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MOTION OF RIGID BODIES OF ARBITRARY SHAPE IN A VISCOUS
INCOMPRESSIBLE FLUID:
WELLPOSEDNESS AND LARGE TIME BEHAVIOUR

DEBAYAN MAITY AND MARIUS TUCSNAK*

ABSTRACT. We investigate the long-time behaviour of a coupled PDE-ODE system that de-
scribes the motion of a rigid body of arbitrary shape moving in a viscous incompressible fluid.
We assume that the system formed by the rigid body and the fluid fills the entire space R®. We
extend in this way our previous results which were limited to the case when the rigid body was
a ball. More precisely, we show that, under appropriate assumptions (in particular smallness
ones) on the initial velocity field, the position of the rigid body converges to some final config-
uration as time goes to infinity. Finally, we show that our methodology can be applied in the
case of several rigid bodies of arbitrary shapes moving in a viscous incompressible fluid.

1. INTRODUCTION

Consider a homogeneous rigid body which occupies at instant ¢ > 0 a smooth bounded
domain S(t) which is moving in a viscous incompressible fluid which fills the remaining part of
R3. The domain occupied by the fluid at instant ¢ is denoted by F(t) := R3\ S(t).

We denote by h(t) and Q(t) the position of the centre of mass at instant ¢ and the orthogonal
matrix giving the orientation of the rigid body at instant ¢, respectively. We thus have

S(t) ={h(t) + Q()z | z € S(0)} (t=0),
QQM) ez =a(t) x x (t>0, z€R?), (1.1)
Q(0) = Is,

where @(t) is the angular velocity of the rigid body at instant ¢. Moreover, the velocity and
pressure fields in the fluid are denoted by @ and 7, respectively. With the above notation, the
system describing the coupled motion of the rigid body and of the fluid is completed by the
equations

O+ (i V)i — pAATi + V7 = 0 (t>0, z € Ft)),
divii = 0, (t>0, z € Ft)),

Ut x) = h(t) + B(t) x ( — h(t)) (t >0, z € OF()),

mi(t) = — /88“) o (@, 7w ds (t>0), "
() = Ja(t) x &(t) — /a o F ) <o @Rds (>0

u(0,z) = up(z) (y € F(0)),

h(0) = 0, 2(0) = £y, H(0) = wo.
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2 DEBAYAN MAITY AND MARIUS TUCSNAK*

In the above equations, the fluid is supposed to be homogeneous with density equal to 1 and of
constant viscosity © > 0. Moreover, the unit vector field normal to 95(t) and directed towards
the interior of S(t) is denoted by v(¢,-). The constant m > 0 denotes the mass of the rigid body
and the matrix J(t) stands for the inertia tensor of the rigid body at time ¢ > 0, whereas the
Cauchy stress tensor field in the fluid is given by the constitutive law

o (U, T)ke = —T0ke + p <8uk + aw)

Jue 1<k (<3),
0y Oy ( )

with dg, standing for the Kronecker symbol. The above equations can be easily adapted to the
case of several rigid bodies, situation which will be studied in Section 8.

Over the last two decades, there has been considerable interest in the studying of the initial
and boundary value problem (1.1)—(1.2). We refer to the introduction of Ervedoza, Maity and
Tucsnak [4] for detailed references on wellposedness issues for (1.1)—(1.2), and we discuss the
existing results on the large time behaviour of solutions, particularly the trajectory of the rigid
body, in more detail here. For the corresponding system in two space dimensions Ervedoza
et. al [3] considered the case when the rigid body is a disk. They proved that, under suitable
regularity and smallness assumptions on the initial data, the velocity of the mass centre of the
rigid body, denoted by h(t), decays like ™1, as t — oo, thus not excluding the possibility of
an unbounded trajectory of the rigid disk. Ferriere and Hillairet [5] studied the same system
and they were able to remove the smallness assumption on the initial data. As far as we know,
describing the large time behavior in the two-dimensional case with solids of arbitrary shapes is
still an open question. The large time behaviour, that we are interested in this work, in the case
of three space dimensions, has recently been described in [4], provided that the rigid is a ball.
The main result in [4] asserts that, given £ € (0,1/2), under suitable regularity and smallness
assumptions on the initial data, h(t) decays quicker then ¢~(3/27¢) In particular, this means
that the position of the centre of the rigid ball converges to some ho € R3, as t — oco. Very
recently, Galdi [6] proved that, with a rigid body of arbitrary shape in three space dimensions,
the velocity fields of the fluid and of the solid tend to zero (in appropriate norms). The results in
[6] contain no decay estimates so that they cannot be directly used to investigate the potential
stabilization of the position of the rigid body towards a “final” position.

In this paper we consider rigid bodies of arbitrary shapes and we provide decay rates for fluid
velocity @ as well as for the solid velocities h and & (see Theorem 2.3 below). More precisely, we
show that, given € > 0 arbitrarily small and under suitable regularity and smallness assumptions
on the initial data, A(t) and &(t) decay quicker then t~(/4=¢) when ¢t — oo, see Corollary 2.5
below. Due to the necessity of new estimates (involving, in particular, second order derivatives
of the velocity field), these estimates provide a slower decay than in the case of a rigid ball.
Nevertheless, our decay estimates are sufficient to conclude that the rigid body “asymptotically
stops” at some finite distance. More precisely, we show that there exist p > 1 and n > pp%l
h(t)

w(t)
h € L>=([0,00); R?) (see Corollary 2.5 below).

We also show that our methodology adapts to the case of multiple rigid bodies. As far as we
know, this is the first result that describes the long-term behaviour of several rigid bodies moving
in a three-dimensional viscous incompressible fluid. In fact, our results appear to be the first to
establish global existence and uniqueness (for small initial data) in the three-dimensional case
with multiple rigid bodies. For global wellposedness in two space dimensions and with several
moving disks we refer to Sabbagh [16].

The plan of this article is as follows. In Section 2, we introduce some notations that will be
used throughout the paper. Our main results are stated in Theorem 2.3 and Corollary 2.5. To
this aim, we introduce a change of variables and rewrite system (1.2) in the reference config-
uration in Section 3. The main result in the reference configuration is stated in Theorem 3.4.
In Section 4 we introduce the fluid-structure operator and we recall some of its properties from

such that the map t — (1 + t2)g [ } lies in LP([0, c0); R%), which implies, in particular, that
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[4]. Section 5 is devoted to the establishment of the decay estimates of the fluid-structure semi-
group. We recall, in particular, the L? — L" decay estimates already proved in [4] and then
we prove some new decay estimates, which are made necessary by new terms appearing in the
change of variables. In Section 6 we prove infinite time maximal type regularity results for a
non homogeneous linear fluid-structure system. Theorem 3.4 and Theorem 2.3 are proved in
Section 7 . Finally, in Section 8 we explain how our results extend to the case of several rigid
bodies.

2. MAIN RESULTS

We first introduce several function spaces needed to state our main results. Let G C R3 be an
open set with smooth boundary. For every ¢ > 1 and k € N, we denote the standard Lebesgue
and Sobolev spaces by L(G) and by W*4(G), respectively. The notation W*4(G), with s € R
and ¢ > 1 stands for the Sobolev-Slobodeckij spaces. The norms on [LY(G)|" and [W*4(G)]"
with n € N, will be denoted by || - ||ls.¢ and || - ||s,q.c respectively. When G = R?, these norms
will be simply denoted by |- ||, and || ||s,q, respectively. Moreover, the space Wé’C (@) is defined
as the completion of C§°(G) with respect to the W*4(G) norm. For k,m € N, k < m, and
for 1 < p <oo,1 < q < oo, we consider the standard definition of the Besov spaces by real
interpolation of Sobolev spaces

B (G) = (W’W(G), Wm’q(G))ep where s = (1 — 0)k + 0m, 0 € (0,1).
We refer to Triebel [21] for a detailed presentation of the Besov spaces. We denote by C¥(G)
the set of continuous and bounded functions with derivatives continuous and bounded up to
the order k on G. For 7 € (0, 00] we set

WE2((0,7): G) = LP((0,7); W>9(G)) N Wh((0,7); LU(G))- (2.1)
For >0, p € [1,00] and for a Banach space X, we set
L5(10,00); %) 1= { f | (1+ )72 f(2) € L7([0,00); &) } (2.2)
WaP((0,00): X) i= {f | (142207 f(t) € L7([0,00): X) for m=0,1}.  (2.3)
With the above notation, we define
W2, ((0,00); @) = LE([0, 00); W29(G)) N W, P((0, 00); L4(G)). (2.4)

To state our main results we need some Banach spaces of functions defined on time variable
domains.

Definition 2.1. Let 1 < p,q < oo, let m be a non negative integer and let n > 0 . Let
h € Whe((0,00);R?), Q € Wh®((0,00); M3x3(R3)), let S(-) and F(-) be defined by (1.1)
and let F(t) := R3\ S(t) for every t > 0. Let X € Wh=((0,00); CZ(R3)) be such that
for every t > 0 we have that X (t,-) is a C°°-diffeomorphism from F(0) onto F(t). We say
that u belongs to L1 (]0,00); W™4(F(-))) (respectively to Wnl’p(((), 00); LY(F(+)))) if v defined by
v(t,y) = u(t, X (t,y)) is in L ([0, 00); W™4(F(0))) (respectively in Wnl’p((O, 00); L1(F(0))) ).

Using the above definition we introduce below the concept of solution of (1.1), (1.2) to be
used in the remaining part of this work.

Definition 2.2. We say (u, 7, h,Q,w) is a global solution of (1.1)- (1.2) if
h e C([0,00);R?), Q€ WH™((0,00); M3x3(R?)), h,& € W"P((0,00); R?),
T € LP([0,00); W29(F(-))) N WP((0,00); LUF (), 7 € LP([0,00), WH(F())).

for some p,q € (1,00), (1.1) holds in a classical sense, equations (1.2), , and (1.2), 5 hold in
the distribution sense on (0,00) x F(-), equation (1.2)4 is satisfied in the sense of traces, and
the initial conditions in (1.2)g 7 hold in a classical sense.
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We are now in a position to state our main result.

Theorem 2.3. Let p,q € (1,00) and n > 0 be such that

q € (2,00), 1<119+23q<2’ 1—]19<77<2?;. (2.5)
We assume that
up € B2O7YP)(F(0)* N LY2(F(0))%, Lo eR?, w € R, (2.6)
satisfy the compatibility conditions
div up =0 in F(0), wo(x) =4y +wo x x for z € 0S(0). (2.7)

Then there exists g > 0 such that for any g, Lo, wo satisfying (2.6), (2.7) and
ol a1y + Iz s + ol + ol < <o, 28)

the system (1.1)—(1.2) admits a strong solution, in the sense of Definition 2.2. Moreover, this
solution, denoted by (u,m, h,Q,w), satisfies

i € LB([0,00); WHI(F () N W, ((0, 00); LY(F(+))) N Cy([0, 00); B2Y P (F (),

Ve Li([0,00); LY(F(4))),

h e C([0,00);R?), Q@ € WH((0,00); Mx3(R)), (2.9)
h € W, P((0,00);R?), @ € W,P((0,00); R?).

Remark 2.4. Theorem 2.3 makes regularity assumptions on the initial data that differ slightly
from those in the main result in [4], where rigid body is assumed to be ball. In [4], up was
supposed to be in the Kato [11] type space L>NL", with r € (1,3/2) and to be small in L3 norm.
This is due to the fact that the method of proof in [4] does not appear to be applicable to the
case of a solid with a non-spherical shape. It is an interesting open question whether the global
existence and uniqueness of the solutions of (1.1)—(1.2) hold for non-spherical solids under the
assumptions of [4].

As a consequence of the Theorem 2.3 we obtain large time decay estimates for the velocities
of the rigid and of the fluid.

Corollary 2.5. With the assumptions and notation in Theorem 2.3 we have

@t M o + |||, + lo®llgs < OO+ )72 (t>0), (2.10)

where C is a constant independent of t > 0. Furthermore, if p’ > 1 is such that % + [% =1

then h € L5([0,00); R?) and np’ > 1, we have that h € L>(0,00;R3). In particular, the position
of the centre of the moving rigid body converges to some point at finite distance ho € R3 as
t — oo.

Remark 2.6. The best known decay estimate for a spherical solid (see [4]) asserts that |h(t)||gs =
O(t=3/2%¢) when t — oo. Establishing a similar estimate in the case of non spherical shape is
another interesting open question.

3. CHANGE OF COORDINATES

One of the difficulties in the study of the system (1.2) is that the Navier-Stokes equations
hold in the non cylindrical (and a priori unknown) domain

Q:{B] € [0,00) x R? | t>0and:c€.7:(t)},
where F(t) := R3\S(t), with S(t) defined in (1.1). A way to overcome this difficulty is to perform
a change of coordinates defined by the rigid transformation mapping, at each instant ¢ > 0, the
set S(t) onto S(0). One of the terms in the transformed equations obtained by this natural
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change of variables involves a coefficient which is unbounded when the norm of the spatial
variable tends to infinity. This fact raises several difficulties which we are unable to tackle in
the context of the present work. We refers, for instance, to Hishida [9], [8] and references therein
for a discussion of this methodology when the motion of the solid is a prescribed one. This is
why in this work we rewrite the system (1.2) in the cylindrical domain (0, 00) x F(0), by using
the diffeomorphism from the reference configuration F(0) onto F(¢) which has been proposed
in Cumsille and Takahashi [1]. This change of variables has the advantage of providing a system
equivalent to (1.2) where the involved PDE is written in the cylindrical domain (0, c0) x F(0),
without introducing coefficients which blow up when the norm of the spatial variable tends to
infinity.
To attain this aim, we begin by denoting

E:=F(0)=R3*\S0), 0:=38(0). (3.1)
Let R > 0 and h,@ : [0,00) — R3 be such that
dlam(O) + ||h”Loo([0’oo);R3) < R, (32)

@ € L™®(]0,00); R?).
It is easy to see that
S(t) C Brforallt >0

where Bp is the open ball of radius R and centered at origin. Let ¢ € [C§°(Bs 7)]? be a cut-off
function such that 1 = 1 on Br. We introduce a function ¢ defined in [0, 00) x R? by

. 2
C(t,x) = h(t) x (z — h(t)) + |;<t>|

and A : [0,00) x R? — R3 defined, for every ¢t > 0 and = € R3, by
[0Y(z)

@(t) (t>0, x € R,

Ot (x)

Oy C3(t>$) - 8353(2@’;6)_
A.2) = 00) (0 4300 % & b)) + | 220 Do) - 20 00| . 63
_agl('l) 2(t7$) - ag;(;j) Cl(tvx)_

We have the following result, see Cumsille and Takahashi [1]:

Lemma 3.1. Assume that h,& € Wnl’p(O, o0) and Let A be defined by (3.3). Then we have
(1) A =0 outside Bap.
(2) divA(t,x) =0 in [0,00) x R3.
(3) A(t,x) = h(t) +D(t) x (x — h(t)) for all t € [0,00) and = € S(t).
(4) A is continuous from [0,00) x R3 to R3.
(5) For every t > 0 the map x — A(t,z) lies in C§°(R?).

Let X be the flow associated to the vector A, defined by:

{&X(t,y) =A@, X(1,y)) (t>0),

X(0,y) =y € R3. (34)

The following result was proved in [1, Lemma 2.2].

Lemma 3.2. For everyy € R3 the initial value problem (3.4) admits a unique solution X (-,y) :
[0,00) > R3, which is a C* function in [0,00). Furthermore, recalling that E and O have been
defined in (2.2), we have
(1) For every t > 0, the mapping y — X (t,y) is a C™-diffeomorphism from R> onto itself
and from E onto F(t).
(2) For everyt >0, we denote by Y (t,-) = [X(t,-)] ", the inverse of X (t,-). Then for every
x € R3 the mapping t — Y (t,x) is a C' function on [0, 00).
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(3) For everyt >0, X(t,0) =S8(t) (Thus Y(t,5(t)) = O.).

(4) For every t > 0, we have that X (t,y) =y for every y € R3\ Bag. Moreover, Y (t,z) = x
for every x € R3\ Bag.

(5) For everyt >0 and y € R® we have that det (VX (t,y)) = 1.

We consider the change of coordinates and unknown functions defined by
u(t,y) = Cof (VXT(t,y)) it X(ty)), wlt.y) =F(tX(Ly)  (t>0yeF), (35)
() = Q1 (DA), w(t)=Q ' ()a(t) t=0, (3.6)

where, given a square matrix B, the notation Cof B stands for the cofactor matrix of B and

BT designs the transposed of the matrix B. According to [I, 12], using the above change of
variables and denoting

a:=Cof (VY), b:=Cof (VX)" (3.7)
so that
u(t,y) = b(t,y)u(t, X(t,y)), u(t,z)=a(t,z)u(t,Y(t,x)) (t>0,2,y €R3), (3.8)
the system (1.1)—(1.2) can be rewritten
ou — divo(u, ) = F(u, m, 0, w) (t>0,y€E),
divu =0 t>0,y€ek,
u(t,y) =L(t) + w(t) x y (t >0,y € 00),
mi = — /@O o (u, m) ds + G1 (4, w) (t > 0), 59)

J(0) = — /6011 x o(u,m)v ds + Sa(f,w) (> 0),

v(0,y) = uo(y) (yebB),
L £(0) = Lo, w(0) = wo,
Qt)y = Quw x y (t>0, yeR?),
h(t) = Q(t)£(t) (t=>0), (3.10)

Q(0) =13, h(0) =0,
with F, G and Go in (3.9) given by

8az Oa; ouy, Yy,
Folu,,0,w) —I/me F(X)up 20 > baig k(X)ay,i oz, ™ (X)

.9,k 1,3,k,m

0% oY}, Oug 02Y;

v Z 53/38% (8@ )ax (X) = 5”5“) + VZ 0y; 8$
or [ 0Y, aY;

728% (61'] (X)O:BJ( ) =0 ’]5’]>

3 b (g (Xt = (- Ve,

— [b(0ra)(X)u], — [(Vu)(0Y)(X)],, a€{l,2,3}, (3.11)
G1(l,w) = —m(w x £), Go(l,w) = J(0)w X w. (3.12)
Definition 3.3. We say (u,m,¢,w, h,Q) is a global solution to the system (3.9)—(3.12), if

u € LP((0,00); W2(E)) N WH((0,00); LYE)), € LP((0,00); WHI(E)),

lw e WHP((0,00);R%),  h e WH((0,00);R%),  Q € WH((0, 00); Mizx3(R?))
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for some p,q € (1,00), equations (3.9)1’2 holds in the sense of distribution in (0, 7)x F, equations
(3.9), 5 holds in the sense of distribution in (0,7), equation (3.9)3 is satisfied the sense of traces,
(3.10) holds in classical sense, and the initial conditions in (3.9)g ; are satisfied.

We prove the following existence and uniqueness result for the system (3.9)—(3.12).

Theorem 3.4. Let p € (1,00) and n > 0 satisfy the assumptions in Theorem 2.3. Then there
exists €9 > 0 such that for any ug, o, wo satisfying (2.6), (2.7) and (2.8), the system (3.9)-
(3.12) admits a unique solution (u,m,l,w,h,Q) in the sense of Definition 3.3. Moreover, this
solution satisfy

u € LA([0,00); W>4(E)) N W,P((0, 00); LI(E)) N Cy([0, 00); BX0=1/r)(E)),

Ve LI([0,00); LY(E)),

€€ W,P(0,00;R%), w € W, P(0,00; R?), (3.13)
h e Wh((0,00);R?), Q € WhH*((0,00); M3yx3(R)).

In fact, the equivalence between Theorem 2.3 and Theorem 3.4, follows from the following
proposition, whose proof is obvious.

Proposition 3.5. A quintuplet (u, 7, h,Q,w) satisfying (2.9) is a solution of (1.1) —(1.2) in the
sense of definition Definition 2.2 if and only if (u, 7, ¢, w, h,Q), defined by (3.5)-(3.6), satisfies
(3.13) and is a solution to (3.9), in the sense of Definition 3.3.

The remaining part of this work is devoted to the proof of Theorem 3.4. The proof relies
on a fixed point theorem and a linearization. The idea is to replace in the above system, the
nonlinear terms &, G; and 9o by given source terms f, g1 and g2, More precisely, we obtain the
following linear system

ou—pAu+Vr=f, divu=0 (t>0,y € E),
u=~04+wxy (t >0,y € 00),
m€+/ o(u,m)vds = g1 (t>0),
00 (3.14)
Jot [ yxowmpds—g  (t20)
00
u(0) = uo (y € E),
E(O) = fo, w(O) = Wwp-

We refer to the above equations as the linearized fluid-structure system. We can say the consid-
ered system is “monolithic”, in the sense that this linearization preserves the coupling between
the equations describing the fluid and those describing the solid . In the sections below, we will
study the regularity and decay properties of this linear system.

Let us remark that, when the fluid-rigid body system fills a bounded cavity €, i.e. E = Q\O,
regularity as well as decay properties of the above linear system were studied in [18, 14].

4. SOME BACKGROUND ON THE FLUID-STRUCTURE SEMIGROUP

In this section we introduce the fluid structure semigroup, which plays an important role in
the remaining part of this work. We first recall, following Ervedoza et al. [4], the definition and
some important properties of this semigroup. Note that these properties have been proved in [4]
for a solid of arbitrary shape, so that they are directly applicable in the context of the present
paper. Nevertheless, in order to tackle the nonlinear problem for arbitrary shape solids, these
estimates have to be completed with new ones, see the forthcoming sections. In the second part
of this section we state a maximal regularity property for this semigroup, which is an adaptation
to the context of this paper of the proof of the maximal regularity property which has been
given in Maity and Tucsnak [14] for the similar semigroup in a bounded domain.
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Throughout this section we use the notation O for an open bounded set of R? with smooth
boundary. Moreover, we denote by v the unit normal vector on 9O oriented towards the interior
of O. Given ¢ > 1 we define the space

X? = {® e LI | D(®) = 0 in O}, (4.1)

where

and the strain rate tensor field D(¢p) is defined by

D(p)i; = % <ng? + gif) (pe M@0 je{1,2,3)). (42)

/ 1 1
Note that, for every ¢ € (1,00) the dual (X9)* of X can be identified with X¢ , where —+— =1,
qa q
with the duality pairing

b= [ of-adet [ fogar (f e X7, gex9),

where p > 0 is a constant (standing for the density of the rigid body). Since every ® in X?

satisfies D(®) = 0 in O, there exists a unique couple [ﬂ € C3 x C? such that

D(y) = o) 1p(y) + (€ +w x y)lo(y) (y € R?),

where 1y stands for the characteristic function of the set U (see, for instance, Temam [20,
Lemma 1.1]). Denoting £ = R3\ O we can thus use the identification:

¥
Xt~ || e [LYE)? x CP x C3, with div () =0in E,
w

e(y) - v(y) =l +wxy) v(y) for y € 00}. (4.3)

We recall from [4, Section 3] that the fluid-structure operator Ag : D(A,) — X? is defined, for
every ¢ > 1, by

D(ag) = {p e [WHR) x| ope WH(E)'}, (4.4)

Agp = PyAgp (v € D(Ay)), (4.5)
3

where P is the projection operator from [L4(R*)]” onto X7 and Ay : D(A,) — [L9(Q))? is
defined by D(A;) = D(4A,) and for every ¢ € D(A,),

MASO in E,
(Aqe) = —2,um1/ D(p)vdy — (2uj1/ Y X D(so)vd7> xy inO. 0
00 00

The mass of the rigid body m and its inertia tensor J appearing in the above equations are
defined in terms of the constant density p of the solid by

m = /Opdy, T = (Tke)keeq1,23) With Ji o = /OP (Ok,e 1yl — yrye) dz. (4.7)

Recalling the function space defined in (2.1) and by slightly adapting the methodology used in
[18, 19], we can obtain the following equivalence:
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Lemma 4.1. Let 1 < p,q < oo, and let T < 0o. Assume

u € Wh2((0,7); B), e LP((0,7); WH(E)), m e WHP((0,7);RY), (4.8)
is a solution of (3.14), then
U(t) = AU(t) + F(t), U(0) = U, (4.9)
where
U(t,y) = u(t,y)1ey) + (1) + w(t) x y)lo(y) (telo,7), y R,
F(t,y) =Py (f(t,n)1e(y) + (m'ai(t) + T Hlo(y)) (te0,7), y eR?), (4.10)
Uo(y) = uo(y)1E(y) + (b0 +wo x y)lo(y) (y € R?).

Conversely, assume that U € LP([0,7); D(A,)) N WEP((0,7);X9) satisfy (4.9). Then there
exists m € LP((0,7); WY4(E)) such that (u,w,{,w) satisfies the system (3.14), where

u=Ulg, /Udy, w:—jlfoydy,

O
f="Flg, m/ F dy, g2=—J_1/(9FXydy, (4.11)
w=Uls. o= [ Oody  w==77 [ Txya

We describe next some properties the operator A, which will be essential in the remaining
part of this work.

Theorem 4.2. For everyl < g < oo and f € (g, 77) there exists My g > 0 such that the operator
A, satisfies

| AAT — Aq)*luﬁ(xq) < My (A € ). (4.12)
Consequently, A, generates a bounded analytic semigroup T? = (T{)i=o on X.

For the proof of the above theorem we refer to [4, Theorem 6.1]. In the remaining part of
this work T? will be designed as the fluid-structure semigroup. A second important property of
A, and of the generated semigroup is given in the result below.

Theorem 4.3. Let 1 < p,q < oco. Then Ay has the mazimal LP regularity property, which
means that for every T > 0 the maps

d t
PG [T FG s (t € [0.7], F e L7([0,7);X9),
0

t
Fs Aq/ 9 F(s)ds (t € [0,7], F € L7((0, 7J; X9),
0
are bounded from LP([0,7]; X9) into LP([0, 7]; X9).
Proof. For F' € LP([0,7];X?) we denote

1 _
f=F|g, g1=/de, g2zjl/nydy-
m Jo o

f
Then |g1| € LP([0,7]; [LY(E)]* x R? x R?) and, according to [7, Theorem 4.1], there exists a
92
u
unique triple | [ | with
w

we W0, 7 [LE)P) 1 L7((0,7); [W2(B)] ), (113)
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w e LP([0,7); WH(E)), m e WUP((0,7); RY), (4.14)
satisfying the system (3.14) with (ug, fo,wo) = (0,0,0). We set
U(t,z) = u(t,z)1e(x) + (€(t) + w(t) x z)1lo(z) (t€[0,7], € R3).
From (4.13)-(4.14) it follows that
U € LP([0, 7], D(Aq)) N WHP((0,7); X7)),

and, according to Lemma 4.1, U solves (4.9) with Uy = 0. Since the unique solution of (4.9)
with Uy =0 is

U(t) = /Ot T{ F(s)ds (t € [0,7], F € LP([0, 7]; X9),

we obtain the conclusion of the theorem. O

Remark 4.4. Alternatively, one can directly show that the operator A, is an R-sectorial oper-
ator on X9 of angle 0 > /2. For the fluid-structure semigroup on a bounded spatial domain,
R-sectoriality was proved in [13, Theorem 3.11]. By slightly modifying the arguments of [13],
it can be shown that the operator A, considered here is also an R-sectorial operator. Then
according to [22, Theorem 4.3], the operator Ay has mazimal LP regularity property.

By combining Theorem 4.2, Theorem 4.3 and [2, Theorem 2.4] we obtain:

Corollary 4.5. With the notation and assumptions in Theorem 4.2, for every A > 0 the
operator Ag — X generates and exponentially stable C° semigroup T on X9. Moreover, Ay —A
has the infinite time maximal reqularity property, which means that the maps

t

frs— [ T f(s)ds (t >0, fe LP([0,00): X9),

at J,

t
[ Aq/ 9 F(s) ds (t>0,f € IP([0, 00): X9),
0
are bounded from LP([0,00); X?) into LP([0,00); X?).

We end this section by recalling the following estimate from [4], which gives a characterization
of the norm in D(A}").

Proposition 4.6. [4, Proposition 7.3 and 7.4] Let 1 < ¢ < oo.
(1) For every m € N, if Uy € D(A]"), then Up|g € W*™4(E) and

1Uollann g < € (45 Toll g, + 100l (Uo € D(AT)). (4.15)
(2) For any m € N, there exists a positive constant Cy, > 0 such that

|870s s < Con (0l g+ [Vl ) (Uh € D(AT)) (4.16)

5. DECAY ESTIMATES FOR THE FLUID-STRUCTURE SEMIGROUP

In this section we continue to use the notation introduced at the beginning of the previous
one, namely for the spaces X, the fluid-structure semigroup T, and its generator A,. Moreover,
we refer to the beginning of Section 2 for the definition of the various function spaces and norms
appearing in the estimates below.

We begin by recalling that in [4, Theorem 7.1], we have obtained several decay estimates for
the fluid-structure semigroup that were sufficient to tackle the nonlinear problem for a rigid
body of spherical shape. However, at least within the methodology proposed in this paper,
these estimates have to be completed in order to study the case of a rigid body of arbitrary
shape. More precisely, we need decay estimates for the second order derivatives with respect to
the space variables, the derivative with respect to time and of the associated pressure term.
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We first remark that we have the following estimates on the fluid-structure semigroup which
follow from classical properties of analytic semigroups, together with Theorem 4.2 and Propo-
sition 4.6.

Proposition 5.1. Let 1 < q < oo. Then for any 7 € (0,00), there exists a constant C > 0,
depending on T and q, such that

T80l < ClUolls (¢> 0,y € X9), 1)

HMTQUOH <Ct¥|Uollge  (t>0,k €N, U € X9), (5.2)

|55 @) T8l < € (W0l + Walie) (¢ € 0700 € DAY, (53)
Xq

The main result of this section is the following:

Theorem 5.2. Let 1 < g <r < o0 and g = % (% — %) Then there exists a constant C > 0,

depending on q and on r, such that:

T Uollsr < Ct=7 |Uo|lxq (t >0, Uy € X9). (5.4)
IV (TEUO) o < OO0 [ Upllcg (t>0, Up € X), (5.5)
V2 (TU0)]|,. , < Ct2097) || Uyl (t >0, Uy e X9), (5.6)
H (T Up) <ct ! 1Uolxa (t >0, Uy e X9). (5.7)
where
1
5 + o th <1
71(t7Q7r) = 1 3 (58)
min{2+a,2} ift > 1,
q
V2f denotes the hessian of the function f and
140 ift <1
t,q,r) = _ 5.9
n2(ta,r) min{l—i—a,;} if t > 1. (5.9)
q

Moreover, estimate (5.4) also holds for r = oo, in the sense that there exists a constant C > 0,
depending on r, such that

ITWo s < Ct 2 ||Up o (t >0, Up € X9). (5.10)

The remaining part of this section is devoted to the proof of Theorem 5.2. We first show that
the estimates in Theorem 5.2 hold for small time. More precisely, we have:

Proposition 5.3. Let 1 < ¢ < r < oo and o = 3 (l — l). Then for each T € (0,00) there

exists a constant C' > 0, depending on 7, q¢ and r, SQUC};] thart
IT{Uollxr < Ct [ Uollxa (t €[0,7], Up € X9), (5.11)
IIVTqUOHTE Ct=772 || Ul (t €[0,7], Up € X9). (5.12)
V2 TUo|,. p < C77 | Uollxa (t €10,7], Uy € X9), (5.13)
1A TqUOHy Ct= Vol (t €[0,7], Up € X9), (5.14)

H (T{Uy) <ct ot 1Uollxq (t €[0,7], Uy € X9), (5.15)
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Proof. Let N = [20], where [20] denotes the integer part of 20 and assume that N is even.
Using Proposition 4.6, (5.3) and (5.2), it follows that there exists a constant C' > 0, depending
on 7,q and r, such that, recalling from the beginning of Section 2 that || - | x4,z stands for the
standard norm in WY-¢(E),

ITUs g, + 16| + ()] < © ([[ 572806 + IT¢Thll )
N

_N N _N _N
<O (% [Ullge + 75 % [Unllg) < O % Uolze (€ (0,7, Up € X). (5.16)
In a similar manner, we obtain that
_N44
1T U0l N4, + €] + ()] < Ct 2 [|Uo|lx (t € (0,7],Up € X7). (5.17)

The above estimates, combined with standard Sobolev embeddings and interpolation inequali-
ties, imply that for every j € {0,1,2} we have

|VITi0 |l < © (IO, + 6] + (1))

< C (00l 5,5 + 168 + 1))

204+j—N N+4—j—20
<C (M?Uo\|N+z,q,E Tl + 16(8)] + |w<t>\)
< Ct77972 || Up||xq (t € (0,7],Uy € X9).

This proves the estimates (5.11), (5.12) and (5.13). We next combine (5.11)—(5.13) and Propo-
sition 4.6 to obtain that

14300l < € (ITUolly 5 + 1T Vol ) < O~ Uil (t € (0.7], Uy € 7).
This proves (5.14), and the estimate (5.15) also follows. O

We next recall the following local decay estimates from [4, Theorem 7.10]:

Proposition 5.4. With the notation and assumptions in Theorem 5.2, let Ry > 0 be such that
O C By, d> Ro+5, meN, and Eq={y € E| |y| <d}. Then there exists a positive constant
C, depending only on E, d,m and q, such that, for every t > 0 and every Uy € Ran(TY),
denoting U(t) = T{Up, we have

_3
1t Vg, + 10 + 10O < OO+ 675 (Iolls g smsam + ol + wol), (5:18)

_3

196t Vg, + 1O + 1] < O+ 675 (Ioll gm0 + ol + o), (5:19)

where [s] denotes the integer part of s € R, ug, ly, wy and u,l,w are defined from Uy, respectively
from U, by (4.11). Moreover,

_3
7t Momi1,q,m, < CAL+1T) 2 <||u0||[3/q]+2m+4,q,E + [bo] + ’WOD ) (5.20)
where T is the pressure field associated to (u, ¢, w) via the system (3.14) with (f, g1, g2) = (0,0,0).

The result below provides decay estimates for the restriction of u(t,-) to the exterior of the
bounded set E,.

Proposition 5.5. With the notation and assumptions in Theorem 5.2 and Proposition 5.4, for
every q € (1,00) and r € [q,00) there exists a positive constant C, depending only on E, d and
q, such that

et Yl gyisay < CO+07 (luolla s g, + ol + lwil) (5.21)
IVult, My gymay < C(1+ t)~mn{1/240).3/2a} (\|uo||[3/q}+[20}+97q£ + o] + |wo|) . (5.22)

Hqu(t’ .)Hr7{|y‘>d} g C(l + t)—min{(l-i-o'),?)/QQ} ( HuOH[g/q]+[za]+107q’E + M(}‘ + ‘CU(]‘), (523)
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for every t > 0 and Uy € RanT{.

Proof. The proof of the estimate (5.21) follows from [4, Proposition 7.11]. We focus on the
remaining two estimates.

Let x € C*™(R3) be such that x(y) = 1 for |y| > d and x(y) = 0 for |y| < d—1. It follows that
for every t > 0 we have that supp div(xu(t,-)) C {d —1 < |y| < d}. Then there exists vs(t,-)
such that div vg = div(xu), supp v3(t,-) C {d — 1 < |y| < d} and for every m € N, we have

3

030, Mg < CU+ 235 (ol g 2,0 + ol + ol (5.24)

_3
Haﬂlg(t, ‘)Hm,q < C(]' + t) 24 (Hu0|’[3/q}+m+4,q,E + ‘EO, + |w0‘> ) (525)

for some constant C' > 0 depending on m and ¢q. We refer to [4, Proposition 7.11] for a proof of
the existence of v3 satisfying the above two estimates.
We now define

va(t,y) = x(y)ult,y) — vs(t,y) (t>0, yeR?). (5.26)
Note that div v4 = 0 so that vy satisfies

Opvg — pAvy + V(xm) = h, divey =0, (t>0,y€R?), 5 o7
{”4(0795) = v40() (y € R?), (527
where
h==2(Vx-V)u(t) — u(Ax)u + dvs — uAvs + wVy, (5.28)
and
vo(y) = x()Uo(y) — v3(0,9) (y € RY). (5.29)

Moreover, the function y — h(t,y) is supported in the annulus {d — 1 < |y| < d} and from
(5.24), (5.25) we obtain

[040]lg < C(I0llo g + Vol + el ), (m € N), (5.30)
12Ol < CO+ 072ty o + 1ol + o) (mEN).  (5.31)

Let S be the Stokes semigroup in R3. According to well known estimates of the heat kernel (see,
for instance, [10, Lemma 5.1]), for any m € Z., there exists a constant C,, > 0, depending on
q and r, such that

1970t < Conl+ 872 | Fllgmmsry (> 0). (5.32)
With the above notation v4(¢,-) can be written as
¢
v4(t,+) = Spvgo + / St—sh(s) ds := vg41(t, ) + va2(t, ). (5.33)
0
From (5.32) we have, for j = 1,2
[V7var(t, )|, < CO+6)"92 lwsoll gy 114 (5.34)

In order to estimate v42(t,-) we consider three cases.
Case 1: 3/2q > 1. Using (5.32) and (5.31) it follows that

t
[V7vaa(t, )], < C( [wolli3/q1+(200+5+5,6 T ol + \w0|) /0 (14 (t— ) U2 (1 4 5) 7% ds.
Noting that

t/2 _ _ t/2 _
/ (14 (t— )3+ (1 1 5)3/20 45 < O(1 + t)—<%+0>/ (14 8)73/20 ds < C(1 4 )3+,
0 0
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and that
t . t .
/ (1+ (t— )G (1 4 5)3/2 ds < C(1 +t)3/2q/ (1+ (¢ — 5))" G+ ds
t/2 t/2
C(1+1t)73/% if j/2+0 > 1,
<KCA+0)~ W2 i =10 <1/2,
C(1+t)™! if j=2,0=0(¢=r).
it follows that for j € {1,2} we have
—min{+o
HV 1)42 H ]. +t {2+ ,3/2(1} ( Hu0|’[3/q}+[20}+j+5,q + |£()| + ‘WO|> (535)

Case 2: 3/2g <1 and r > 3/2if j = 1. We take 1 < go < 3/2, and let o9 = 3/2(1/q0 — 1/7).
Thus for j € {1,2} we have j/2 + 0y > 1, so that, using (5.32), (5.31) and the fact that h is
compactly supported, it follows that

[Vivaa(t, )|, C/ (14 (t = )Y 7 1R () a4 1.0 8
<C / (14 (t = 9)) 70/ 11(3) | g1 48

t
S C( [uollf3/q)+j+8,4 T [fol + \w0|> /0 (14 (t —s))~0/2400)(1 4 5)73/24 g5,

We next note that

t/2 , , t/2
/ (1+(t—s))_(]/2+‘70)(1+s)_3/2qu<0(1+t)_(J/2+“O)/ (1+5)73/%
0

(1+¢)~U/2H00n(1 + ) < (1 +¢)~0/2+9) if 27 =1,
<C )
(14 1)~ 0/2H00) (1 4 )173/20 < (1 4 ¢)~ 0+ jf 2— <1,
q
and .
/ (14 (t —s))"0/2H00)(1 4 5)73/24 ds < C(1 4 1)/,
t/2
Consequently,

ijv42(t7 )‘ T S

C(1+t)—min{(j/2+a),3/2q}<Huo\|[3/q]+j+87q+]50]+\w0|) (j € {1,2}). (5.36)

Case 3: It remains to consider the case j =1 and ¢ = r = 3/2. We take ¢y < 3/2. Then

t
IVoin(t, 5 < C / (14 (t — ) 32002 |n(s) |, ds
<C / (14 (t — 5)~3/2041/2 |(s) ., ds

t
C< [uollfs/q146,4 + €0l + |W0|> /0 (1+ (t —5))"3/20F/2(1 4 5)71 ds

<O+ 772 (Nuoljgpsoq + ol + ol )-
Combining the above estimate with (5.30), (5.31), (5.34), (5.35) and (5.36), we deduce that

| V704t H C(1+1) min{(j/2+a),3/2q}< [40ll(3/g14 20]+j+8.4 + Col + yw0\>.

We can thus conclude the proof of the proposition by combining the above estimate and (5.24).
O
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We are now in a position to prove the main result in this section.

Proof of Theorem 5.2. For every Uy € X9, we have T1Uj € D(A’q“) for all £ € N. Thus combining
(5.12), (5.13), (5.22) and (5.23) we obtain (5.5) and (5.6).
Finally, we apply (5.2) and (5.4) to obtain that for every ¢ > 0 and Uy € X¢ we have

d — —(14+0o
‘dt (TUo)|| = AgTelollyer < Ct || Tyl |, < Ct~F ' Uollsca -
Xr
This proves the estimate (5.7), and the proof the theorem is complete. O

6. REGULARITY OF THE LINEAR NON HOMOGENEOUS SYSTEM

In this section, we study the regularity and the decay properties of the solutions of the non
homogeneous linear system
dU
dt
We continue here to use the definitions of time weighted Sobolev spaces from Section 2 and we
recall that the operator A, has been introduced in (4.4), (4.5). We essentially study maximal
regularity (in infinite time) properties of these system. Let us recall the time weighted spaces
from (2.2)—(2.4),
The main result in this section is:

(t) = AU®) +F(t) t>0, U®0) = "U. (6.1)

Theorem 6.1. Let p,qo,q € (1,00) and n > 0 satisfy

qo < g, (62&)
1 3/1 1

Il<n+-<-|——-]. 6.2b

TP T2 <qo q> (6:20)

Then for every Uy € XN (XY, D<Aq))171/pp and for every F' € L}([0,00); X®°NXY), the system
(6.1) admits a unique solution U € LE([0,00); D(A,)) N W#’p([O, 00); X9). Moreover, there exists
a positive constant Cp, (the index L coming from “Linear”) depending only on p,qo,n, E and

O such that

U 22 (10,00):D (A )y WP (0,00) ) < CL (HUOHX‘ZOO(XQ,D(Aq))l_I/p,p + |’F||Lg([o,oo);xqonsgq)) - (6.3)

The guiding idea in proving the above result is borrowed from Shibata [17] (see also Murata
and Shibata [15]). More precisely, we look for a solution to the system (6.1) in the form

U=Uy+ U, (6.4)
where U; satisfies
1) = (hg = DU + (1), T(0) = U, (65)
and Us satisfies
(1) = AgUa(t) + Uh(0), Ua(0) = 0. (6.6)

From Corollary 4.5, we know that, A, — I has the infinite time maximal L? regularity prop-
erty and generates an exponentially stable semigroup. Thus, for any p,q € (1,00) and n >
0, and for every Uy € (XQ,D(Aq))l_l/pp, F € L5(]0,00); X%), we have that U; belongs to

LF([0,00); D(Ag)) N Wi P((0,00); X9) (see Theorem 6.2 below). Using Duhmael’s principle we
have that :
Us(t) = / T, Ui (s) ds (t>0).
0

In order to estimate Uy and its derivatives with respect to the space and time variables, we
are going to use L% — L9 with gy < ¢, decay estimates of the fluid-structure semigroup (see
Theorem 5.2). To do this, we need to have Uy € LE([0,00); X%), which can be ensured by taking
Up € X% and F € LI([0, 00); X).
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We pass now to the detailed proof of Theorem 6.1. We first prove a maximal LP type
regularity of the system (6.5).

Theorem 6.2. Assume 1 < p,q < oo, and let n > 0. Then for any Uy € (X9, D(A,))
and for every F € L1 ([0,00); X9), the system (6.5) admits a unique strong solution

Ui € LB([0,00); D(Ag)) N W, (0, 00); X).

1-1/pp’

Moreover, there exists a constant C' > 0 such that

10013 0 seypagymi# (oo < C 0ol pian, - +IFlzoogen ) (67)

Proof. We first note that, since n > 0, we have F' € LP([0,00); X?). Therefore, by Corollary 4.5
and [13, Theorem 2.7], the system (6.5) admits a unique solution

Uy € LP([0,00); D(Ay)) N WHP((0, 00); X9). (6.8)
In particular, this proves the theorem for n = 0. Let us now assume that 1 € (0, 1] and set
V(t) = (14 )20, () (t=0).
Then V satisfies
S0 = (A~ DV + (), V(O0)=Th, (6.9)

where

Gt) = (1+t)"2F(t) - (iu + t2)’7/2) U (2).

Therefore, using the hypothesis of the theorem, (6.8) and the fact that 0 < n < 1, we obtain
G € LP(]0,00);X9). Therefore,
(1+ )20, =V e LP([0,00); D(Ay)) N WHP((0, 00); X9). (6.10)

The result for n > 1 can be obtained by repeatedly using the above argument. This completes
the proof of the theorem. O

As a consequence of the above theorem, we have the following result.

Theorem 6.3. With the assumptions in Theorem 6.1, for every Uy € X% N (X%, D(A,))
and for every F € L} (]0,00); X% NXY) the system (6.5) admits a unique strong solution

Ur € LE([0,00); D(Ag)) N W, P((0,00); X7) N LA([0, 00); X©).

1-1/p,p

Moreover, there exists a constant C > 0 (possibly depending on n) such that

”UlHL’%([O,M);D(Aq))ﬁWé”’((O,w);XQ)ﬁLﬁ([O,M);X%)
< C( ||UO”qu(Xq,D(Aq))l_l/w + ||FHL?,([0,oo);quX'lo) >a (6.11)

for every Uy € X N (X9, D(A,)) and F € L1([0,00); X9 N X%0).

Proof. It only remains to show Uy € L} ([0, 00); X%). We note that U; = Uyq + Uja, with
dU
T (0= (b —DUL(), U1(0) = U,

and
dUio

dt
Recall that for every ¢ > 1 the operator A, — I generates an exponentially stable semigroup on
X4 (see Corollary 4.5). Thus there exists C' > 0 and A; > 0 such that

1011 () |0 < Ce™ M [0l sca0 (t>0,Up € XT).

(t) = AUra(t) + F (1), Ui2(0) = 0.
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Thus we clearly have Uy € L5 ([0, 00); X%). On the other hand, since F' € L}([0, 00); X%), we can
argue similarly to the proof of Theorem 6.2 to obtain that (14 t2)"/2U5 € LP([0,00); D(Ag,)) N
WLP((0,00); X%). In particular, Ujs € L} ([0, 00); X%). This completes the proof of the theorem.

(]

We are now going to show that, under the assumptions in Theorem 6.1, the solution Uy of
the system (6.6) lies in L5 ([0, 00); D(A,)) N Wy P ([0, 00); X9).

Consequently, the conclusion of Theorem 6.1 follows from Theorem 6.3 and Theorem 6.4
below.

Theorem 6.4. With the assumptions in Theorem 6.1, let Uy be the solution constructed in
Theorem 6.53. Then the solution Uy of (6.6) belongs to L1 (]0,00); D(A,)) N Wr}’p([O,oo);Xq).

Moreover, there exists a constant C' > 0 such that

1021l L2 (0,00):D 8y WP ([0,00)50) S C( 1Doll5cs0 s, D)),y 1, 122 10,00)3000500) > (6.12)

Proof. To simplify the notation and when there is no risk of confusion, the fluid-structure
semigroup will be simply denoted by T. In what follows, we will set

\7 = ”UOHXqOﬁ(Xq’D(AQ))l—Up,p + HFHLZ([O,OO);XQHXQO) . (613)

The constants C appearing in this proof depend only on p, ¢, o, and O, and may change from
line to line. In some cases it will be precisely stated that C' also depends on a fixed time 7. The
proof is divided into several parts.

Step 1: Reformulation of the problem.

By virtue of Duhamael’s principle, Uz can be written as

Us(t) = /0 t T,_,Ui(s) ds (t>0). (6.14)

Moreover, for t > 2, we express Us as

t/2 t—1 t
Us(t) = / T, U (s) ds + / T, Ui (s) ds + / T, Ui (s) ds
0 t—1

£/2
= U (t) + Uaa(t) + Uas(t). (6.15)

Step 2: Small time estimates: Let 7 € (0,00). According to Proposition 5.1, there exists a
constant C' > 0, depending on 7, such that for every ¢ € (0, 7] we have
102(8)l[xa < CNUL(E)Ixa 5 (6.16)

G0+ Wt < IO+ 11O ) (6.17)

Combining the above estimates and (6.11), we obtain that

dUs
(HU2HL%O([O7T];XQ) + HU2HL§’,([0,T];Xq) + Hdt

+ 102l a0y ) CT- (618)

L5 ([0,7];X9)

Step 3: Estimates of Uy in LP(L?) norm: For t > 2 we consider the decomposition of Us given
n (6.15). In view of (6.2b), there exists 5 > 0 such that

1 . 3/1 1
1< n+ - < 6 < mln{ < - > 7’71(t7QO7q>772(t7QO7Q)} ) (619)
P 2\q0 ¢
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where v1(t,qo,q) and y2(t, qo,q) are defined in (5.8), (5.9). Note that, the condition (6.2b)
implies that np’ > 1, where — + — = 1. To estimate Uz; we note that for every ¢ > 2 we have
p p

U1 (£) +Z [V U1 ()],
j=1

N
[
9
Q
h
o

((t oy 2 (@) sy @) ¢ (g gl ) 1035 g

Eq.(5.4),(5.5),(5.

/2
< otF / (1+83)7"2(1+ )2 Uy () a0 ds
(6.19) 0

S 1/p
<ot ||U1HL§;([O,OO);X¢10) (/ (14 ¢2)—'/2 dt>
0

< ct=? ||U1‘|L£([0,oo);xqo) <C(1+ tQ)_B/Q ||U1||Lg([0,oo);x<m) :
(np'>1)

Consequently,

=12

/200(1+t2)”2’7 (Ugl(t)§q +y ijUﬂ(t)s,E) dt

<C\U1||gg([0m);xqo)/2 (L4507 At <O MUY 1 ey (6.20)

In order to estimate Uso, we note that for every ¢ > 2 we have

2
T2 ()llsea + D [V V(8|
j=1

t—1
< C <(t —s) 3(;0 ;) + (t — S)f’n(t,qo,q) + (t— S)vz(t,qo,q)> ”UI(S)quo
Eq.(5.4),(5.5),(5.6) t/2

t—1

< C (t—s)P(L+s2)2(1+ 822 |[UL(5)||xao ds
6.19)  Ji/2

t—1

<O+ 32 / (t — s) PO (1L 4 )12 | U (5)||5a0 ds (as 41+ %) > (1 + %))
t/2

t— /v t— 1/p
<C(1+t2)_”/2</ 1(t—s)—ﬁds> (/ (= )B4 22 U (3) By d )

t/2 t/2

t—1 1/p
<O+ </t/2 (t =) (L4 UL(3) 5o d ) :

Thus

/00(1+t2)p" (UQQ <+ Z (| V7 Una (2t H )

7j=1,2

<o/ / (t —s) (1 + sH)PV2||UL(5) || %o dsdt

2s
< [Tt O ([ (=9 P s IOy g iy (020
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To estimate Uss, we first note that for 5 € {0,1,2} and t > 2 we have
[U23(t) [0 + ijUQi’)(qu,E

t
< C/ U S + U S dS
Eq.(5.3) t—1 (H 1( )H2’qu || 1( )HXQ)
t
<C(1 +t2)—n/2/t 1(1+s2)n/2 (||U1(s)\|27q,EJr ”U1(3)||xq) ds,

where the last inequality follows from the fact that 3(1 + s?) > (1 +#?) for every s € [t — 1,1].
Proceeding similarly as in the estimate of Uss above we obtain

/ L+ [Vl + D [V Ua@)f} 5 | dt
2 j=1,2
< C (1014 0 sepawrran iy + 1010 scyizey) - (6:22)
Combining the estimates (6.20)—(6.22), (6.18) (for some fixed 7 > 2) and (6.11), we obtain

Z
U212 j0,00)52.02 () + U211 (0,00)0) < CT- (6.23)

Step 4: Estimates of the derivative with respect to time in LP(L?) norm: From (6.14), we have

dU, td
20 = T, . .
G0 =00+ [ T mt) as (t>0)
Then using the similar arguments as in step 3 above, we obtain
d
% <CJ. (6.24)
L1 ([0,00);X9)

Final step: Finally, combining the estimates (6.23), (6.24), we get the estimate (6.12). This
completes the proof of Theorem 6.4. O

7. PROOF OF THE MAIN RESULT

The aim of this section is to prove Theorem 3.4 and Theorem 2.3. The main ingredients of
the proofs are the estimates on the linearized problem which we proved in the previous sections,
combined with a fixed point argument. Due to the fact that the estimates on the linearized
system include second order derivatives with respect to the space variables and pressure terms
we can use a maximal regularity based fixed point argument which is slightly simpler than the
Kato type one used in [4].

We begin by replacing the nonlinear terms F, G; and G2 in (3.9) by given source terms f, g1
and go, and study the regularity and the decay properties of this linear system. More precisely,
we first consider the system:

Ou — pAu+Vr=f, divu=0 (t>0,z€E),
u={l+wXux (t >0,z € 00),
mﬁ—i—/ o(u,m)vds = ¢ (t>=0),
90 (7.1)
jo’u—i—/ x X o(u,m)vds = go (t>0),
00
u(0) = wup (z € B),
E(O) :507 w(()) = wy.

In the spirit of Lemma 4.1, the above system can be seen as an alternative manner of writing the
Eq. (6.1) studied in the previous section. The reason for which we prefer to write the linearized
system in the form (7.1) instead of (6.1) is that our fixed point procedure requires estimates
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on terms explicitly involving the pressure. Due to this fact it is important for our approach to
rephrase the results in Theorem 6.1 in terms of the solution (u,,[,w) of (7.1).

We are going to apply Theorem 6.1 to the system (7.1) with suitable choice of exponents. To
this aim, let us take p,q € (1,00) and 1 > 0 such that

1 3 3 1 3
g€ (2,0), 1<—-—+—<—, l—-<n< —. 7.2
(2,00) PRV ) 2 (7.2)

For p,qo,q € (1,00) and i > 0, satisfying the above conditions, we define
Wy = {(u,m,6.w) | u € L ([0, 00); WH(E)) N W,H((0, 00); LU(E)),

7 € Lh([0,00), WH(E)),  fw e WaP([0,00): R}, (7.3)

equipped with the norm

||(U,7T,f,w)||w,, = ||U||Lg([o,oo);w2,q(E))3 + ||3tu||Lg([o,oo);Lq(E))3 + HUHL%o((O,oo);Bg’(pl*l/P)(E))3
VT L0 00)s2a ()2 + 1]l Lo 0,000 m3) + Iellwdr (0,009
+ ”w||L%°([O,oo);R3) + HWHW;«P(((),OO);Rs) . (74)
We introduce the set of initial data

1= {(anﬁo,wo) | uo € LY*(E)* N Bg,%_l/p)(E)?’, by € R?, wy € R?,

div ug=0in E, wug=4{y+wy X z on 8(’)}, (7.5)
equipped with the norm
1o, b, wo)llz = lluoll p2a-1/2) s + lluoll parz iy + [1ollra + llwollgs - (7.6)

Finally, we introduce the space of source terms
Ry = {(f, g1,92) | f € L([0,00); LY2(E)®) N L5 ([0, 00); LU(E)?)

g1 € L4 (0,00 R?), g2 € LE([0,00): RY) |, (7.7)
equipped with the norm

1(/, 91,92)”7z,7 = ||f”Lg([o,oo);Lq(E))3 + HfHLg([o,oo);LqM(E))s + ”91||L€,([o,oo);R3) + HQQHLZ([O,OO)&RL“’)j
7.8
We have the following result:

Theorem 7.1. Let p,q € (1,00) and n > 0 satisfying (7.2). Let Wy, T and R, be the
spaces defined in (7.3), (7.5) and (7.7), respectively. Then for every (ug, %y, wo) € Z and every
(f,91,92) € Ry, the system (7.1) admits a unique solution (u,m,¢,w) € W,. Moreover, there
exists a positive constant Cr, depending only on p,q,n, E and O (as in Theorem 6.1, the index
L comes from “linear”), such that

[(u, 7, €, W)y, <CL <H(an€07w0)HI + [I(f, 91792)!!7@,) : (7.9)
for every (ug, lo,wo) € Z and (f, g1,92) € Ry.
Proof. Let us set

Up =uolp + (bo+wo xy)lo, F=P;(fleg+ (fi+ fuxy)lo).
Then
Up € X2 N (XL, D(Ag)1_1 /s
and
F € I7([0,00); X9/2 N X1.
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Moreover, since p,q € (1,00) and 1 > 0 satisfy (7.2), it is easy to see that (p,q,n) satisfies the
condition (6.2) with go = ¢/2. Let U be the solution to

dU

O =8U0) +F(0) (t>0),

U(0) = Uy.
By applying Theorem 6.1, we have U € L([0,00); D(A,)) N Wy P (]0,00); X9). According to
Lemma 4.1, there exists 7 such that (u, 7, ¢, w) satisfies the system (7.1), where

1
u=Ulg, ez/ U dy, w:—J_l/ U x y dy,
m Jjo o
which gives the desired regularity of u, ¢ and w. Finally, from (7.1),, we obtain
Ve Lg([O, o0); LY(E)).
This completes the proof of the result. O

We are now in a position to prove the fixed point argument. We assume that, p,q € (1, 00)
and 1 > 0 satisfy (7.2). Let us also fix R > 0 such that

R
diam(0) < 7 (7.10)
Recalling the definition of W, from (7.3), we define, for every v > 0, the ball W, , in W, by
Wy = { (w7, 0,0) € Wy |, L)y, <7} (7.11)

We are now going to derive various estimates for the nonlinear terms F,G; and G2 defined in
(3.11) - (3.12), beginning with X and Y : (Recall that X, Y, a and b have been defined in
Section 3 (see (3.4).). (3.7)).

Lemma 7.2. There exist constants v € (0,1) and C > 0, both depending on p, qo,q1,q2 and n,
such that for every v € (0,7) and for every (u,m,f,w) € W, , the functions h,a,b,X and Y
defined in (3.6), (3.7), (3.4) and Lemma 3.2, satisfy

17l oo (0,00)R3) < g (in particular (3.2) holds) ,

VX Lo (0,000 xr3) T VY (XD Lo ((0,00) xr3) < €

la(X) | oo ((0,00)xr3) F VO]l Lo ((0,00) xR3) < C,

VX = I3[ oo (0,00) xr3) F VY (X) = I3]| oo (0,00) xr3) < €7

[a(X) = I3l oo (0,00) xr3) F 10 = T3]l oo ((0,00)xRS) < T

10ea(X)| oo ((0,00) xR3) F 10Y (X)] oo ((0,00) xm3) < C7-
Moreover, for all i,j,k € {1,2,3}, we have

8ai 82% 82Y
‘ awk(X) P Qk(X) +’ ) QJ(X) < Oy,
! Lo2((0,00)xR?) i Lo ((0,00) X R3) i L°((0,00) xR3)
Y:
H 6 (X)) — 6500 < Cr.
o2 o £ (0.00)XE)

Proof. Recall the definition of A from (3.6). Since Q(t) is an isometry for every ¢ > 0 and
np’ > 1, we deduce that for every t > 0 we have

t o0
hm</wwm</<uﬁrwu+ﬂwwna Colltl 5000y < o
0 0

for some constant Cy > 0 depending only on 7 and p’. By setting

Y0 —min{l,;éo}, (7.12)
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we have that
h —
172]] oo (0,00) %) < 9"

The rest of the proof follows easily from the definition of X (see for instance proof of Proposition
6.3 of [13]). O

We next provide estimates of the term F defined in (3.11).

Lemma 7.3. Let 7 is defined in (7.12). There exists a positive constant C’g, depending on
P, q0,q1,q2 and 1, such that for every v € (0,70), (u, 7,4, w) € Wy, and (u', 7", 0", w") € W,
i =1,2, we have

Hg:’(u’7T?E’w)||Lg([O,oo);Lq/2(E))3 + ||3'(u’W’K’W)HLZ(O,OO;LQ(E))B < C§727
“?(ula leglyw:l) - 9:(“2771—27’627(&]2) 7]([0700),Lq/2(E))3

+ H?(ul,ﬂl,ﬁl,wl) — F(u?, 7%, %, W?
< C?’Y H(u177717£1aw1) - (’LL2,7T2,£2,0J2)

)HLs';([o,oo);L‘I(E))3

b, -

Proof. Note that, in view of Lemma 3.2, all the terms in the definition of F, with the excep-
tion of the seventh one are supported in Bog. Thus for these terms it is enough to estimate
L5([0,00); LI(E)) norm only. Using Lemma 7.2, we estimate the first term of F by noticing
that for o € {1,2,3} we have

v Z bm8 alk

bk L5 ((0,00);L9(E))
agaik 2
<O baill oo 0,00) k3 52 X) [kl Lz (0,00;L0(2)) < O
0,5,k J L2 ((0,00) xR?)

The other five compactly supported terms can be estimated in a similar way.
Concerning the seventh term of F, we use Holder’s inequality to obtain that

I )ull g o002 ey < Nl e o,00pszacmn IVl g 0,00y Lacmy < 7

1 3 3
Since — + % < o0 we have the following embeddings (see for instance [7, Proposition 4.3],
12, Fa. (65), (6.7)])
LP((0, 00); W2U(E)) N W'#((0, 00); LY(E)) < L*(0, 00; L*(E)),
LP((0,00); W29(E)) N WP((0, 00); LY(E)) < L¥/2(0, 00; WH32(E)).
Using the above embeddings, we get
- V)l g o,0y oy < Il 32 g0 sossaqizy) |Vl 2072 g oy p30r2y) < €

which ends the proof. O

Concerning G; and Go defined in (3.12) , it can be easily checked that we have:

Lemma 7.4. Let vy is defined in (7.12). There exists a positive constant Cg, depending on
P, q0,q1,q2 and 1, such that for every v € (0,70), (u, 7,4, w) € Wy, and (u', 7", 0", w") € W,
i =1,2, we have
151(¢, W)HLP(OoolRB) + [[S2(4, W)HLP (0,00;R3) = CS’Y )
1 2 1 2,2
191", wh) = Gu(e, HLP (0,00;R3) T 1G2(¢", w') — Ga(£,w )“Lf,(o,oo;R3)

1 2 2 2
\C’gfyHu,ﬂ,ﬁ, D — 72 % w |’Wn'

We are now in a position to prove Theorem 3.4, Theorem 2.3 and Corollary 2.5.
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Proof of Theorem 8./ and Theorem 2.3. In view of Proposition 3.5, it is enough to prove The-
orem 3.4. We take (v,v,{,,w,) € W, , and consider the system

ou — pAu+ Vr = F(v, 0, by, wy), divu=0 (t>0,z € b)),
u=~l+wxzx (t >0,z € 00),
mé+/ o(u,m)vds = G1(€y,wy) (t>0),
90 (7.13)
Jw +/ x X o(u,m)vds = Ga(Ly,wy) (t>0),
00
u(0) = ug (x € E),
6(0) = Eo, w(O) = Wwo-
Let
. 1 1 gl
deg= L 7.14
Y < min {’707 4CLC§’7 4CL09 } anda &g 2CL7 ( )

where g is defined in (7.12), and Cp,, Cy and Cg are the constants appearing in Theorem 7.1,
Lemma 7.3 and Lemma 7.4 respectively. Assume that, p,q € (1,00) and n > 0 satisfy (7.2).
Moreover, suppose that

[0, £, wo)lz < <o,
where ¢ satisfies (7.14). Let us define the map N : W, , — W, , by

N(%?ﬂ’fmwv) = (U,ﬂ',f,w) ((U7w>£vaw1}) € WWFY)’

where (u, 7, £, w) is the solution to the system (7.13). We are going to show that N is a strict
contraction in W, ,.

Since (v,1,4y,wy) € Wy, we can apply Theorem 7.1, Lemma 7.3 and Lemma 7.4 to the
system (7.13) and using the choice of v and ¢y above, we deduce

||(u771—7£>("))||V\}77 < CL <||(U0,£0,W0)||I + ||(3’(U?¢7€vvwv)’ 91(‘6117(“)11)7 92(£U7WU))||R,7>
< Creg + CLCg’}/Z + CL09’)/2 <.

Therefore N' maps W, 5 into itself.
For j € {1,2}, we take (v7, 97,03, wl) € Wi, and we set
N @3 00wl = (u?, 79,0, W), (7.15)
Using Theorem 7.1, Lemma 7.3, Lemma 7.4 and (7.14), we obtain
H(ul,ﬂl,fl,wl) — (u?, 7%, 02, %) HW
< VCL(CstJr Co) ||(0", 0", £y, wy) — (0%, 9%, 2, 3)”1/\4,

2 2
H 7 U7 U ( 77/} ’ U’ U)HW.,,'
Thus N is a strict contraction of W;, . This completes the proof of Theorem 3.4. U

Proof of Corollary 2.5. Since p > 1, the estimate (2.10) follows easily from the proof Theo-
1
rem 2.3. Note that, the condition (2.5) implies that np’ > 1, where — + — = 1. Therefore, for
p P
any t >0

t
) < [ (220 22 )], s

oo 1/p’
([aserona)
0

Thus indeed h € L*>(]0, 00); R3). a

Ly ([0,00);R?
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Remark 7.5. Let us point out that Theorem 2.3 and Theorem 3.4 hold for more general class
of initial data. Let p,qo,q € (1,00) and n > 0 satisfy the following conditions

1 3 3 1 3/1 1
I<@p<g¢g -+ -<g lI--<n<g|l——-],
p 2q 2 D 2\q ¢

Hfg”qu(E) S Hf”wl,q(E) HQHBSS—W)(E) .

Then Theorem 2.3 is valid for uy € LP(E) N Bgv(pl_l/p)(E). To simplify the presentation, in
Theorem 2.3 we have chosen gy = q/2.
Another interesting choice isp=q=2 and qo =1+ €.

8. THE CASE OF SEVERAL RIGID BODIES

In this section, we briefly explain why our main result in Theorem 2.3 can be extended to
the case of several rigid bodies moving in a viscous incompressible fluid. We insist only on
the adaptations needed in the definition of solutions and, most importantly, in the change of
variables used to write the governing equations in a fixed spatial domain. With the exception
of the above mentioned adaptation of the change of variables, the proofs are very close to those
we presented above for a single immersed body, we will not provide their details.

Let m € N be the number of rigid bodies. We assume that they are homogeneous and that at
instant ¢t > 0 they occupy the smooth bounded domains S;(t), with i € {1,2,---m}. We assume
that the viscous incompressible fluid fills the remaining part of R3. The domain occupied by
the fluid is denoted by

F(t) == R\ UL Si(t).

We also suppose that initially there is no contact between the rigid bodies, i.e., that

S;(0)NS;(0) =0 (i,j € {1,2---,m}, i+ 7). (8.1)

We denote by h;(t),w;(t) and @Q;(t) the position of the centre of mass, the angular velocity, and
the orthogonal matrix giving the orientation of the i*" rigid body at instant t. We thus have,
fore=1,2,...,m,

Si(t) = {hi(t) + Qi(t)z | x € 5i(0)} (t=0),
Qi()Qi(t) te = m;(t) x x (t>0, z € R3), (8.2)
Qi(0) = I3.

Moreover, the velocity and pressure fields in the fluid are denoted by @ and 7, respectively.
With the above notation, the equations modelling the evolution of several rigid bodies in a
viscous incompressible fluid can be written:

Oyl + (i - V)i — pNii + V7 = 0
divu =0,
U(t, z) = hi(t) + @;(t) x (x — h(t))

t>0, e F(1),
t>0, e F(t))

t>0, x €0S(t)),

i

(
(
(
(

mshi(t) = — /asz_(t) o (@, 7)v; ds £>0), w3
Jzaz(t) = Jﬁ;z(t) X (:Vuz(t) — /@5 (t)<1‘ — h(t)) X U(ﬁ, 7?)1/1 ds (t > 0),
(0, ) = up() (y € F(0)),

hi(0) = ho i, hi(0) = £o.4, Ti(0) = wo ;.

In the above equations, v; denotes the unit normal to 9S;(t) directed towards the interior of
Si(t). The constant m; > 0 denotes the mass of the i*" rigid body and the matrix .J;(t) stands
for the inertia tensor of the i*® rigid body at time ¢ > 0.
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We now introduce the notion of strong solutions to the system (8.3). To this aim, we first
define

o(t) = : dist (50,5, . v

Notice that, our assumption (8.1), i.e., there is no contact initially between the rigid bodies,
imply that 6(0) > 0.

Definition 8.1. We say (u, 7, (hi)[™, (Qi)™(w0:)™,) is a solution of the system (8.2)—(8.3) if
hi € C([0,00);R?),  Q; € WH™(0, 00; Msy3(R?)) Ty, @ € WHP((0,00);R?), i€ {1,2,---,m},
i € P[0, 00); W24(F(-))) N WP((0,00); LUF())), 7 € LP([0,00), WH(F())),

for some p,q € (1,00), (8.2) holds in a classical sense, equations (8.3)1’2 in the sense of distri-
bution in (0,00) x F(-), equations (8.3),5 are satisfied in the sense of distributions on (0, 00),
equation (8.3)3 holds in the sense of traces, the initial conditions (8.3)g; hold in a classical
sense and 6(t) > 0 for every t > 0.

We now state the main result of this section.

Theorem 8.2. Let p,q € (1,00) and n > 0 be such that

1 3 3 1 3
qge (2,0), 1<-+—<-, l——<n< —. 8.5
2o0), 1<+ o <5 L<n<y (85)
Let ho1,ho2, -, hom € R3, be such that 5(0) > 0. We assume
up € B VP(F(0)) N LY (F(0))°,
gO,iERga w07i6R37 i:1727'”7m
satisfying the compatibility conditions

div up =0 in F(0), wug(x)="Lo;+wo,; X x forz € 05;(0), i =1,2,--- ,m. (8.8)

Then there exists e > 0 such that for any (uo, (o)1, (wo,)ity) satisfying (8.7), (8.7), (8.8)
and

m
Hu0||32’(;‘71/p)(]:(0))3 + Hu0||LtZ/2(]-'((]))3 + Z (||£0,iHR3 + [lwo,q ‘RS) < €0, (8.9)
i=1
the system (8.3) admits a unique solution (u,7, (h;)q, (Q:i)™, (@W;),) in the sense of defini-

tion Definition 8.1. Moreover, this solution satisfies
U € LE([0,00); W(F(-)) N W, P((0,00); LI(F(+))) N Cy([0,00); By P (F (),
T € L3 ((0,00); WHI(F (),
hi € C([0,00);R?),  Q; € WH(0, 00; Mi3x3(R?)),
hi € Wé’p(o,oo;Rg’), w; € W,71’p(0,oo;R3), i=1,2,---,m.

The proof of the above theorem is similar to the proof of Theorem 2.3. The main difference
is in the construction of flow X that allows us to reformulate the problem in a fixed cylindrical
domain. Thus we limit our presentation to the description of the adaptations needed for the
construction of X. In order to be coherent with the notation used for the single rigid body
case, we begin by setting E := F(0) = R®\ U™,S;(0) and O; := S;(0). For i € {1,2,--- ,m},
let R; > 0 and h; : [0,00) — R3 be such that

6(0)

diam O; + [ hill o (0 00yms) < Bi < =57 (8.10)

It is then easy to see that
S(t) C B(hz, Rz) for all £ > 0,



26 DEBAYAN MAITY AND MARIUS TUCSNAK*

where B(h;, R;) is the open ball of radius R; and centered at h;. Let v; € [CSO(BQRi)]g be a
cut-off function such that ¢; = 1 on Bg,. Fori =1,2,---  m, we introduce a function ¢; defined
in [0,00) x R3 by

Gi(t,m) = hi(t) x (z — h(t)) + %wi(t) (t >0, zeR%),

Fori € {1,2,...,m} and t > 0 we define A;(¢,-) : R? — R3 by

_ad}Z( )CZ ( ) awl( )Cﬂ(tyx)-
Adltw) = i(a) (hale) +E0) x (@ — hu(e))) + 8‘“& Leu(t.x) - W Deatt)| . (s11)
_3%( )Cﬂ( z) - 81/12( )Cu( o)
for every = € R? and we set
A(t,z) = i/\i(t,x) (t>0, z € R%). (8.12)
=1

By obvious adaptations of the proof of Lemma 3.1, we can easily check that A has the following
properties:

Lemma 8.3. Assume that h;,®; € Wnl’p(O, o0) for every i € {1,2,...,m} and that ¢ satisfies
(8.4). Let A be defined by (8.12). Then we have

(1) A =0 outside Bap.

(2) divA(t,x) =0 in [0,00) x R?.

(3) A(t,z) = hi(t) + @i(t) x (z — hy(t)) for every t € [0,00) and = € S;(t).
(4) A is continuous from [0,00) x R3 to R3.

(5) For every t > 0 the map x — A(t,x) lies in C5°(R3).

Let X be the flow associated to the vector A, defined by:

{&X(t,y) = A(t, X(t,y)) (t>0),

X(0,y) =y € R3. (8.13)

Using Lemma 8.3 and following line by line the proof of Lemma 3.2 we obtain

Lemma 8.4. For everyy € R3 the initial value problem (3.4) admits a unique solution X (-,y) :
[0,00) = R3, which is a C' function in [0,00). Furthermore, we have

(1) For every t > 0, the mapping y — X (t,y) is a C™-diffeomorphism from R? onto itself
and from E onto F(t).

(2) For everyt > 0 we denote by Y (t,-) = [X (¢, -)]_1 the inverse of X (t,-). Then for every
x € R3 the mapping t — Y (t,x) is a C' function on [0, 00).

(3) For everyt >0 andi € {1,2,...,m} we have X (t,0;) = Si(t) (Thus Y (t,S;(t)) = O;.).

(4) For every t >0 and y € R® we have that det (VX (t,)) = 1.

The rest of the proof is similar to the proof of Theorem 2.3. We can define a change of
co-ordinates similar to (3.5)—(3.6). The system in new variables will satisfy a system similar
0 (3.9)—(3.12). Then we can define the associated fluid structure operator. This new operator
has the same properties as the fluid-structure operator associated with the single rigid body.
Then one can mimic the steps given in Section 4-7, to obtain the proof of Theorem 8.2. Since
the calculations are almost identical, lengthy and too much of a repetition, we omit the details
here.
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