Fo;R?) to with zero initial
conditions, we define for any p = (I,7) € R?, w,0 € C(Fy), € € (0,1] and t € [0,T), the functions

P Q(t,-,0)n —2D(u’(t,-))n + d,v(t, -, 0) -
Alt) =M a8, ( xt - (Q(t7 - 0)n — 2D’ (t,-))n + d,v(t, -,0)) ) do,

B.(t) =M pe(t,+) 0, ® do,

8So
Clw, @](t) == — M~ (KH (5] + w (u0(t, -) — ul (¢, -))l) Vo dz
Fo
- Mt - (u®(t,-) — u%(t, ) - (’}/VJ"L/)(I‘) + KH[w](x)) On,® do,
(L(t),p) :=M"1 s ((l +rat) ul(t, ) — (ul(t, ) — ud(t,-)) - V(p- <I>)) On® do

— M (mr® ()1 + mr(1°(t))*,0) .
The following Lemma gives us the regularity of the terms introduced above with respect to (hy,91) € Qs.

Lemma 5.1. Let (h1,91) € Qs, (¢°,p° u®) as in Theorem and w' be the solution of (5.4). We have
A, B.,Clw',0,w'] and L are uniformly bounded in L?(0,T) with respect to ¢ € (0,1] and (hy,91) € Q5. Fur-
thermore, the map (hy,91) € Qs — (A, B.,Clw!, 0ywt], L) € (LQ(O,T))4 is uniformly continuous with respect to
e € (0,1].
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Proof. We have
[AWD] SN0 + [V’ ()]l + 1001111 S o) ]I3,21 + [V’ () loo + [0(E)][1,1,2-
due to (4.4). The boundedness result for A follows from Theorem [3.1 and Proposition so does the continuity in
(h1,91).
Note that we have p¢ = —9,0° — (u® — u%) -V0¢, so the result for B, holds as soon as 0;6° and V6 are uniformly
bounded in L?(H") with respect to € > 0 and (hy,91) € Qs.
Since 6° depends linearly on w, which in turn depends linearly on v, similarly to and (4.10), we may

estimate

10:0° ()| 1 S [|Opv(2)

2,31 + [|0v(t)[l1,0,1-
We estimate dyv by using equation (4.2)), to get that
[[0pv(t)]

e S (1 O]+ 1600 s ) 1o 1, 51.p42,

therefore, using Theorem and Proposition we get that 9,0° is bounded in L?(H"), uniformly with respect
toe > 0and (hy,?) € Qs.
Finally, using (4.7) and (4.10]), we estimate

VO ()l S Nlv(@)ll2.3,15

and conclude the boundedness and continuity in (hq,91) of B. by once again using Proposition and Theorem

B.1
The results for Clw!, d;w'] and L follow from Theorem and Proposition In particular, for the term
f}.o Ky [0;w'|V® dz recall that V& (x) = O(1/|z|?) as |z| — +oo, therefore V& € L3/2(F). O

In order to treat the effect of the control, we recall F» from Definition 3.4} and complete it with the following.
Definition 5.2. Given a solution p® = (1°,79) € C*>([0,T};R?), u® € C*°([0,T] x Fo; R?) to with zero initial
conditions, we define for any o € C*°(Fy;R) the map

Fia](t) = — , Va - (ul(t,-) —ul(t,-) 0,® do.

We define our notion of controlled solution of the linearized fluid-solid system as follows.

Definition 5.3. Given a controlled solution (¢°,p°, g°) associated with (3.1)), (3.2), we say that (p', g*) in C>([0, T]; R?) x
Cs°((0,T);C(q°(t))) is a controlled solution associated with (5.1)), (5.2) if the following ODE holds true on [0,T):

(") = S: + (L,p") + M7 Fi[a'] + M7 F3[9,0], (5.13)
with p*(0) = (h{,}), where o (t,-) := A[¢°(t), g* (¢, )] with A given in (3.7), and S. :== A+ B. 4+ C[w?!, dw?].
We have the following reformulation result for the linearized fluid-solid system.
Proposition 5.2. Given a controlled solution (q°,p°, g°) associated with , ,
pt € C®([0, T R?), u' € C([0,T] x Fo;R*)  and g' € C5°((0,T):C(¢"(1))),
we have that (u',p', g') is a solution to , if and only if (p*,g") is a controlled solution associated with
, and ut is the unique smooth solution to the div/curl type problem
div u! = glllR(go)T(Bc,hO), curlu! = w! in Fy,

u'n=("+r'at) nondSy, lim |u'|=0,
|z]—+o00

/ul-TdU:/ u* - Tdo =: 7,
680 630

(5.14)

fort e [0,T).
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Remark 5.1. The last equation in (5.14) can be easily checked as a generalization of Kelvin’s theorem of conservation
of the circulation around the body for the linearized Euler equation (5.1)), (5.2)).

Remark 5.2. Integrating (5.4) on Fo, using the fact that ¢° = div (u® —u%) and the divergence theorem, it follows
that [w'(t,-) is conserved for t € [0,T]. Since we have uy € L*(Fy) and that the circulation around the solid is
conserved in ([5.14), this implies that we have u'(t,-) € L*(Fo) for t € [0,T].

Scheme of the proof of Proposition[5.4 We have the following result for solving div/curl systems of type (5.14),
which is a simple consequence of (3.6]), (3.7)), (5.5) and (5.12).

Lemma 5.2. For any q = (h,9) in Q5, yER, p=(I,r) inR2 xR, g € C(q) and w € C§°(Fy), the unique solution
u in O (Fy) to the following system.:
div u = glg@g)r(B.—n), curlu=w in Fo,

u-n= (l+r:cl‘) “n on 0S8y, lim |ul =0,
|@]—+o00

(5.15)
/ u-Tdo ="y
0So
is given by the following formula, for x in Fo,
u(z) = V(p- ®(x)) + VA[g, 9](x) + 7V o(z) + Ky w](z). (5.16)

From here on it is straightforward to conclude the proof of Proposition in the same manner as for the proof

of Proposition by using to express the pressure appearing in the solid equations in 7 expressing u!

appearing in with the help of Lemma and using integration by parts (by noting the regularity at infinity
of the functions involved) to obtain the terms given in Definitions and The details are left to the reader.

O

5.3. An impulsive control strategy to control the final velocity p'(T) - Proof of Theorem

Similarly to the case of (¢°,p°), we will control the ODE by the means of impulsive control, however, due
to the fact that we only want to control p!(T) and that equation is linear, the geodesic argument can be
omitted and it is sufficient to use one impulsive control at for instance time 7/2 (hence condition (3.4)). The form
of the control will also change from due to the linearity of with respect to the control.

Let (h1,91) € Qs and (¢°, p°,u°) be given as in Theorem We consider controls of the form

gt @) = Bt = T/2+n)g' [’ (T/2,-) = ug(T/2,)] (¢(T/2 = n),v) (v), (5.17)

where v € R3, (Bfl)n is supported in [0, 27] and is an approximation of the unity when n — 07, and g' is deduced

from the following result.
Proposition 5.3. Let K be a compact subset of C1(0So;R?) such that for any V € K we have V -n = 0 on 9S8,
and

span {0, ®(x), x € dSy N supp V} = R3. (5.18)

For any V € K, there exists a continuous mapping §'[V] : Qs x R® — C(Qs) such that for any q € Qs we have
Range(7*[V](q,-)) € C(q)NC(q), and for any (q,v) in Qs x R3, the function @ := Alq,g'[V](g,v)] in C°(Fo; R) N
C3 (Fo;R) satisfies:

AT =0 in Fo\ R(W)T (B, — h)7‘ ‘lim \Va'| =0 and 0, @' =0 on Sy, (5.19)
x| —4oc0
/ val Vo, ®do =v. (5.20)
9So

Furthermore, the map V € K — g*[V] € C(Qs x R3;C(Qs)) is also continuous.
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Proposition will be proved in Appendix Note that to deduce g' in we apply Proposition with
K= {u®(T/2,) —u}(T/2,-), (h1,91) € Qs}. Therefore, we have that the map (hy,91) € Q5 — 7' [u’(T/2,-) —
u2(T/2,)] (¢°(T/2 —n),-) € C(R*C(¢°(T/2 —n))) is also continuous, thanks to Theorem

We recall that B. C B, and C were introduced in to reduce the size of the activ control zone B. enough
such that for n > 0 small enough, as long as the solid displacement during the control phase [T'/2 —n,T/2 + 7] is
small, we have that g'(¢,-) given by is supported in R(9°(¢))T (B. — h°(t)), for any t € [0, 7.

We set

T ¢
—/ L(t)dt T —/ L(s)ds
vi=—M|e Tzt plf/ e Jztm S:(t)dt
T+n

+ /\/le/O

in , which is uniformly bounded with respect to 7,¢ € (0, 1] and (hq,9;1) € Qs due to Lemma We define p!
to be the smooth solution of with control and initial data (h{, ), dropping once more the dependence
on 7 > 0 from the notation for the sake of simplicity.

We will prove that p!(T) — p; as n — 0T, uniformly with respect to € € (0,1] and (hy,9;) € Qs. First let us

5.21)
T (

L(t)d L — L(s)ds
W po+/ 77e /0 =) Sc(t)dt
0

observe that on the time interval [0,7/2 — 5] the control vanishes, so using Duhamel’s principle on (5.13]), we may

express

i_nL d T—n — tL s)ds
pl(T/Q—n):e/O (0t po—l-/ e /o ) S.(t)dt | . (5.22)
0

On the other hand, integrating (5.13) on [T'/2 —,T/2 + 1] and using that g, vanishes at the endpoints of this

interval in order to eliminate the term M™!F,[0;a'], we get

Ss(t)dH/; nﬂ%(t*T/2+n)M*Fl[A(qo(t),ﬁl(qO(Tﬂ*n),v)](t)dt

LT4n
PAT/2 4+ m) = p'(T/2 ) + /

T

Using again Lemmawe get that the first integral term in the right-hand side above converges to zero as n — 07,
uniformly with respect to e € (0,1] and (h1,91) € Qs. On the other hand, from Theorem Proposition and
the uniform boundedness of v it follows that the second integral term converges to —M~'v as n — 0%, uniformly
with respect to ¢ € (0,1] and (hy,91) € Q5. We deduce that

p (T/24n) —p"(T/2—n) = —Mwasn— 0T, (5.23)

uniformly with respect to € € (0, 1] and (hq,91) € Qs.
Finally, applying Duhamel’s principle on [T'/2 + 7, T gives us

/T L(t) dt . _/t L(s) ds
pH(T) = e’ 5H pl(T/2+77)+/ e JITN S.(t)dt | . (5.24)
T+n

We may therefore deduce from ([5.21)), (5.22)), (5.23]) and (5.24)) that

p'(T) = prasn— 0T,
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uniformly with respect to € € (0,1] and (hy,v1) € Os.

We conclude the proof of Theorem by fixing n = n; > 0 in function of v > 0, associating an appropriate
fluid velocity u! with (p?, g}7) as in Proposition and observing that the regularity with respect to ¢ € (0,1]
and (h1,91) € Qs stated in Theorem is guaranteed by our construction (by using Theorem (3.1} Proposition
Lemma and Proposition . In particular we note that since n > 0 is now fixed, there is no issue with
establishing the regularity with respect to ¢ and (hy, ;) of the term M~ F;[0;a'] via Proposition which we

did not need to investigate previously in our strategy.

6. Estimating the remainder

In this section we establish the existence (in a weak sense) of the remainder terms in (2.7), (2.11), such that

they satisfy an appropriate energy estimate and continuity property with respect to (hy,v1,11,71).

6.1. The equation of the remainder and weak solutions

As noted before, at this point we have not yet proven the existence of the terms (u, 7, 1%, 7€), however our goal
is to define a weak solution (u%,1%,r%) for the remainder in an appropriate way such that defining (u®,{,7°) by
the right-hand sides of the asymptotic development (2.7), gives us a very weak solution to in the sense
of Definition 211

Therefore, formally we can look for the equations of the remainder (u%, 7%,(%,7%) by replacing (u®, 7%, 1%,r%) in
with the terms given in the expansion , , and by simplifying the equations using the systems ,
, , and satisfied by the respective terms in the expansion, which we have constructed in the
previous sections. We obtain the following.

ou
ot

+e(uf — ufg) - Vg +erg(up)’ + Vag — eAug = {7} — A%(ug, pR),

divugz =0 forx € Fy, lim |ujz| =0,
|z|—+00

(D(u5p)n)ian = (15 — iy §)ian + (N )eans UG- = w5 -1 for @ € 0o, (6.1)

m(lR) = / m5n do — 2/ Y do — 2¢ D (u%) ndo — merg(1%)" — F&(p%),
850 850 680

mJ‘-EEda—Qs/ zt - D (u%)ndo,

T (rg) = / hat ndo —2vE
330 8'SO

980

where u$, g(t,x) = I5(t) + r5(t)z*, for t € [0,T], with u%(0,-) = ug — u*, (I%,7%)(0) = 0, and recall that as per

(2.12)), we have

5 0, )]|2 < e'/%.

Furthermore, we have

N =—(D(u' + VO +w(-,-,0)n) +p(u' —uy + V6 +w(-,-,0)), (6.2)
¥ =D (v(-,-0))n— %8Zw(~, - 0) +veD (u' + VO +w(-,-,0)) n, (6.3)

A% (ug, pg) = (uh — ugs) - V(u® + Ve{v} +eul +e{w} +eVO) +rg(u” + Ve{v} +cut +e{w} +eVH)*
+ (" +er)(uR)t + (W + Ve{v} +eut +ef{w} + VO —ud —eul) - Vug,

(6.4)

F&(p%) = m((r® +er)(15) " +ert (1) +r5(1° +elh)h), (6.5)
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and
=Rt (6.6)
where
fa = (Apd.v —2(n- V)00 + 02,w) + Ve (Av + Apd.w — 2(n - V)d.w) + & (Aw + Au' + AV,
fo=—(v+ve(u' —uf+w+ Vo)) V(v++ve (u' +w+ V) — (u —ul) Vw—w- Vu'
+ (u' —ug +w+ VO) - nd. (v + Vew) — Vertvt —er! (ut + w + VO7)E — 1wt
fe=-vQ-ouw.

(6.7)

Note that the solid position ¢5 = (h%,?¥%) can be associated analogously with ([2.2), but in order to get the desired
convergence in (2.7), we do not need to work with it explicitly.
Recall the definition of the spaces H(0), V(0) from (1.9). We define a notion of weak solution to (6.1]) in the

following manner.

Definition 6.1. We say that

ug € C([0,T]; H(0)) N L*((0,7); V(0))
is a weak solution to the system if for all ¢ € C>([0,T];H(0)) such that ¢|7 € C=([0,T]; C5°(Fo; R?)) the
following holds on [0,T],

(Uilt ). 000Dty = (050,000 Do = [ (w5, (5. Do
Jr€/ /}_0 [(U%*uf%’s)v(;ﬁu%,r%(u%)lqﬂ do ds
_25/ FUD (¢)d:cds—2€u/ /aso(u%_u%,S)'(¢—¢s)des

- / (mersu5)* - 1o + FE(03) - 1) ds + / [ ()~ i) - 6 s

_2\f/ /850<$ . )do (lp,re) ds—|—25/ /880 ((¢p— ps) - 7) do ds.

In order to see that the above definition of a weak solution is justified, we suppose that (u%,7%,0%,7%) is a
sufficiently regular strong solution to and that ¢ is a test function as in Definition In this case one may
multiply the PDE in by ¢ and perform the usual operations for deriving the variational formulation for Leray-
type weak solutions for viscous fluid-solid systems. The terms on the right-hand side of the PDE in can be
treated as a source term and as such pose no problem.

However, let us explain how to treat the terms containing N¢ and ¥°. One may integrate by parts and proceed

as in Lemma 1 from [35] to obtain

Aty = — 2 D(@):D(@w/&g ( Ll)((;%)?) ))da.(l¢,r¢)
o \ 27 - (D(ugR)n

Fo Fo

+2 / (D(u)n) - 7) (6 — ps) - 7) dor
0So

(6.8)

Combined with (D(ug)n) -7 = —pu(ugp —ug ) -7+ N° -7, the solid equations from (6.1), and the usual formula for

the pressure term

n
Vrg - ¢ = TR ( N > do - (ly,74), (6.9)
zt-n

Fo 9So



one can easily check that the terms with N¢ and 3¢ in Definition [6.1] are justified.

Finally, note once more that if u$, € C([0,7]; H(0)) N L?((0,7);V(0)) is a weak solution in the sense of Definition
then u® € C([0,T); H)NL?((0,T); V) constructed via (2.7), (2.11)) is a very weak solution in the sense of Defintion
21

6.2. Existence and continuity

We have the following result for the existence of the remainder.

Proposition 6.1. There exists &g > 0, independent of (h1,91,1l1,71), such that for any e € (0,&], there exists a
unique weak solution us, € C([0,T]; H(0)) N L*((0,T); V(0)) to (6.1)) in the sense of Deﬁnitz’on with initial data
given by u%(0,-) = ug — u*, (I%,r%)(0) = 0. Furthermore, we have the following:

(i) This unique solution satisfies the following energy inequality at time T':

T
2
PR(T) + [lug(T, )3 + el Dui)lZ2(2) + 8#/0 /85 |uf — ufps|” dods < O/, (6.10)
0

where C' = C(v) > 0 is independent of € > 0, and depends continuously on (hy,¥1,11,71).
(it) The map (h1,%1,l1,r1) = pR € L>(0,T) is continuous.

Note that to prove Theorem we only need the estimate |(1%,7%)(T)| < Ce'/®. However, the PDE satisfied
by u% in is no longer of Euler- or linearized Euler-type, but truly of Navier-Stokes-type. That is why we
estimate the fluid and solid velocities of the remainder together via an energy estimate, instead of examining only
the solid equations and using some well-constructed decomposition of the fluid velocity as we have done in the
previous sections, which would not work in this case.

We split the proof of Proposition [6.1]into three parts: in Section [6.2.1| we give an a priori estimate for the added
source terms in Definition in Section we prove the existence result with the energy estimate from (i); and
finally in Section we explain how to obtain the continuity result from (ii).

6.2.1. Estimation of the source terms

The proof of the existence relies on the classical Faedo-Galerkin method for Navier-Stokes-type problems, there-
fore it requires an energy estimate on the whole time interval [0,7] for weak solutions in the sense of Definition
0. 1]

In preparation for such an energy estimate, we will bound the terms containing N¢, 3¢, A and f¢ in Definition
using the following Lemma (recall the definition of the space H(0) from (L.9)).

Lemma 6.1. There exist C > 0 and b € C([0,T];Ry) which depend continuously on (hy,¥1,1l1,71), such that

T
(z‘)// (|22 + [N?[?) dodt < O(1 + /%),
0 0So

() | [ 40,00 -0] < 80) (o0 + (0, [B) e € 0.7,
Fo

(iii) /0 t

uniformly with respect to e € (0,1], for all ¢ € C([0,T);H(0)) such that ¢(t,-) is compactly supported in R? for
every t € [0,T1.

{r°}- ¢>‘ ds < Ce'/t (1 + max (|pg(s)|* + |¢(87')||§)> , Vt €[0,71,
Fo s€[0,t]
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Proof. (i) We have the following, by using (4.7 and (4.10)),

ID(u(t, - 0Dl S ()]l 2.1,
10w (t, -, 0)l[ 1 S w12 S [v(®)l3,2,3,
ID(w(t, - 0Dl S w2 S o).,
ID(VO" ()l S 116° ()] ms S ™40 (D) 12,0,

/ [ D@ Pdod S et e
880

Similar estimates hold for the lower order terms in (6.2]), noting that we have p! € L>. The result follows from
Theorem and Proposition

(ii) Since ¢ is compactly supported in the space variable, we have
1
/ (u® + Ve{v} +eut +efwl +eVO —ul —cuy) - Vo ¢pdr = —5/ (g° + eg)|9|? du,
Fo Fo

which can be estimated by C (||u®(t)[lc1 + [[u'(t)[lcr ) ot )3
Next we set
Ve =" +eu +eVE°.

We may estimate

‘ e vve. ¢‘ < CIVe' ®)lloo + VUl (D)o + ell0° ()l 1613,

where C' > 0 does not depend on ¢.

Recall that and give us
ello* ()l as S eV o(t)ll2,5,8 + ello®)1,3,0-
We use Lamb’s form from to get
—V (¢s V) = —ds - VV +1y(V)' +ew' (¢s5) ™. (6.11)
On the other hand,

Vigs V) -p= | ¢5-Ve0,Ddo-p,. (6.12)
]:0 8‘SO

Therefore, we may conclude by using once again that w! is smooth and compactly supported, that

((¢ = ¢s) - V(@ +eul) +rg(u’ +eul) ™) - ¢‘ < C ([®Ollox, + llu' Ollox, + lo(®)ll2,5,3) (ps (D + le(B)]]3) -
(6.13)

’]—'o

Finally, all the remaining terms in contain some derivatives of either {v} or {w}, which are compactly
supported. Therefore, we may estimate the terms containing ¢g more straightforwardly, since the procedure above
was done only because we do not have ¢g € L?(Fy) and we wanted estimates independent of the support of ¢.
Taking the L>°(Fo) norm of all the derivatives of {v} and {w} in the remaining terms in (6.4), then using once
again and with the right Sobolev embeddings, we get

A5(6,ps) - qs] < b(t) (Ipo(t) + 1605, )113) - (6.14)

’}'0
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with
b(t) = C (lu’®)lles, + llu' (B)llcr + vt)ll25.3) »

where C' > 0 does not depend on any other parameter. We conclude the proof of (ii) by using Theorem (3.1
Proposition [I.1] and Theorem [5.1]
(iii) As in the previous point, let us first estimate the contribution of the terms in f& from which are not
compactly supported in Fy. We set
We i=u' + Vo©.

Using Lamb’s form from (3.11]), we observe that
1
(We —uk) - VWe 4ot (Wo)h = 3V (IWe?) =V (We - ul) + w0t (We —ub)t, (6.15)
therefore we may estimate
vy =| [ WP oedspe| < € (Il + 100N ool
Fo 880
Hence, using (4.7) and (4.10]), we get

t
/
0

s€[0,t]

TP o] ds < € (e + ¥ ollarsan) s o)
0
< % (e + Iolltagrnan + mas o))

Proceeding similarly for the term containing V (W5 - ué), and using that w! is smooth and compactly supported,

we get that

/
0

/FO (W = ul) - vwe 0t (W) qs‘ ds

< e (e + Iollfzgrnan + I + mae (po(o)? + 1005, 13) )
For the rest of the terms in fg from , respectively for fi and fg, the same estimates can be applied as in
Section 4.3 of [I3]. More precisely, one combines the estimates , , for the boundary layer profiles
in order to obtain bounds on the L?(Fy) norms of the respective terms, noting that the terms appearing at O(1)
benefit from a fast variable scaling gain of ¢!/4 in L?(Fy). One can then conclude the proof of Lemma by using
Theorem [3.1] Proposition [£.1] and Theorem [5.1] The details are left to the reader. O

6.2.2. A Faedo-Galerkin method for proving the existence of weak solutions

Now we are in position to prove the existence result from Proposition[6.1] Since the proof uses classical methods,
we will only focus on the parts that are different from the existing literature, for the other details we refer the reader
to [35] and the references therein.

The proof consists of a straightforward generalization of the methods presented in [35], where the authors give
an extension of Leray’s theorem to prove the existence of solutions to a similar fluid-solid system in the three-
dimensional case with no source term, based on the method of Faedo-Galerkin approximations. We will show that
being in the two-dimensional case and having some extra terms in due to N¢, 3¢, A%, F§ and f¢ will pose no

difficulty in adapting the same proof to our case.
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To simplify notations we define, for any u,v,w € Hg such that v, w € C§°(R?), the quantities
alu,v) =—2 D(u) : D(v) dx—Q,u/ (u—ug) - (v—vg)do,
Fo aSo
b(u, v, w) z/ [(u—ug) Vw-v— ryvt w]| dx — mry(ly)* - L,
.F
’ (6.16)

S - _ - o - 1) ((v—wg)-T) do
o (u,0) = — 22 650<$L,28>d pv+2e/850(1v ) (v —vs)-7) d

+ / ({F°) — A(upu)) vz — F&(pa) - Lo.
Fo

Therefore, the equation satisfied by the weak solution u% from Definition @ can be reformulated as

t
(uti% ¢)H(0) - (UER(Ov ')7 ¢<O’ '))’H(O) = /0 [(u%!’ 6t¢)?-l(0) + Ea(u%’ ¢) + 51b(“§27 ui% ¢) +c* (u%’ ¢)] ds.

Following the same methodology as in the proof of Theorem 1 from [35], we first consider a truncated system
in which the term ug(t,-) in b above is modified in order that it becomes bounded in L>(R?). More precisely, let
My € R such that Sy C B (0, %), and for M > My we consider xs : R? — R? such that xa/(2z) = = in B(0, M)
and xp(7) = ﬁx in R?\ B(0, M). We then truncate the term b from by

b (u,v,w) = / [(u— (lu+ ruxiy)) - Vw - v — rut - w] dz — mry(ly)* - L.
Fo

We claim that for any M > M, there exists a solution ups € C([0,T];H(0)) N L?((0,T); V(0)) (dropping the
dependence on ¢ from the notation for simplicity) to the truncated system, i.e. satisfying for any ¢ € C°°([0,T]; H(0))
such that ¢|z= € C*°([0, T]; C5°(Fo; R?)), the equation below on [0, T],

(unr, @) w0y — (unr (0, ), 40, )20y = /Ot [(unr, 9:0) 30y + ea(unr, @) + ebar (unr, unr, ¢) + ¢ (uar, ¢)] ds.  (6.17)
Indeed, we consider a Hilbert basis (w;);>1 of V(0) such that
w; € {¢p € CF°(R?) : div ¢ =0 in Fy, D(¢) =0 in Sp}, j > 0.
Using a Faedo-Galerkin method, we may construct a sequence of approximate solutions (un)n>1 C C([0,T;H(0))N
L2((0,7); V(0)) (dropping the dependence on M from the notation for simplicity), uy = g: gin (t)w; satisfying, for
any j € {1,...,N}, =

(Orun, wi)n(0) = ca(un, wj) + b (un, un, w;) + ¢ (un, wy),

with initial data wyo, which is defined as the projection of u%(0) onto the space spanned by wy,...,wy. It follows
that un (t, )|z € C5°(Fo), for all t € [0, 7], due to regularity of wi, ..., wx.
It can be checked that u will satisfy the following energy equality.

1 1 1 t t
Sl 6l + Gl ®F + 57l (OF +2¢ [ [ D) deds 200 [ [ Juy — ux sl dods
2 2 2 o JF 0 J9So

1 t
:§||UNO||§+/ c(un,un)ds. (6.18)
0

Furthermore, one has ||unoll2 < ||[u%(0,-)|l2 = ||luo — u*||2. Note that as long as we can bound the left-hand side of
(6.18)) by a constant that does not depend on the approximation or the truncation, one can straightforwardly adapt
the rest of the proof of Theorem 1 from [35] to establish the existence part of the result.
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Let us prove that this is indeed the case. In the rest of the section, C' > 0 will denote a generic constant, which
we usually deduce by using Theorem and Theorem to estimate the respective norms of u?,p%, u!,p', and
which can depend on (hy,91,11,71), but in a continuous manner. Furthermore, C' is independent of ¢ € (0, 1].

Since p°, p! € L™, we may use to estimate

[FE&(pw) - vl < C (2 + o (B)?). (6.19)

On the other hand,

L)
O’.
. Ly PN

<c [ [P+l (6:20)
PR
Finally, we have

Ne -7 ((uy —un,s)-7) do
9So

1
<C [ NP+ o [Vun( B+ Clon@F, (621
a8y K
where Cx > 0 is the constant on the right hand side of the Korn inequality:

Ih[I7: < Cx (1215 + ID(R)]3) , for any h € H'(Fo).

We sum up (6.18), (6.19), (6.20) and (6.2I) and use Lemma [6.1] to obtain

1 t
(1= €=7) ma 5 (s ) + mlt(s) + Tl () + &l D) aoy + 260 | [ Jux — uy,sf? dords
s ’ 0 680

t
< Cllug —U*II§+C€1/4+C/ b(s) (lun (s, )3 + Ipw (s)[?) ds, (6.22)
0

for some C > 0 and b € C([0,T];R4) which depend continuously on (hi,91,11,71), and do not depend on M > M,
used for the truncation or N € N used in the Faedo-Galerkin method. Therefore, there exists £y > 0, uniform for
(h1,01,11,71) € B((hg, 95, R(05)" Wy, 9)), k), such that for any e € (0,&] we have § < (1 —Ce'/4).

Using the fact that ||ug — u*||z < €'/ as per (2.12)), a Gronwall argument for (6.22)), and further reducing the

left-hand side to get rid of any unnecessary constants, we get that
‘ 2
P (O + ()1 + el Dy + e [ [ = sl dods < €, (6:23)
o Jas,

for any t € [0, T].

Since the bound in the right-hand side above is uniform for N > 1 and M > M, we may on one hand conclude
the proof of the existence of a weak solution u% to in the sense of Definition by the same methods as used
in the proof of Theorem 1 from [35]. More precisely, we may first pass to the limit as N — +oo to deduce the
existence of a solution uy; to , for any M > M. Then we may extract a convergent subsequence (uaz, )x>0
with limit u% and conclude that we may pass to the limit in as k — +o0, in particular using once more the
energy inequality and Lemma [6.1) when needed in order to bound the time derivative of uys, in a similar
fashion as in the aforementioned result (we refer the reader to [35] for further details). Therefore, we obtain that u%
satisfies and also . This concludes the proof of the existence and the energy estimate, the uniqueness

of the solution follows from classical theory since we are in the 2D case.

6.2.3. Proving the continuity result

The continuity result (ii) from Propositionfollows in a straightforward (but lengthy) manner by first observing
that the same arguments used to prove Lemma [6.1] can be adapted to prove the following result regarding the
continuity of the terms in which depend on (hq,91,11,71).
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Lemma 6.2. The elements
e X° N¢ € L%((0,T); L?(0Sy)),
o Fi € L(R3;R?),

o A%() € LIL*((0,T); H(0)e); L*((0,T) x Fo)),

t
° / S} ) pe(m) ds € L(C([0,T);H(0)); R), for any t € [0,T7,
0
depend continuously on (hy,91,l1,7m1) € F((hf,ﬁf,R(ﬂf)Th’f,ﬁ}),/1), where H(0). denotes all functions in H(0)
which are compactly supported in R?, respectively L(-;-) is used to denote the space of linear continuous operators

between two given spaces.

As mentioned above, the proof is a straightforward adaptation of the proof of Lemmal6.1] by using the continuity
with respect to (hy,91,l1,71) of u’, v and u! given by Theorem Proposition and Theorem hence we
omit it.

From here, the standard method for concluding the continuity of the map (hq,91,11,71) — p5 € L*(0,T) is the
following. One may consider two weak solutions associated with two different values of the parameters (hy,¥1,11,71)
and compare them using an energy estimate of their difference, proving that the right-hand side of the energy estimate
will go to zero as the difference of the parameters goes to zero (as done for instance in standard methods to prove
the uniqueness of weak solutions, see eg. [7, [30] for the - more complicated - bounded case). However, one needs
to take care when handling the trilinear convective terms, so one may consider the energy estimate first using the
truncated approximate solutions corresponding to the two weak solutions, as explained in the construction above
for the proof of the existence result. This allows one to deduce that px (as well as uy € L>(L?)N L%(H')) depends
continuously on (hy,¥1,l;,71), for any N > 1. However, since the right-hand side of does not depend on
(h1,%1,11,71), nor on N, it follows that the convergence of (un,pn) to (u%,p%) mentioned in the previous section
is uniform with respect to (h1,%1,{1,71), from where the desired continuity result follows for p%. The details are
left to the reader.

This concludes the proof of Proposition [6.1
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7. Conclusion

It follows from Sections [3]to[6] that we have completed the construction of the asymptotic expansion from Section
[2:3] which gives us the result of Theorem [I.I] due to the reductions presented in Sections [2:1] and 2:2] We present
below an overview of the amplitude with respect to time of the controls ¢° and ¢' constructed in Theorem
respectively Theorem

Figure 2: A comparison of the amplitudes of the controls ¢g° (red continuous line) and g* (black dotted line) over the time interval [0, T

We recall that the forms of ¢° = 920 and ¢! = 97171 were given in (3.39)), respectively (5.17)), where 5, > 0,
1Bnllec = O/ /1), ( ,2]),7 is supported in [0, 2] and is an approximation of the unity when 7 — 0%. The parameter
1o > 0 was fixed at the end of the proof of Theorem in Section while the parameter 1, > 0 was fixed (in
function of the parameter v > 0, roughly such that 7; < O(v)) at the end of the proof of Theoremin Section

However, for the purpose of illustration in Figure [2]and without loss of generality, we may assume that 0 < 7y < 1.
A possibility of passing to arbitrary time via autoregularization

Let us present a possibility for passing to arbitrary time in Theorem [I.]] i.e. deducing a control result in any
given time T > 0. Since we know how to control in small-time, one possibility would be to let the system evolve
without control for a long time period and control during a short time interval at the end of [0,7]. The main
technical issue with this strategy is the following. For our small-time controllability result Theorem to hold, we
assume H* regularity on the initial data wug. Intuitively, one would think that due to the smoothing properties of
the Navier-Stokes equations, even with initial data that is only L2, after a short time the solution would become
H* and stay that way for all times until 7. However, up to our knowledge no such results exist in the literature for
fluid-solid interaction problems such as the one considered in this article. We have tried to establish such a result
ourselves, but we have ran into some technical difficulties due to the fact that we are in a moving exterior domain
with Navier conditions on the solid boundary, which we will precise below.

So, for the time being let us formulate this autoregularization property as the following Open Problem.

Open Problem 7.1. Given ug € H(0), T > 0, the associated weak solution @ € C([0,T];H(t)) N L2((0,T); V(t))
in the sense of Deﬁm’tion satisfies (u, h',9") € C((0,T); H*(F(t)) x R3).

If Open Problem [7.1]is proven, then the following result holds.

Theorem 7.1. Given T > 0, Sy C R? bounded, closed, simply connected with smooth boundary, which is not a disk,
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and ug € H(0), curlug € L' (Fo; R?), go = 0,q¢ = (hy,Vy) € Q, h’o,h’f € R?, 6,19} € R, such that

div up =0 in Fo, lim |ug(z)| =0,
|z]—+o00

ug -n = (hly +9z) -n, (D(uo)n)tan = —u(uo — (hy + 9pz>)) tan on 0So.

Then there exists a control € € L*((0,T)x..), compactly supported in time, and a weak solution u € C([0,T]; H(t))N

L2((0,T); V(t)) in the sense of Deﬁnition to the system , , (1.3), (1.6), (1.7) with , such that we
have (h,h',9,9")(T) = (hy, W', 95, 97%).

Proof. First we observe that T > 0 in Theorem can be made uniform for (h{, ¥}, up) in compact sets of
R3 x H*(Fo; R?). Indeed, the initial data only comes into effect on the level of u! in our construction. However, it
is easy to see that (I*,r!,u') depend continuously on (hj, ¥}, ug), since they satisfy a linear equation (and therefore
depend continuously on the initial data) and the control g' constructed in Sectiondepends continuously on (hg), 95).
This regularity is carried over to the remainder terms in Section [f] since they can be estimated by various norms of
(1Y, v, ut), which are all uniformly bounded for (h{, 9}, ug) in compact sets of R? x H*(Fp; R?).

Using Open Problem we deduce the existence of a weak solution @ € C([0,T];H(¢)) N L*((0,T); V(t)). For

A > 0 we then consider the following compact set
S = {(l,r,v) € R® x HY(Fo; R?), |(L,7) — (W'(T),0"(T))| + lv = a(T, )| s < A}

It follows that we may apply Theorem with initial data in this set (without loss of generality we may assume
that the initial position of the solid is once more the origin, since else one may simply apply a translation and a
rotation to the system of coordinates in R?) to deduce T > 0, which is now uniform for all initial data in S.

All that needs to be proven is that there exists Ty € (T'— T, T) such that we have (R'(Th), 0" (Th), @(Ty,-)) € S,
since then we can let the system evolve without any control on [0, T)] to ensure the regularization property of the
equation, then use Theorem to deduce the existence of a control on [T, T] which drives the solid to the desired
position and velocity. However, the existence of such a T follows from the regularity in Open Problem [7.1] therefore
the proof of Theorem follows.

O

Let us give a few remarks regarding the difficulties in proving Open Problem [7.1

A direct possibility for the proof would be to consider (u,h’,9’) as the solution of a Stokes system and use
for instance the regularity of the Stokes operator with Navier conditions in an exterior domain proven in [I7], in
particular the analyticity of the associated semigroup, to conclude the desired regularity. Of course, in order to
do this, one transforms the PDE onto a fixed domain (with transformations similar to )7 and then put all the
unwanted terms into an inhomogeneous force term acting on the Stokes equation, which one would then estimate.
The problem with this approach is that the change of variables creates a term of the type ug - Vu (as seen for
instance in the PDE ), which is not even L? when u € H'. Note that this is not an issue in the Galerkin
method presented in Section |§| or in [37] for instance, since the trilinear term | 7, (u—us) - Vu-udz can be defined
as 0 as a limit of approximations.

Another, more “manual” approach would be to bootstrap the regularity by classical Navier-Stokes methods. One
obtains that after arbitrarily small time, the solution becomes H!, and then using some appropriate test functions,
the H? regularity can also be obtained after some manipulation of the weak solutions. However, for the H? regularity
to hold, one usually differentiates the equation with respect to t € [0, T], proves an energy estimate for 9;a and then
concludes by the means of a stationary Stokes problem (which in theory could be also done on a moving domain,
without a change of variables). And it is at this point where this strategy breaks down in our setting. If one
differentiates the equation on F(t), without switching to a fixed domain, then higher order unwanted terms appear

in the Navier boundary conditions, which pose a problem when trying to estimate them in the energy inequality
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(we contrast this with the Dirichlet case, for instance in [5], which is more robust to differentiation with respect to
time, and where such a strategy worked without issue). On the other hand if one switches to the fixed domain F
to avoid this issue, then the term O;ug - Vu will be created, which will pose the same problems as mentioned above.

We plan to investigate this problem in a future article, and perhaps by a more lengthy and technical approach of
considering a different change of variables, which behaves like a rigid movement near the solid, but behaves like the
identity operator outside of a large enough ball (as done for instance in [2] for the Dirichlet case, where the authors
only went as far as H? regularity) some sort of breakthrough could be made. This echoes the issues presented in
Remark [2.3] for the bounded case, since such a change of variables would still create extra terms on the PDE which
need to be estimated, but since this step is separate from the asymptotic expansion, perhaps those terms can be

handled with sufficiently strong estimates, similarly to [21].

A. Design of the controls

A.1. Proof of Proposition
We will use the notation of Section 7.1 of [24] for the rest of this proof, in contrast to the previous notations of
this paper. Therefore, for the sake of simplicity, we will be working in the case when the solid is a homogeneous

disk, however, using the same methods as in Section 7.2 of [24], our construction can be adapted to the general case
as well. We recall from (3.21)) that we had B, C B, and, for ¢ € Qs, we defined

) ={a € o) (B~ 1R [a=0}. €)= {oe RO (B miR): [9=0}.
Let us give the corresponding result in the case of a homogeneous disk.

Proposition A.1. There exists a C* mapping g° : (Q5 N{qg=(h,0) € R3}) x R? — (f(Q(;) such that for any q =
(h,0) € Qs we have Range(g°(q,-)) C Clq)NC(q), and for any ((h,0),v) in Qs x R? the function a® := Alg,7°(q, v)]
in C>(Fo; R) N CS, (Fo; R) satisfies:

AT =0 in Fo\ (B, — h),l llirﬂl_ |Va®| =0 and 9,,@" = 0 on Sy, (A1)
xTr|—+00
/ \Vao|2 ndo = v, (A.2)
a8,
/ a’ndo =0, (A.3)
880
span {n(:c), x € supp Va'(q, ) N 880} =R2 (A.4)

We follow the same construction as in Section 7.1 of [24]. We have the following Lemma, which appears as
Lemma 9 in [24], and also applies in our case without any modification, we refer the reader to the aforementioned

article for the proof.

Lemma A.1l. There exist three vectors e1,ea,es € {n(z) : = € dSp} and positive C> maps (wi)1<i<s : R? —
[1,4+00) such that for any v € R?,

3
Z,ui(v)ei = . (A.5)
i=1

Note that there exist z; € 9S8y such that n(x;) = e;, i = 1,2,3. We will now modify Lemma 10 from [24] in
order to guarantee (A.4). We have the following result.

Lemma A.2. There exist families of functions (&é’j)se(071), 1,7 € {1,2,3}, such that for any i,j € {1,2,3}, for
any € € (0,1), &b is defined and harmonic in a closed neighbourhood Vi3 of 08y, satisfies Opal?d =0 on 0Sy, and

moreover one has the following:
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/ Vo?i’j . Vd’;’l ndo — 0 ;) (k1) € S E —> 0t;
a8

(i) for any i,j,k,1in {1,2,3}, (i,5) # (k,1),

Va7 - Vak!|cwps,y =0 ase— 0%

(iii) for anyi,j in {1,2,3} there exist %I € Sy such that [V&Li (xb9)] > 1 and x9 — z; as e — 0T,

Proof. The proof is essentially the same as that of Lemma 10 from [24], noting that the manner in which the
functions 847 were constructed in the aforementioned proof allows us to deduce points (ii) and (iii). The details are
left to the reader. O

Next we adapt Lemma 11 from [24] to our setting. We have the following result.

Lemnia A.3. Let g = (h,0) € Os. Tﬂere exists a family of functions (aﬁ;j(q, Nne,1), 7 € {17,2, 3}, ha@om'c in
Fo \ (Be — h), satisfying | |lim Va3 (q,-)] = 0, 8,07 (q,-) = 0 on 8Sy and a7 (q,-) € CS,(Fo) N C*>(Fo), such
T|—+00
that, for any k in N,
09 (0,) = G (Y lguisnzmy = O when 7 - OV (4.6)

Proof. We construct ai;j from a%J using an approximation by rational functions, as mentioned in [24] and as used
in [23], pages 147-149. We use the following generalization of Runge’s theorem on the Riemann sphere (see for

instance [20], page 238).

Theorem A.1. Let K be a compact subset of the Riemann sphere C, containing at least two points, and let P be
a subset of C. A necessary and sufficient condition in order that for each holomorphic function f on K and each
n > 0, there be a rational function r, whose poles lie in P, such that ||f —r|crxy <, for any k >0, is that P

meet each connected component of C\ K.

We use the above result with K = (C\ B(0, R))UV:, for some R > 0 large enough such that ((BC —h)U Vai’j) C
B(0,R), set f =0o0n C\B(0,R) and f = 9,87 —i0,,a%7 on VI and choose P such that it is made up of a point
from int (B, —h) and a point from (int Sp)\ V4. We conclude as in [23] that there exists some function # (ignoring

the dependence on the parameters for this notation) which is harmonic on Fy \ (B, — h), | |lim Vo (x) = Cy € R?,
r|—+o00

|Cy| = O(n), and 8,0 = O(n) on Sy in any C* norm, such that § € C (F,) and
|16 — dé’chk(V;,jmﬁ)) — 0 when  — 0", for any k > 0.

Proceeding as in [23], we introduce a corrector function, to ensure the vanishing boundary conditions of our

potential flow, by setting

AV =0on Fy, lim V¥(x)=Cy, and 9,V = 9,0 on 9Sy.

|z|—+o00

Note that the function § — U satisfies all the conclusions of Lemma [A.3] except the smoothness on Fo, since it has a
singularity in B, — h as per Runge’s theorem above. To address this issue, we use Whitney’s extension theorem (see
for instance [9], Chapter 2) to deduce that for any function F' € C'*° (fo \ (B. — h)) there exists a smooth extension

E(F) € C>®(Fo) satisfying E(F) = F on F \ (B. — h). We conclude the proof by setting abi(q,-) = E(6 —¥).
O

We have the following result, which corresponds to the adaptation of Lemma 12 from [24] to our setting.
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Lemma A.4. For any v > 0, there exist C* mappings ¢ = (h,0) € Qs = @I (q,-) € C% (Fo), ,j € {1,2,3}, such
that fOT any q = (h70) € Qﬁ; Aialj(q? ) =01n ]:0 \ (BC - h)7 | lim |v aid(q’ )‘ = 0; anai’j(q7 ) =0 on a807
— 400

abi(q,-) € CS (Fo) NC>=(Fy), and the following hold:

al

(i) for anyi,j,k,l in {1,2,3},

vai(q,) - Val(q, ) ndo — 6z €i| < vs
aSo

(ii) for any i, k.1 in {1,2,3}, (i,5) # (k,0),

||Vai7j(q7 ) : vahl(qv ')”C(&Sg) <

(iii) for anyi,j in {1,2,3} there exist %7 € 8Sy such that V&’ (z*7)| > 1 and |z°7 — z;| < v.

Proof. The proof of Lemma 12 from [24] can be easily adapted to our setting, simply by considering an elliptic
problem of the type instead of the Neumann problem mentioned in its proof. It can be easily checked that
the solutions obtained this way are still in CS, (Fy) and that the map q = (h,0) € Qs + @™I(q,-) € C2,(Fp) is CL.
Finally, points (ii) and (iii) follow from Lemma [A.2]and Lemma [A-3] O

Next we have the following result, which corresponds to Lemma 13 from [24].

Lemma A.5. For any v > 0, there exist C' mappings ¢ = (h,0) € Qs + a@'(q,-) € C%(Fo), i € {1,2,3}, such
that for any q = (h,0) € Qs, Aya'(q,-) = 0 in Fo \ (B. — h), | lim |V @'(q,")| = 0, d,@(g,-) = 0 on 9So,
x| —+oo

a'(q,-) € CS (Fo) NC>=(Fy), and the following hold:

(i) for any i,j in {1,2,3},

Va'(q,-) - Val(q,-)ndo — ;e
850

<v, / al(qa)ndazoa
98,

(i3) for anyi,j in {1,2,3}, i # j,
IVa'(q,-) - Va (a. )l ewsy < vs

(iii) for any i in {1,2,3} there exist T € 0Sy such that |Va'(q,7)|?> > 1 —v and |T° — ;| < v.

Proof. Consider the functions @/ given by Lemma For any ¢ = (h,0) € Qs, for any i € {1,2,3}, the three
vectors fas(q) @I (q,-)ndo, where j € {1,2,3}, are linearly dependent in R?; therefore there exist A/(q) € R such
that

3 3
> A (g) / a'(q,)ndo =0and Y [\ (q)]* =3, (A7)
j=1 o

S(q) j=1

Then one defines @'(q, -) := Zf-:l NI ()@ (q,-), and one checks that it satisfies (i) and (ii) with some Cv in the
right hand side.
On the other hand, for each i € {1,2,3} let k € argmax |\“?(q)|?, so that we have |\"*(q)|> > 1. Using (ii) and
j

(iii) from Lemma it follows that
Va'(g,2")? > ]\ (q) P[Va"* (g, 2™")? — Cv > 1 - O,

for some C' > 0.
Changing v in min{v/C,v/C,v} allows to conclude. O
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Before concluding the proof of Proposition let us show how condition (A.4) can be satisfied. Let v € R?,

using Lemma [A7T] we set
3

alg,) =Y _ V() a'(q,-).

i=1

It follows from (ii) and (iii) in Lemma and the fact that pi(v) > 1,4 € {1,2,3}, that
IVa(q,7")]> > [Va'(q,7")]> = Cv > 1 - (C+ 1),

and |Z° — x;| < v, for any i € {1,2,3}. Since span{n(z;), i = 1,2,3} = R2, it follows by continuity that, for v > 0
small enough, we have span{n(z'), i = 1,2,3} = R?, and 7 € supp Va(q, -), for any i € {1,2,3}. Therefore,
holds for a.

To conclude the proof of Proposition we proceed as at the end of the proof of Proposition 7 from [24],
namely that when v > 0 is small enough, one may apply a local inversion argument. The details are left to the

reader.

Remark A.1 (A remark on the case when the solid is not a disk). Lemma 15 from [Z4] can be improved in the
following way: there exist vectors e; € {0, ®(x) : x € dSp}, 1 <1i < 16, a constant M > 0, and positive C*° maps
(wi)i<i<ie : R? = [M, 4+00) such that for any v € R3,

16
Z wi(v)e; = v.
i=1

This allows us to prove (3.25) similarly as we have done above in the case of a disk.

A.2. Proof of Proposition

Again, for simplicity we will present the proof in the case when the solid is assumed to be a homogeneous disk,
then one can deduce the general case in a similar manner as in Section 7.2 from [24], which will be explained at the
end of the section. Furthermore, the notations of this section will be self-contained.

We prove the following adaptation of Proposition to the case of a a homogeneous disk.

Proposition A.2. Let K be a compact subset of C*(0So; R?) such that for any V € K we have V -n =0 on 9S8,

and
span{n(z), x € 8Sy N supp V} = R2. (A.8)

For any V € K, there exists a continuous mapping g*[V] : (Qs N {q = (h,0) € R?}) xR? — C(Qs) such that for any
q = (h,0) € Qs we have Range(g'[V](q,-)) C C(q) NC(q), and for any (¢,v) in Qs x R?, ¢ = (h,0), the function
a' = Alg,g'[V](g, )] in OF(Fo; R) N C3,(Fo; R) satisfies:

Aa' =0 in Fo\ (B. — h),l Ilim |Va'| =0 and 9, @ =0 on Sy, (A.9)
xr|—+o0
va'-Vado =wv. (A.10)
9So

Furthermore, the map V € K + g*[V] € C(Qs x R%;C) is also continuous.

We may suppose without loss of generality that Sy is the unit disk, parametrized by c¢(s) = (cos(s),sin(s)). We

have the following geometrical property.
Lemma A.6. Given V € K, there exist x; € Sy N supp V, s; € [0,27], such that n(x;) = x; = (cos(s;),sin(s;)),
i =1,2, and that span{by,bs} = R? where

b= (@) Viw) ()~ = [ (@) V@) () do (A1)

™
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Proof. For each i € {1,2}, using (A.8) and V - n = 0 on 98y, there exist Z; = (cos(5;),sin(s;)) such that we have
T(.’fi) . V(.’i‘l) # 0 and

span{7(%;) - V(%) n(Z;), i = 1,2} = R% (A.12)

1 - 1
Clearly, — / 7(xz)-V () n(x) do does not depend on the choice of Z;, so either b; = 7(Z;)-V(Z;) n(Z;) — — / 7(x)-
T Jos Sy

T
V(xz)n(z)do, = 1,2, are collinear or they span R?.

If they are collinear, we may modify the one out of the two which has the smaller norm (in order to also handle
the case in which one of them is zero) in the following way in order to break the collinearity. Without loss of
generality we may suppose that |b;| < |bs|. We observe that is robust to perturbations, due to and the

continuity of V, i.e. there exists n > 0 such that for any s € (5; — 1, 51 + 1) we have
span{7(c(s)) - V(e(s)) n(c(s)), 7(z2) - V(22) n(2)} = R?.

It follows that there exists some x; = (cos(s1),sin(s1)) with s; € (51 —n, 51 + 1), such that setting zo = T2, the
vectors b; given by (A.11)) are no longer collinear. O

We will base our construction on the existence of such vectors b; given by Lemma in order to satisfy (A.10).
We have the following result.

Lemma A.7. There exist families of functions (dé)ae(o,l), i € {1,2}, such that for any i € {1,2}, for anye € (0,1),
at is defined and harmonic in a closed neighbourhood Vi of 08y, satisfies O,a = 0 on dSy, and moreover one has
the following:

/ Val-Vnde —b;  ase— 0",
0S¢

Proof. For each i € {1,2} we consider families of smooth functions 62 € C§°((0,27);R) ¢ € (0, 1), such that /(52 =1,

diam (supp 5L ) = (Ce, and
27

02(s) f(s)ds — f(si) ds

0

< Cllf'llsce,

for any f € C'([0,27]). Then we define @/ in polar coordinates as the truncated Laurent series:

~i 1 1 1 7 s
ag(r,0) = 3 Z Z (rk + r’“) (—b, - cos(kO) + aj, . sin(k0)), (A.13)

0<k<K

where aj, _ and bi. _ denote the k-th Fourier coefficients of the function 8. It is elementary to check that the function
@' satisfies the required properties for an appropriate choice of K. In particular, noting that V,a! = 9,a 1 on
08y, for each 6 € [0,27] we have

, . . 1 [
0-al(cos(0),sin(h)) = pal(1,0) = 02(0) — — 02(0)do + O(e),
™ Jo
and due to the properties of ¢, this implies

Val-Vindo —b;
0S8y

< C([IVIierasy) + 1) e

O

We combine the methods used to prove Lemma[A-3]and Lemma[A-4] from Section [A:1]to get the following result.
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Lemma A.8. There exist continuous mappings (q,V) € (Q5 N{g=(h,0) € R3}) x K — @;[V](g,") € C>®(Fy),
such that for any (¢,V) € Qs x K, ¢ = (h,0), we have A,@;[V](g,-) = 0 in Fo \ (B, — h), ‘ |lim |[Va;[V](g, )| =0,
x|—4o00

Ona;[V](g,+) =0 on 88y, @;[V](q,-) € C2(Fo), i € {1,2}, and
span{ Va;[V](g,-) - Vndo, i = 1,2} =R2 (A.14)
850

Proof. The proof follows the same principles as the proofs of Lemma and Lemma [A74] from Section The
only difference is that instead of using a compact covering and partition of unity argument for ¢ € Qs, we use one
for the pair (¢, V) € Qs x K by observing that if @;[V] satisfy for some fixed V' € K, then there exists dy > 0
such that
span{ Vai[V](q,-)-f/ndU, i=1,2} = R?.
9So

holds for any V € K with ||V — V|1 < dy-.
This allows us to make our construction continuous with respect to V.
O

We conclude the proof of Proposition by using Lemma above to deduce @;(q, -), i = 1,2. For each v € R?
we may obtain A\;[V](q,v) € R, i = 1,2, such that

a'Vl(g,) = MVI(g, )@ [V](g, ) + Xa[V](g, v)@[V](g, ),

which satisfies the required properties of Proposition in particular the regularity with respect to ¢, v and
V' follows from the construction above and the fact that \;, ¢ = 1,2, are the solutions of a linear system whose

coefficients are regular with respect to the aforementioned parameters.

Remark A.2 (The case when Sy is not a disk). We may follow a similar construction as in Section 7.2 of [Z{|]
to reduce the general case to the case of a disk, by using a conformal mapping ¥ : C\ B(0,1) — C\ Sy. The key
observation is that the condition T(x) -V (x) # 0 for x € Sy N supp V, will be conserved by ¥ since it is a conformal
mapping. Therefore we can deduce

span{T(z) - V ()0, ®(z)} = R3,

1
and proceed as in Lemma to prove that subtracting the vector 7/ 7(z) - V(z) 0,®(x) do does not change the
T Jaso

above span. The details are left to the reader.
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