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Figure 1: Domain

1 Introduction

We consider a fluid-rigid body interaction problem in R3 and we are focusing on de-
veloping an LP-theory for strong solutions of the coupled system, for both Newtonian and
non-Newtonian fluids with the moving rigid body.

We begin with a description of a model. We study a system of equations modelling
the interaction between a fluid flow satisfying the incompressible generalized Navier-Stokes
equations and a rigid body satisfying the conservation of linear and angular momentum. The
rigid body moves inside the fluid and at time ¢ > 0, occupies a bounded domain Qg(¢), while
the fluid fills a bounded domain Qx(t). The common boundary of Qr(t) and Qg(¢) is denoted
by 09Qs(t). Note that

Q5(0) U Qp(0) UdNs(0) = Qs(t) UQp(t) UdNs(t) == QCR3; t>0

and
ONp(t) = 00U INs(1).

For the sake of simplicity, we assume the fluid has constant density = 1. By choosing
a frame of coordinates whose origin initially coincides with the centre of mass of the rigid
body, the domain Qg(t) at any instant ¢ can be given by

Qs(t) = {h(t) + Q(t)y : y € Qs5(0)}

where h(t) is the centre of mass of the rigid body at time ¢t and Q(¢) is a rotation matrix
associated to the angular velocity w(t) of the rigid body. The matrix @Q(t) is the solution of
the initial value problem
QR (y =w(t) xy VyeR’
Q(0) = Is.

Here A” denotes the transpose matrix of A and I3 is the 3 x 3 identity matrix. The system
of equations modelling the motion of the fluid and the rigid body is given by:

(1.1)



ou+ (u-Vy)u =div T'(u, ) in Qp(t) x (0,7),
divu=0 in Qp(t) x (0,7),
u-n=0, [T(u,m)n] +au,=0 on 00 x (0,7,
U-N=uUs N on 0Qg(t) x (0,T),
T(u,m)n|,. + our = augy on 90g(t) x (0,7T),
ml (t) = / T(u,m)n, te(0,7), (1.2)

(Jw / ) x T(u,m)n, te(0,7T),

where u and 7 denote the velocity field and pressure of the fluid respectively, T'(u, ) =
p(|Du|?)Du — w13 is the stress tensor with the viscosity function p € CH(R*;R) satisfying
the following assumptions

wu(s) >0 and pu(s)+2su'(s) >0 forall s>0 (1.3)

and Du := 3 (Vu+ Vu?) ie., (Du);; := Djju := § (ju; + 0ju;) denotes the deformation
tensor with |Dul? = Zf’jzl(ID)iju)z is the Hilbert-Schmidt norm. The friction coefficient
a(z) > 0 is a given function and n(x,t) denotes the unit outward normal vector with respect
to the domain Qp(t). The subscript (-)r denotes the tangential component of a vector i.e.
vy = v — (v-n)n. The constant m > 0 is the mass of the rigid body and J(t) is its inertia

tensor, given by

J(t)a-b= / ps(ax (x—h(t))  (bx (x—h(t))) Va,beR3
Qs(0)

where pg > 0 is the density of the body. Lastly, I(t) := h'(t) denotes the translational
velocity such that ug(x,t) :=I(t) + (& — h(t)) x w(t) is the velocity of the rigid body.

The assumptions on stress tensor T allow a wide flexibility of stress law coming from
various experimentally verified physical models. In particular, it includes the power-law type
fluids, namely,

d—2
p(IDuf?) = po (14 Duf?) =, p(IDuf’) = po|Dul*?  for pg € (0,00), d € (1,00).

The case d = 2 corresponds to the classical Newtonian fluids i.e. the case of constant viscosity.
In that case, we denote the stress tensor by o(u, 7) (just to distinguish) which is simply given
by o(u, ) := 2Du — wI. Of particular importance within this class are, the shear-thinning
fluids, i.e., the case d € (1,2) which include many important materials of interest (e.g. can
be applied for modelling of blood) and also shear-thickening fluids, i.e., the case d € (2, 0).
For further discussions on the related non-Newtonian fluids, we refer e.g. [0], [5]. Concerning



the study of the fluid-rigid body interaction system involving non-Newtonian fluid, there are
not many works done till now. The authors in [23] provides an LP-theory for strong solutions
in 3-dimension, although considering the Dirichlet boundary condition only. Also in [21],
authors have considered a similar system with only power-law type fluid and the no-slip
boundary condition (v = oo) and establish the existence of a global in time, weak solution.
Let us also mention type of regularity results which was done for particular case when we
consider the motion of rigid body and motion of incompressible fluid around the rigid body
38, 39].

Another aspect is the boundary conditions we analyze here, the so called slip boundary
conditions, introduced by Navier [37] (the linear version), later proposed independently by
Maxwell [31]. These conditions describe on one hand that the physical domain is impermeable
and on other hand, the fluid may slip over the solid boundary, rather than sticking to it.
Mathematically, this second condition is described as the fluid velocity need not be equal
to the velocity of the solid boundary, rather the tangential component of the fluid velocity
is proportional to the stress exerted by the fluid on the boundary and the proportionality
constant is called the friction coefficient. Observe that the friction coefficient o = oo gives
the no-slip Dirichlet boundary condition, formally, while & = 0 corresponds to the full slip
conditions. Although the no-slip boundary conditions are the one widely studied and accepted
in the context of fluid dynamics, there are many problems at the macro scale where the no-
slip condition is not applicable, examples include the moving contact line problem [18] and
the corner flows [29]. These and many other paradoxes may possibly appear because of the
no-slip boundary conditions. Moreover, in the context of fluid-rigid body interaction the no-
slip conditions give rise to so-called no-contact paradox which says that collision between the
rigid body and the boundary will not occur in finite time [26, 43]. Therefore it is necessary
to study more deeply the slip boundary condition experimentally, as well as mathematically.
There are very few works done on the fluid-solid interaction system where slip boundary
conditions are treated. Existence of a weak solution for the Newtonian case was proved in
[12, 24], while the existence and uniqueness of local-in-time strong solutions were studied in
[2, 48]. In [10] the author proved uniqueness of weak solution in the 2D case. Weak-strong
uniqueness in 3D was studied in [13, 35]. Finally, we mention the existence result for weak
solution in the case when the elastic structure is part of the fluid boundary [36] which is
a 3D — 2D interaction problem. All the above-mentioned results are in L?-setting, for the
Newtonian fluids and the friction coefficient « is assumed either 0 or a constant.

Also at the molecular scale, Thompson and Trojan, based on their experiments, proposed a
slip boundary condition which is highly non-linear [16], even though the fluid is still considered
to be Newtonian (see also [33]). This universal condition may determine the degree of slip
at a fluid-solid interface as the interfacial parameters and the shear rate are varied. But this
non-linear boundary condition seems out of reach with our present mathematical technique.
However, we may treat the non-linearity discussed by Lewandowski et al. [31] in the context
of turbulence model

[o(u, m)n]r + alulur =0, (1.4)

which is not much different from its linear counterpart, at least concerning the qualitative
analysis.

Note that we can also consider the Dirichlet condition u = 0 on the outer boundary 02
instead of (1.2)3 and study the system. We will see that this makes no big difference in the
analysis. Therefore, we will mention this case only particialy, we describe the differences will



be made precise.

Our main goal in this work is to develop an LP-theory for strong solutions of the fluid-rigid
body interaction system with slip boundary condition at the interface, for both Newtonian
and non-Newtonian fluid. The main novelty of this work is to provide a unified result con-
sidering the linear as well as some non-linear slip condition at the fluid-solid interface, where
the non-constant slip coefficient depends on the space.

We start with studying the Newtonian case. Since the domain Qp(¢) x (0,7") depends on
the motion of the rigid body, this is a moving boundary problem where the domain is also an
unknown a priori. Hence it is natural to transform the system (1.2) to a fixed domain and
solve the problem there. Among several possibilities for this transformation, the usual one is
a global, linear transformation which says the whole space is rigidly rotated and shifted back
to its original position at each time ¢ > 0 (cf. [22]). This refers the equations of motion of the
fluid-rigid body system in a frame attached to the rigid body, with origin in the center of mass
of the latter and coinciding with an inertial frame at time ¢ = 0. One conceptual difference
is that in [22], the fluid occupies an exterior domain where it is reasonable to perform such a
transformation. But in our case where the fluid and solid contains a bounded domain, it is
not suitable to choose such transformation. Also technically, this transformation generates
an extra drift term of the form [(w X y)-V]u which has unbounded coefficients. This produces
a fundamental difficulty as the transformed problem is no longer parabolic. To overcome this
difficulty, Tucsnak, Cumsille and Takahashi (cf. [14, 45, 15]) used another non-linear, local
change of variables which only acts in a bounded neighbourhood of the body i.e. coincides
with Q(t)y + h(t) in a neighbourhood of the rigid body and is equal to the identity far from
the rigid body. This transformation preserves the solenoidal condition of the fluid velocity
and do not change the regularity of the solutions, although the rigid body equations change
and become non-linear.

We follow this second approach with a different point of view. We use the rotation
matrix () instead of the Jacobian Jy in the change of variables (cf. 7.5). In that sense it
lies somewhat in between the above two methods. Although this transformation does not
preserve the divergence free condition as compared to the second approach involving Jy used
in [14], it makes the corresponding estimates on the non-linear terms, appeared from the
change of variable, much easier. After the change of variables, our strategy is based on the
maximal regularity property of the linearized system. We extend the maximal regularity
result for the Stokes problem to the fluid-rigid body system. At this step, we write the full
system in terms of Pu, I, w only, where P is the Helmholtz projection. This helps us to achieve
further the exponential stability of the system in the Newtonian case. We finally rewrite the
full non-linear transformed problem as a fixed point problem and deduce several estimates
on the coordinate transform and on the extra terms appearing from the transformed system
which make the fixed point mapping contractive, provided the given data are small. This
gives the existence of a unique strong solution in L? spaces of the fluid-rigid body system.

Next we discuss the non-Newtonian fluid. Using the same transformation as before, we
reduce the system on fixed domain and then linearize the corresponding operator by fixing
the coefficients. To prove the maximal regularity of the linearized system, we can not follow
the same approach as in the Newtonian case. Because of the complicated structure of the
generalized operator, writing the full system in terms of only Pu, [, w is not possible. Thus we
follow here the approach used in [23]. In the last subsection, we show that the same analysis
can be done as well for the non-linear slip condition (1.4).



2 Main results

We assume that the rigid body at the initial position does not touch the wall of the fluid

domain, i.e.
dist (Q5(0),00) > 5 > 0.

For reference purpose, we rewrite the generalized system (1.2) in case of Newtonian fluid:

u+ (u-Vy)u =div o(u, ) in Qp(t) x (0,7),
divu=0 in Qp(t) x (0,7),
u-n=0, 2[(Du)nl. +ou,=0 on 90 x (0,7),
U-Nn=us-n on 90g(t) x (0,7),
2[(Du)n|,. + ocur = cug, on 90g(t) x (0,7T),
ml (t) = — / o(u, T)n, te(0,7), (2.1)
0Ns(t)
(Jw) (t) = — / (x —h(t) xo(u,m)n, te(0,7),
0Qs(t)
u(0) = uo in Qp(0),
1(0) =1y, w(0)=wo.

We use the following function spaces. For a domain D € R™,n € N, the Sobolev spaces
are denoted by W™4(D). For every 0 < s <m, m € Nand 1 < ¢ < 00,1 < p < 00, we
denote the Besov spaces by By ,(D) which can be defined (equivalently) by real interpolation
of Sobolev spaces (cf. [17, Section 1.6.4, page 39])

B;,(D) := (LY(D), W™4(D)) (2.2)

s/m,p*

We also introduce the notation, the subscript ¢ denotes the divergence free condition in the
domain and the subscript T over a space denotes the zero normal component on the boundary.
For example, we write:

LI (D) :={veLYD):divv=0in D,v-n=0o0ndD}.

Let the Stokes operator with Navier boundary conditions on L -(Q2#(0)) is defined as,

D(Aq) ={u e Wfﬁ(QF(O)) :2[(Du)n]r + aur =0 on 902r(0)}, (2.3)
Aju =PAu  for all u € D(A,) '
where « is such that
1—oL 34¢ .
we JW 34 (00R(0) i 1<p< 3 (2.4)

W5 P(905(0)) if p>3
with € > 0 arbitrarily small and P is the Helmholtz projection

P L9(Qr(0)) — L3 - (2r(0))



i.e. for ¢ € LY(Qp(0)), Py = ¢ — Vp for some p € WH4(Qp(0)) which satisfies

div(Vp—¢) =0 in Qp(0)
(Vp—¢) - n=0 on 0Qr(0).

Also we say that ug € 3352/ P(Qp(0)) satisfies the compatibility condition if

ug —vg € (L (Qr(0)), D(4)) for some vy € C%(Qr(0)) satisfying

1—%,})
div vg =0 in Qp(0),
(lo+ (wo xy))-m on 9Ns(0), vo-nm =0 on 01,

n =
2[(Dvo)n)r + avor =0 on OS2,
2[(Dvg)n)r + avor = a(lp +wp X y)r on 9Ng(0).

% (2.5)

and if p > 3, {

We can now state our main results on the existence of a unique, global in time, strong
solutions for the Newtonian and the generalized Newtonian system (2.1) and (1.2) under the
smallness assumption on data.

Theorem 2.1. Let Q(0) be a bounded domain of class C*, p,q € (1,00) satisfy the condi-
tion %+ 2% <3 and o > 0 be as in (2.4). Letn € (0,m0) where no is some constant (specified
in Theorem 4.8). Then there exist two constants o > 0 and C' > 0, depending only on p,q,n
and Qp(0) such that for all § € (0,600) and for all (ug,lo,wo) € Bi(plfl/p)(QF(O)) x R3 x R3
satisfying the compatibility conditions (2.5) and

||UOHB§7<;fl/p)(QF(O)) + ollrs + llwollrs <6,

the system (2.1) possesses a unique global strong solution (uw,m,l,w) in the class of functions
satisfying
1"l Lo 0,00 w20 () + €™ W10 (0,00 L1 (00 () + H6"(')71HLoo(opo;Bg’(;—l/p)(QF(.)))

+ Hen(')WHLP(O,oo;Wl«q(QF(~))) + Hen(')lelm(o,oo;W) + Hen(')wle»P(o,oo;R?ﬁ) < (.
(2.6)
Moreover, dist(Qg(t),d(Q) > B/2 for all t € [0, 00).

In particular, we have,
. . —nt
ot 1) 27003 + IO s+ o) s < O

Remark 2.2. If we consider uw = 0 on 02 x (0,T) in (2.1)3 instead of the slip condition,
then we obtain the same result as above, provided the compatibility condition for the initial
data needs to be replaced with

Uy — vy € (Lgﬂ_(QF(O)),D(A?))l_l » for some vy € C*(Qr(0)) satisfying

div Vo = 0 n QF(O),
vo-n=(lp+ (woxy)) -n on INs(0), vo=0 on 09,
and  2[(Dvg)n]r + aver = a(lp + wo X y)» on 9Ng(0)  if p > 3.

7



Here AqD : LE - (Qp(0)) — LL - (Qp(0)) denotes the following Stokes operator with Dirichlet
boundary condition at the fluid boundary:

D(AZID) ={u e Wfﬁ(QF(O)),u =0 on 09, 2[(Du)n|; + aur =0 on INQr(0)},
Agu=PAu for all u € D(AD)

Theorem 2.3. Let p > 5, Qp(0) be a bounded domain of class C>' and o > 0 satisfies

(2.4). Then there exists a constant 6o > 0 depending only on p and Qp(0) such that for all

5 € (0,80) and for all (ug,ly,wo) € W22/PP(Qp(0)) x R3 x R? satisfying the compatibility
conditions (2.5) and

[wollwz-2/0.0 (0 0)) + lollrs + llwollrs < 9,
the problem (1.2) admits a unique strong solution

u € LP(0, 00; WP (Qp(-))) N WHP(0, 00; LP(Q (1)),
7 € LP(0,00; WHP(Qp(4))),l € WHP(0,00;R?),w € WHP(0, 00; R3).

Remark 2.4. Since the generalized stress tensor T includes the Newtonian stress tensor o
as the special case, Theorem 2.3 generalizes Theorem 2.1. On the other hand, less restrictive
assumptions on p,q are needed in Theorem 2.1, compared to Theorem 2.3.

Our last result concerns the nonlinear slip condition (1.4).

Theorem 2.5. Let p > 5, Qp(0) be a bounded domain of class C*' and o > 0 satisfies
(2.4). Then there exists a constant 6y > 0 depending only on p and Qp(0) such that for all
5 € (0,00) and for all (ug,ly,wy) € W2=2/PP(Qp(0)) x R x R® satisfying the compatibility
conditions (2.5) and

[wolly2—2/p.0(0p(0)) + llollrs + [lwollrs < 0,

the problem (1.2) with the boundary conditions (1.2)3 — (1.2)5 replaced by the nonlinear slip
condition (1.4) admits a unique strong solution

u € LP(0, 00, W?P(Qp(-))) N WHP(0, 00; LP(Q (1)),
7 € LP(0,00; WHP(Qp(4))),1 € WHP(0,00; R?),w € WHP(0, 00; R3).

3 Preliminaries and notations

In this section, we introduce the notation used throughout this paper, in particular some
results concerning maximal regularity and R-boundedness in Banach spaces.

For Banach spaces X and Y, we denote the space of all bounded, linear operators from X
to Y by L£(X,Y). The resolvent set of a linear operator A is denoted by p(A). The domain
of an operator A is denoted by D(A). Whenever we consider D(A) as a Banach space, it is
assumed to be equipped with the graph norm of A.

We consider the following problem:



Definition 3.1. Let p € (1,00). We say that A has the maximal LP-regularity property on
the interval I (with I = [0,T] or I = [0,00)) if there exists a constant C > 0 such that for
all f € LP(I;X), there is a unique u € LP(I; D(A)) with v’ € LP(I; X) satisfying (3.1) with
ug = 0 for almost every t € I and

wll e (rxy + HUIHLP(I;X) + [ Aullr(r;x) < Clfllorr;x)-

We also need to define the notion of UMD-space (unconditional difference martingle
property). Actually we give here a property of UMD-spaces which is equivalent to the original
definition (for more on this subject, see [1 1], [9]). The Hilbert transform H f of a measurable
function f is, whenever it exists, the limit as ¢ — 07 and T — +o0 of

Herf(t) = / f@s‘%s, LeR.

e<|s|<T

Definition 3.2. A complex Banach space is said to be of class UMD if the Hilbert transform
H is bounded in LP(R; X) for all (or equivalently, for one) p € (1,00).

These spaces are also called of class HT. Any Hilbert space is in the class UMD. If X is
a Banach space in the UMD-class, then LP(£2; X) for Q C R™ and p € (1,00) is also in the
UMD-class.

Now we want to state an equivalent property to maximal regularity in terms of R-
boundedness of the resolvent of the operator. For further details on R-boundedness, refer to

[50]-

Definition 3.3. A set T C L(X,Y) is called R-bounded if there is a constant C > 0 such
that for allm e N, Ty, ..., T, € T and x1,...,x, € X,

o, Pon
/Her(S)zjjHYdS SC/“ZTj(S)xj“XdS
o J=l o

where {1;}j=1,..n is a sequence of independent {—1,1}-valued random variables on [0,1].
The smallest such C' is called R-bound of T, we denote it by R(T).

We also collect some useful properties of R-boundedness which will be used later. For
proof, see [10, Remark 4.1.3, Proposition 4.1.6].

Proposition 3.4.
1. If T C L(X,Y) is R-bounded, then it is uniformly bounded with

sup{|T|: T € T} <R(T).

2. If X and Y are Hilbert spaces, a set T C L(X,Y) is R-bounded if and only if it is
bounded.

3. Let X, Y be Banach spaces and T,S C L(X,Y) be R-bounded. Then T+S is R-bounded
as well and
R(T+S) <R(T)+R(S).



4. Let X, Y, Z be Banach spaces and T C L(X,Y) and S C L(Y,Z) be R-bounded. Then
ST is also R-bounded and
R(ST) < R(S)R(T).

To this end, let us introduce another notion for the sake of being in line with the references.
Let us denote the sector in the complex plane

Yo:={Ae C\{0}: |arg\| < 0}, 6¢€(0,m).

Definition 3.5. [70,page 417]. Let X be a complex Banach space and A : D(A) C X — X
be a densely defined, closed, linear operator. A is said to be sectorial if (0,00) C p(A), has
dense range and there exists some 0 > 0 such that

MM -A)7 <o, Aex,.

for some constant C' < co. Moreover, A is called R-sectorial if {\(\ — A)~1 : X\ € Sy} is
R-bounded.
The R-angle of A is defined by

0,.(A) :=1inf{f € (0,7) : RUAM — AL : X e B, _p}) < oo}

The next characterization which is due to Weis [50, Theorem 4.2], is the key tool to prove
the existence of a strong solution of (2.1).

Theorem 3.6. Let X be an UMD-space and A be a generator of a bounded analytic semi-
group. Then A has mazimal LP-reqularity if and only if there exists a 0 > 0 such that

R ({A(AI —A) e zgw}) < .

In other words, A has mazimal LP-regularity if and only if A is R-sectorial of angle 6,(A) >
/2.

Recall that A generates a bounded analytic semigroup in X if and only if {\(A] — A)~!:
A € Yz 44} is bounded for some 6 > 0 (cf. [19, Theorem 4.6, Section II, page 101]).

Also if X is an UMD-space and the operator A has bounded imaginary powers, then A
has maximal LP-regularity, by the well-known Dore-Venni result [17, Theorem 3.2].

The above characterization in Theorem 3.6 provides a convenient tool to check maximal
regularity for concrete operators, as we will show in the next section. We will also need some
perturbation results which we state below (although we did not find the proof and its exact
reference; A slight variation has been proved in [30, Corollary 2]).

Theorem 3.7. [/9, Corollary, page 207]. Let A generates a bounded analytic semigroup on
an UMD-space X and B be a linear operator satisfying D(B) D D(A) and

Bz < al|Az| +bllz]|, =€ D(A).
If A has mazimal LP-regularity and a is small enough, e.g. a < (1 + C)~2 where C is the

R-bound of {AN — A)~t : X € X,_g}, then A+ B has mazimal LP-reqularity on [0,T] for
all T' < 0.

10



We conclude this section by stating the following well-known result (see for example [25,
Theorem 2.3], [3, Theorem 4.10.7, Chapter III]) which deals with the maximal LP-regularity
of the Cauchy problem (3.1).

Proposition 3.8. Suppose X be a Banach space of class UMD, p € (1,00) and let A be a
R-sectorial operator with 0,.(A) > 7/2. Then (3.1) has a unique solution u € WP (0, 00; X)N
LP(0,00; D(A)) if and only if f € LP(0,00; X) and up € (X, D(A))

1—%,;}'
4 Linear problem

After changing the full non-linear system (2.1) on a fixed domain (see Appendix), we
would like to first study the corresponding linearized problem. Fixing all the non-linear
terms in (7.7), the remaining linear system reduces to the following form (for notational
convenience, in this section, we omit the tilda on the variables):

( Oyu — div o(u,7) = f in Qp(0) x (0,7),
divu =div h in Qp(0) x (0,7),
u-n=0, 2[Du)n|.+aou,=0 on 00 x (0,7),
un=_Il+wxy) n on 00s(0) x (0,7),
2[(Du)n|,. +our =l +w x y)- on 00g(0) x (0,7,
ml' = — / o(u,m)n + g1, t e (0,7), (4.1)
905(0)
J(0)w' = — / yxo(u,mn+gy, te(0,7),
985(0)
u(0) = uo in Qp(0),
1(0) =1y, w(0)=wo.

We want to re-formulate the system (4.1) in the form:
S(t) = Ax(t) + F(8),  2(0) = 2

or equivalently, to approach via semigroup theory, we want to consider the corresponding
resolvent problem. First we treat the system with divergence-free condition and then return
to the full inhomogeneous divergence condition.

As the classical approach, we need to eliminate the pressure from both the fluid and the
structure equations. The standard way to eliminate pressure from the fluid equations is to
invoke the Helmholtz projection (cf. [28]). But we also decompose the velocity field into Pu
and (I3 —P)u which is crucial since the pressure which is eliminated from the fluid equations
using the projector P, also appears in the structure equations.

11



4.1 Resolvent problem
Given A € C, f € LY(Qp(0)) and (g1,g2) € C* x C3, consider the system

M —Au+Vr=f in Qp(0),
divu =0 in Qr(0),
u-n=0, 2[(Du)n|. +ou=0 on 01,
un=(Il+wxy) n on 00g(0),
2[(Du)n],. +our =l +w x y)- on 090g(0), (4.2)
Aml = — / o(u, m)n + g1,
0Q5(0)
A (0w = — / y X o(u,m)n + gs.
905(0)

The following existence result governing the steady fluid equations is required to refor-
mulate the fluid part in the above system.

Proposition 4.1. Let ¢ € (1,00) and a > 0 be as in (2.4). Given (I,w) € C3 x C3, there
exists a unique solution (v,1) € W24(Qp(0)) x WH4(Qr(0)) of the following Stokes problem

—Av+ Vi =0 in Qp(0),
divo =0 in Qrp(0),
v-n=0, 2[(Dv)n] +aoav:=0 on 0f, (4.3)

v-n=_Il+wxy)-n on 90g(0),
2[(Dv)n], +aovy =a(ll+wxy)r on 02g(0).

Proof. See [1, Theorem 2.1]. [ |
Let us denote S(I,w) := v, Spr(l,w) := 9. Also denote the Neumann operator

N : Wie9(9Qr(0)) — W29(Qp(0))
h— ¢

where ¢ solves A = 0 in Qr(0), g—i = h on 9Qrp(0). Set Ng(h) := N(1pag4)h) for any
h e W=1/949(904(0)).

By extrapolation, we extend the Stokes operator A, defined in (2.3) to an unbounded
operator A, with domain D(A,) := L -(2#(0)) on D((4,)*) = D(A,)', so that (4, D(A,)")
be the infinitesimal generator of a strongly continuous semigroup on D(A,)’, satisfying

Agp =Agp YV €D(A).

Here Ax denotes the adjoint operator of A and X’ denotes the dual space of X.

In the following proposition, we write an equivalent formulation of the fluid part of the
resolvent problem (4.2). We decompose the fluid velocity into Pu and (/3 — P)u which was
introduced for Stokes problem in [42]. This decoupling enables us to write the pressure in
terms of Pu,l, w which will be useful to eliminate the pressure from the structure equation.
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Proposition 4.2. Let g € (1,00), a > 0 be as in (2.4) and (f,1,w) € L& - (Qr(0)) x C3 x C3.
Then (u, ) € W24(Qp(0)) x Wh4(Qp(0)) satisfies the system

M —Au+Vr=f divu=0 in Qp(0),
u-n=0, 2[Du)n|. +aou,r=0 on 0f, (4.4)
u-n=Il+wxz) n, 2[(Du)n|. +aou,=al+wxxz); on INs(0)

APy — A Pu + APS(l,w) =Pf
(Is —P)u = (I3 — P)S(l,w) (4.5)
m=N(APu-n) — ANg((l +w x x) - n).

Proof. Let (u,n) satisfies (4.4). Denote (u,7) := (u — S(I,w), 7 — Spr(l,w)). Then (u,7)
satisfies

M —Au+Vi=f-AS(l,w), diva=0 in Qg(0),
u-n=0, 2[Du)n] +aur=0 ondQr(0).

This shows @ € D(Ay) and Pu = w. Therefore, applying the projection P on the 1st equation
of the above system, we get

AP(u+ S(l,w)) — Agu+PVr =Pf. (4.6)
But, note that

— Ay + PV# = P(—Ad + V7) = PP(—A@)
=P(—A@) = —Agi = —APi = —AP(u — S(I,w)).

So we obtain from (4.6), APu — A,Pu+ A,PS(l,w) =Pf in Qp(0).
Also, as Pu = u i.e. (I3 —P)u = 0, we deduce (I3 — P)u = (I3 — P)S(l,w).
Furthermore, from (4.4), taking divergence in the 1st equation yields, Aw = 0 in Qp(0);
And since A(l3 —P)u = 0 in 2x(0) (follows from the properties of Helmholtz projection),

on
on 1 Q5 (0)

APu-n on 0f)

—APu-n—)\u~n—{
APu-n—Al+wxx)-n on dNg(0).
Therefore, the expression of 7 in (4.5) follows from the definition of the operators N and Ng.

Conversely, let u € W24(Qp(0)) satisfies the system (4.5). Since we have (I3 — P)u =
(I —P)S(l,w), defining @ := u — S(l,w) we get u € LE -(2p(0)) and Pa = . Thus the 1st
equation of (4.5) can be written as

Ay =PAu— f) =: h.

But since, h € L +(Q2) and flq is the generator of a strongly continuous semigroup (in fact,
the maximal monotone property of the operator A, and flq is sufficient), then u € D(4,)
and hence, the boundary conditions in (4.4) is satisfied by w.

[The proof of the above statement is very simple and holds for general unbounded oper-
ators. For completeness, we mention it here: Let A be a maximal dissipative operator in a
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Banach space X with dense domain D(A) and A_; be its extension by extrapolation in X_;
with domain X. If z € X is such that A_jx € X, then z € D(A) and A_1z = Axz.

Proof: Define, f = x+ A_jz € X. Since A is maximum dissipative, there exists y € D(A)
such that y + Ay = f. Hence, y + A_1y = f. But as A_4 is dissipative, it follows x = y €
D(A).]

Now we write once again the 1st equation of (4.5) in terms of @ as,
N — Agii = P(f — AS(L,w)).
Therefore, from the characterization of (I —P), there exists @7 € W4(25(0)) such that
A — Au+ V7= f—AS(,w).
Then (u,n) with 7 = 7 4+ S, (I, w) satisfies (4.4). [

Now using the expression of the pressure obtained above, we can re-write the two equations
in (4.2) satisfied by ! and w.

Aml = —2 / (Du)n + / ™ + g1

905(0) 0%5(0)
- / (D(Pu))n + / D((Is — P)S(l, w))n (4.7)
905(0) 905(0)
+ / N(APu -n)n — A / Ns((l+wxy) n)n+ag1
905(0) 995(0)

and
AJw = -2 / y X (Du)n + / Y XTn+ g

s5(0) 995(0)
=-2 / y X (D(Pu))n + / yxD((I3 —P)S(l,w))n (4.8)
95(0) 995(0)
+ / y X N(APu -n)n — A / Yy X Ng(l+w X y) -n)n+ g.
%25 (0) 005(0)

So, (4.7) and (4.8) can be written combindedly in the following form:
l l g1
MK = C1Pu + Cy +
w w g2
K=I+M

H(mfg 0)
0 J 6x6

14
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be the constant momentum matrix,

AN faQs(o) Ns(l+wxy) n)n
Mio)=\; « Ng((l+w x y) - m)m
99s5(0) ¥ s Y 6x1
be the added mass matrix,

CPu = —2 fags(o) (D(Pu))n + faﬂs(o) N(APu-n)n
—2 fags(o) y X (D(Pu))n + fBQS(O) y X N(APu - n)n -

l faQ (0) D((I3 —P)S(l,w))n
C2< > <fms y x D((Is — P)S(L, w))n .

Lemma 4.3. The matriz K defined above is an invertible matriz.

and

Proof. The main point is that M is a positive semi-definite, symmetric matrix. Then K
being the sum of an invertible matrix and a semi-definite matrix, is itself invertible. The
proof is essentially same as [23, Lemma 4.3]. We briefly explain it.

First we derive an explicit representation formula for M. For that, let {e;} be the basis
vectors of C? and let v?, V? be solutions of the weak Neumann problems:

Av' =0 in Qp(0),

o' o'
e 0 on 09, S — @™ oon 0Qs(0);
and .
AV =0 in Qp(0),
oV’ oV
P 0 on 09, e (e; x y)-m on 002g(0).

Therefore, from the definition of the operator Ng, we can write,

Ns((l4+w xy) - Zlv—kalV’

By defining,

vinj for1 <i<3, 1<j5<3,
)

Vitin, ford<i<6, 1<j<s3,

\g\,

Q

ms; = )
v'(ej_3 xy)-n for 1 <i<3, 4<j5<6,

& &
33

5

Vi ejs xy) m ford<i<6, 4<j<6,

D
2
)

2

15



we get M = (myj)1<ij<6. Now to show M is symmetric, observe that, by Gauss’ theorem,
for 1 <14,5 <3,

. J . .
mij = / v'in = / ((?“)11}1 /div(levJ): / Vo' - Vol = Z /8k11 v

995(0) 095(0) Qp(0) Q5 (0) =1 aro

which is symmetric; Similarly, for 4 < 4,5 < 6,

; : i3 . 4
mij = / Vi (eja xy)-n= / V”’agn = / YV VI3 = my,;,
05(0) 05(0) Qr(0)

and for 4<i<6,1<j<3,

. , J . .
mij = / VZ_3TL]‘ = / V1_3?’I}’L = / VV"?’ . V’U] = mjz-,

085(0) 95(0) Qr(0)

and the same for 1 <i¢ < 3,4 < j <6. Finally, for any z € CS, we obtain

3 6 3 3 6 6
T
2" Mz = E mijziZ; + E E mij2iZ; + E E mi;2iz; + E Myj 2325

i,j=1 i=4 j=1 i=1 j=4 i,j=4
3 3 3 2
= Z / (Z opv'x; + Z 8kV1:):Z> > 0.
k=1 g0 Vi=l i=1
This completes the proof. |

Let us now define the fluid-structure operator Apg : D(Ars) C X — X with
X := L% _(Qp(0)) x C* x C?,

and
D(Ars) = {(Pu,l,w) € X : Pu—PS(l,w) € D(A,)},
Ao — A, —A,PS
TU\ka K,

Combining the above results, we obtain below an equivalent formulation of the resolvent
problem (4.2).

Proposition 4.4. Let ¢ € (1,00), a > 0 be as in (2.4) and (f,g1,92) € X. Then
(u,m,l,w) € W24(Qp(0)) x WH(Qp((0)) x C3 x C? satisfies the resolvent problem (4.2)
uf

Pu Pf
M-Aps) | 1 | = &
w 9> (4.9)

(Is =P)u = (I3 = P)S(l, w)
N(APu-n) — ANg((l+w x ) -n)

where (g1,G2)" = K~ '(g1,g2)"
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The following lemma, gives an equivalent norm on the domain of the above operator.

Lemma 4.5. The map
(Pu,l,w) = |[Pullw2a@p0) + [[Llcs + llwlles
is a norm on D(Aps) equivalent to the graph norm.

Proof. The proof is similar to the one im [41, Proposition 3.3] for Dirichlet condition. Nonethe-
less we briefly repeat it for the sake of completeness.

For A > 0, (A\lg — K~1C3) is an isomorphism from C® to C°. Thus (I,w) — [|(I,w)]|cs +
| K102 (1, w)||cs is an equivalent norm to (I,w) + ||l||cs + ||w||cs. Also since A, is an
isomorphism from D(A4,) to L¢ - (2r(0)), there exist positive constants C; and Cs such that

Ci|[Pu —PS{ w)lw2a@p ) < [[AgPu — AgPST W)l Loor(0)
< CQ”IPU — PS(l, w)sz,q(QF(o)).

Now, using the fact that S(I,w) € £ (C% W?24(Qp(0))) and K~'Cy € L (C%CY), we get
that

(P, b w)llx + [ Ars(Pu, I, w)||x
= [|(Pu, L, w)llx + [ AgPu — AGPS (L w)l| Loy (o)) + 1K CrPu + K71 Ca(l, w)l|eo
< C (IPullw2ap ) + ltlles + llwlics) -

To prove the reverse inequality, we write

1Pu|[w2.0(0p0)) + 1llcs + lwllcs
1
< aHAqPU — APS(L,w) | Lar0) + IPST w)llw2a@po)) + 1llcs + lwllcs

1
< g 14dPu = AgPSE @)l a0 () + lElle + lwflce-

This completes the proof. |

Next we show the R-boundedness of the resolvent operator of Arg which will give us the
maximal LP — Li-regularity for the linear problem (4.1) with h = 0.

Theorem 4.6. Let ¢ € (1,00) and a > 0 be as in (2.4). There exists 6 > 0 such that
Yrj240 C p(Ars) and

R{AN Mg — Apg) ™' : A€ Sr/n19} < 0. (4.10)

In other words, Apg is R-sectorial.

Proof. The proof follows the similar argument as in [32, Theorem 3.11]. We first write
Ars = Aps + Bpgs where

- (A, —APS (0 0
AFS = < 0 0 > 5 BFS = <K_101 K_102> .
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Next we prove that Apg with D(/IFS) = D(Apg) is R-sectorial on X. Note that we can
write, using the identity —(\5 — A,) "1 A,PS = —A(\I3 — A,) " 'PS + PS,

ALy — Apg) ™ = <)\()\13 — At A3 — A)T'PS + ps) .

0 I

Since the Stokes operator A, is R-sectorial in LY(2r(0)) (see [1]) and using the properties
3. and 4. of Proposition 3.4, we get

R{-A\3 — A)) " 'PS + PS} < R{-A(\I3 — A,) '}R(PS) + R(PS) < c0.

Observe that the R-boundedness of PS follows from the definition easily, only using the
continuity of PS. Therefore the desired result follows.

Finally we show that Bprg is a small perturbation of Apg which yields the R-sectoriality
of Brg. This concludes the proof.

To do so, first let us show that Brg € L(D(Ars),C?). By Lemma 4.5, for any (Pu,l,w) €
D(Ars), we have (Pu, I, w) € W24(Qp(0))xC3xC3. Therefore, by trace theorem, (D(Pu))n €
W1-1/44(90g(0)) and faﬂs(o) (D(Pu))nds € C3. On the other hand, APu € L4(2(0)) and
div APu = 0 which implies APu -n € W~1/949(9Qg(0)). Also the following condition is
satisfied (due to the divergence free condition)

<A]Pu -n, 1>W—1/q,qXW1/qu, = 0.

Thus N(APu - n) € W14(Qp(0)) and faﬂs(o) N(APu - n)n ds € C3. Other terms of Cy can

be checked in the same way. Similarly, for the matrix Cy, notice that S(I,w) € W24(Qr(0))
and PS(I,w) € W24(Qp(0)) since Pu € W24(Qr(0)) and hence, (I3—P)S(l,w) € W24(Qr(0)).
therefore, D((I3 — P)S(l,w)) € W'1/44(9Qg(0)) and fans(o) D((I3 — P)S(l,w))n ds € C3.
The other term of Cs can be treated in the same way. Thus, we deduce that the operator

BFS : D(Bps) = D(.Aps) — Cg

is a bounded linear operator, due to the continuity of the trace operator and the elliptic
regularity results. This concludes that Bpg is a finite rank operator and hence compact.
Therefore we can say (Brg, D(Brsg)) is Apg-compact by the definition [19, Chapter III,
Definition 2.15]. Then, from [19, Chapter III, Lemma 2.16], we get that Bpg is Apg-bounded
with Apg-bound is 0, that is, for all § > 0, there exists C(0) > 0 such that

1Brs 2|l < 6| Aps 2| + C@)|z| V2 € D(Aps).
Finally, applying the perturbation Theorem 3.7, we obtain that Apg+ Brg is R-sectorial. W

The above result together with Theorem 3.6 and Proposition 3.8 yields the following
maximal regularity for the system (4.1).

Theorem 4.7. Let Qp(0) be a bounded domain of class C*', p,q € (1,00) and o > 0 be
as in (2.4). Also assume that (uo,lo,wp) € Bi;wp(QF(O)) x R3 x R? satisfies the com-
patibility condition (2.5). Then for any f € LP(0,00; LY(Qr(0))), g1 € LP(0,00;R?) and
g2 € LP(0,00;R3), problem (4.1) with h = 0 admits a unique solution

u € WEHQF), 7 € LP(0,00; WH(Q5(0))), (I, w) € WP(0, 00; R°)
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which satisfies the estimate
[ellwz ey + 17l e o,00ia e ) + Illwrr0,00m3) + lwllwr(0,00m3)
< C (IFlo0.00:21@00) + 11 (91:92) 1m0 0eim) + 100 2270y, ) + | Bos0) o)

where the constant C' > 0 depends only on a,p,q and Qg(0).

4.2 Exponential stability

Next we show that the operator Apg generates an exponentially stable semigroup.

Theorem 4.8. Let p,q € (1,00) and o > 0 be as in (2.4). The operator Aps generates an
exponentially stable semigroup (etAFS)tZO on X. In other words, there exist constants ng > 0
and C > 0 such that

||et.AFS(u0’l0’w0)THX < Ce—not”(uo,lo,wo)THX.

Proof. First note that the entire right half place {A\ € C : ReA > 0} is contained in the
resolvent set of Apg. Indeed, from Theorem 4.6, we have that

{AeC:ReX>0}\ {0} € p(AFrs)

and 0 € p(Apg) is shown in the next theorem. Therefore, since the resolvent set is an open
set, we get actually, for some 1 > 0,

{ANeC:ReX>—n} Cp(Ars).

Now as Apg generates an analytic semigroup, Proposition 2.9 in [7, Part II, Chapter, pp 120]
says that the corresponding semigroup is of negative type. Then Corollary 2.2 (i) in [7, pp
93] provides the exponential stability. |

Theorem 4.9. Let p,q € (1,00), a > 0 be as in (2.4) and A € C with Re\ > 0. Then,
for any (f,g1,92) € X, the resolvent system (4.2) admits a unique solution satisfying the
following estimate

lwllw2a@po)) + ITllwra@po) + Ilcs + [[wles < CI(F,91,92) |l x- (4.11)

Proof. From Theorem 4.6, we know that there exists A > 0 such that (5\I —Apg) is invertible.
Thus (4.2) can be written as (since it is equivalent to (4.9) by Proposition 4.4),

Pu o 4 Pf
L) =1+ - 0)0or— AFS)—l] (M = Ars) " | 61
w g2 (4.12)

(I -Pu=(I-P)S(,w)
m=N(APu-n) — ANg((l + w x y) - n).

In fact (A — Apg) has a continuous inverse, therefore (A\] — Apg)~! is a compact operator.

Hence by Fredholm alternative theorem, the existence and uniqueness of solution of the above
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system is equivalent. So it is enough to show the uniqueness of (4.12) only. Then the estimate
(4.11) follows easily.
Let (u,m,l,w) € W29(Qp(0)) x WH4(Qp(0)) x C3 x C? satisfies the homogeneous system

MM—Au+Vr=0, divu=0 in Qp(0),
u-n=0, 2[Du)n]. +aur=0 on 01,
u-n=I1l+wxy)n on 9Q5(0),
2[(Du)n],. +our =l +w x y)r on 9Qg(0),
(4.13)
aml = — / o(u,m)n,
905(0)
AM(0)w = — / y X o(u, m)n.
0925(0)

We first show that (u,7) € W22(Qp(0)) x WH2(Qp(0)). If ¢ > 2, it is obvious. If ¢ € (1, 2),

we rewrite (4.13) as
Pu Pu
(A — Aps) ( l ) =(A=\) ( l )
w w (4.14)

(I-Pu=(I-P)S(,w)
m=N(APu-n) — ANg((l + w x y) - n).
But as W24(Qp(0)) € L*(Qr(0)) and (A —Apg) is invertible, we obtain (u, 7) € W22(Qx(0))x
Wh2(Qp(0)).
Now multiplying the 1st equation of (4.13) by w and integrating by parts, we get

0=A/]u|2+2 / |Du|? — 2 / (Du)n -u + / TU-N

Qr(0) Qr(0) 9 (0) 95(0)
=A / ul? + 2 / |Du|? — / 2(Du)n — ) -uw — 2/ [(Du)n], - ur
Qr(0) Qr(0) 95(0) 09
= / lul? + 2 / |Du|? — / o(u,m)n-u+ /a\u.,-\Q.
Qr(0) Qr(0) 95(0) o9
Note that
olu,mn-u
0Q5(0)
= clu,mn- (w—(l+wxy))+ / olu,m)n- 1+ w x y)
905(0) 8Q5(0)
= / [o(u,m)n]-- (@—(1+wxy)) +1- / o(u,m)n +w - / olu,m)n X y
95(0) 95(0) 95(0)

=— / Ay — (1 +@xy)r 2 = Il =M (O)w - @

20



where we used the 4th and 5th equations of (4.13), multiplied by I,@ respectively. Thus we
obtain the energy equality
A / 242 / D2+ / afur — (4@ x y)T2+)\m]l2+)\J(0)w-w+/a|u7-]2 0.

Qr(0) Qr(0) 9s(0) o0
Taking the real part of the above equation yields,

Re A / uf? +2 / Dl + / afur — ([ +@ x y)r >+ Re A mli]2
Qr(0) Qr(0) 95(0)
+ReA J(O)w @ + /a\u,F 0.
o0N

But as ReA > 0 and o > 0 (and also, J(0)a-a@ > 0 Ya € R?), we obtain I = 0 and

2 / |Du|2+/a|u.,-|2:().
Q. (0) 59

This implies, along with the fact that w-n = 0 on 09 (cf. [1, Proposition 3.7]), that u = 0 in
Qr(0). Finally, from the boundary condition 2 [(Du)n|,. + aur = ol +w x y)r on 9Qg(0),
we deduce w = 0. Remember, (w x y) - n = 0 holds always. [

We now prove the maximal LP — L? regularity for the system (4.1) with non-vanishing
divergence condition which is required to treat the full non-linear system as described in the
beginning of Section 4. Let us introduce the notation:

Wiy (QF) = LP(0,00; W(Qp (0))) 0 W(0, 00: L2 (0)))
with the graph norm

lollwz1 gy = I0llr,00w2a(@r ) + I0lwiro.00Le@r )
We prove the following theorem.

Theorem 4.10. Let p,q € (1,00) and o« > 0 be as in (2.4). Let n € (0,m0) where ng is

the constant introduced in Theorem 4.8 and (lg,wp,ug) € R? x R3 x B;(pl_l/p)(QF(O)) sat-
isfying the compatibility conditions (2.5). Then for any e f € LP(0,00; LY(Qp(0))),e"h €
W;}}(Q%O),entgl € LP(0,00;R?) and Mgy € LP(0, 00, R3) satisfying

div hji=g =divug on Qr(0) and h-nlsg. ) =0,
the system (4.1) admits a unique strong solution

ey € W;g(@%"), e e LP(0, 00; WH(Q1(0)))

el e WhP(0,00;R?),  e™w € WHP(0, 00; RY).
Moreover, there exists a constant Cp, > 0, depending only on «,p,q and Qg(0) such that
Hent“HW;g(QoFO) + [l€"7 ]| Lo (0,00 a1 (0))) + €™ Lo (0,00:R%) + €™ @I Lo (0,00:R%)
<Cr (”“0”322*”’”(%(0)) + ol + lwollrs + ll€” £ll o002 (0)) (4.15)

el gre) + €791 o000ty + 1€ @ 0.0k )
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Proof. We first consider the case n = 0. Let us set v := u — h. Then (v, 7,1, w) satisfies the
following system

(u; — div o(u,7) = F in Qr(0) x (0,7,
divu=0 in Qr(0) x (0,7,
u-n=0, 2[Du)n] +aur=0 on 00 x (0,7,
u-n=_Il+wxy) n on 00s(0) x (0,7,
2[(Du)n),. +our =l +w x y)r on 00s(0) x (0,7,

ml' = — / o(u,m)n + Gy, te€(0,7), (4.16)

o825(0)
J(0)w' = — / yxo(u,mn+ Gy, te(0,T),
905(0)
u(0) = ug in Qp(0),
1(0) =1y, w(0)=wo
where
F=f—-0h+Ah, Gi{=g1— / (Dh)n, Go=gs— / y x (Dh)n.

9Q5(0) 805(0)
Under the hypothesis of the theorem, we have that (F, G, G2) € LP(0,00; X) and

[(F,G1,G2) | Lr(0,00:x) < C (HfHLP(O,oo;L‘I(QF(O))) + ||h||W§’g(QoFo) (4.17)

11911l e (0,0073) + 1921l Lo (0,00:73)) -
Also, we have (ug, lp, wp) € (X, D(AFS>)171/p,p from the assumptions of the theorem. Hence,
by Theorem 4.7, the system (4.17) admits a unique solution (v,l,w) € LP(0,00; D(Apg)) N
WLP(0, 00; X ) which also satisfies

||(’0, L, w)HLP(O,OO;D(.AFS)) + ”('U, l, w)Hlep(O,oo;X)
+ I(F. G, G2) s 0er) ) -

Thus, u = v+ h, 7,1, w is the unique solution of (4.1). The estimate (4.15) follows combining
(4.18) and (4.17).

Finally the result for n > 0 can be deduced from the previous case, simply multiplying all
the functions by €™ and noting that Apg + nI also generates an C%-semigroup of negative
type for all n € (0,19). [

(4.18)

< € (Iltuo,bo, @)l x D), 0

5 Non-linear problem

In order to handle the full non-linear coupled system, we require to make the fluid domain
time independent. Therefore we use the change of variable, as used in [15, section 2], which
coincide with Q(t)y + h(t) in a neighbourhood of the rigid body and is equal to the identity
far from the rigid body, to rewrite the coupled system in a fixed spatial domain. For the
convenience of the reader we summarized the construction and basic properties of the change
of variable in the Appendix.
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5.1 Estimates on the non-linear terms

In the first part of this subsection, we show estimates on the transforms X and Y in terms

of I,&. Then we can study the Lipschitz properties of Fy, H, Fy, Fy. For p € (1,00), let p/

denote the conjugate of p, that is, % + % =1.

We also introduce the set

Sy = {(@,7,1,@) : ||(a,7,1,0)|s <7}

H(’fl,, ﬁ',i,&))”g ::Hen(.)ﬂ‘||Lp(07oo;W2’q(QF(0))) + ”en(.)ﬁ‘||W1’p(07oo;Lq(QF(0)))
+ 1707 Lo o 0o a(@r o)) + 1™ o coma) + €7@ w0 00:r2)-
Proposition 5.1. Let p,q € (1,00). There exists constants vo € (0,1) and C > 0, de-

pending only on p,q,n and Qp(0) such that for every v € (0,7) and every ([,GJ) with
17O w10 (0.00m3) + 11€7@ w10 (0,00m3) < 75

HQ - I3HL°°(0,00;R3X3) < C i (51>
||<]X - I3||Loo(0700;02(§) < C Ys (52)
HJY - -[3||Loo(07oo;02(§) < C Y (53)

9’y
HMHLM(O’OO;CZ(Q) < C Y3 (54)
10: X Los (0,00:0(0)) < C (5.5)

||JYQ - I3||L°°(0,oo;02(§)) <Cn.

Proof. First we show the existence of a constant 79 € (0,1) such that for every v € (0,7)
and for every (I, &) with ||e77(’)l~HW1,p(O,OO;R3) + H@n(')&||wl,p(07oo;R3) < 7, the condition (7.1) is
verified.

The matrix @ being an orthogonal linear transformation satisfies @ € SO(3) and thus
|Q(t)] = 1 for all ¢ > 0. Here |A| denotes the Frobenius norm (or, Euclidean norm) for any
matrix A. Since @ satisfies the problem (7.6), we can write

t

Qt)a=a+ /e_nsensQ(s) (w(s) x a) ds

0

which gives
¢

|Q(t)a —a| < /e_"sensldz(s) X a| ds.
0

Therefore, we can estimate the operator norm

t
|Q(t) — I3]| = sup [Q(t)a = a| < /6_”56”5|@(s)| ds.
0

0#£acR3 la|
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But as the operator norm and the Frobenius norm is equivalent on the matrix space, we can
have

t
1Q(t) — I3lzsxs < V3[Q(t) — I < ﬁ/@‘“@“@(é‘)l ds.
0
Consequently,

o0
1Q — Il s o) < V3 / e |o(s)] ds
0

00 1/p 1/
V3 —p'ns n() 1 !
<V3 e ds €™ @ o (0,00m3) < | 5 -
pn
0
Similarly, we can write from (7.5)s,
1Pl oo (0,005m3) < /e"Se”S|Q(s)|yi(3)|ds
0
00 1/p/ ’
—p'ns 0f LY
< e P ds ™| Lr 0,003y < | == Y-
; pn

Combining the above two inequalities give

. 1\ .
1@ = Tl ooz diamn(25(0)) + 1Al o o ety < (M) 7 (1 + diam(25(0))

Let us define

B 1\ /7P
— min1 h () . .
o =i e  dam(s () ere O <p’77> (5.7)

With this choice of vy, we satisfy the condition (7.1).
Next we prove some regularity of X, Y, Jx, Jy. The mapping X, solution of the differential
equation (7.3) can be written as

X(y,t) = y+/A(X(y,s),s) ds.
0

Differentiating it with respect to y, we obtain,
t
JIx(y,t) = I3+ /VA(X(y,S),S)JX(y, s)ds.
0

Note that from the definition of A, we can write, for all € Qg(t),

0 —ws3 (t) w9 (t)
VA(z,t) = | ws(t) 0 —wi (t)
— w2 (t) w1 (t) 0
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Also, VA = 0 for all  with dist(zx, 092) < /8. Otherwise,

IVA@, )|z < € (I0(0)] + 1i(1)])
where the constant C' depends on Q£(0). So we have,

1Ix (5 D)l 2@y

<1+C / e (1@ (5)] + 113 ) 1Tx -, 5) | e ds
0

t

IN

0

IN

| —I—C/e_”SHJX(-,s)HCQ(Q) ds
Now the Gronwall’s inequality yields,

1Tx ()l ooy < exp [ C [ e ds | <M ¥t e (0,00).

o

With this estimate at hand, we obtain
o0
|Jx — I3||Loo[)0002 / ’756778 ]w )+ (s )|> ds < C .
0

Also from the following relation, since detJx = 1,
(cof Jx)T = (detJx)Jx" = J',

we can deduce,
|| cof JXHLOO(O,oo;CQ(ﬁ)) ¢

which follows from Lemma 5.2. This implies also,
¥ [ oo 0,00:02(00)) < €

since Jy = Jy'. Using the above estimate and (5.2), we further get

1y = Lsll oo 0,00:02 @) = 19 | oo 0,00s0200) X = T3]l oo 0 000200y = C 7

To deduce the regularity of 83;5; -, we write

0 0 0Y;
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from which it follows, along with the definition (7.2) of A, since cof Jx involves second
derivative of A,

% <C . [(H)]) <C
15, 7Y = 0ocic2@) < eap (IW(t)I + (t)!) <Cr.

Similarly, we obtain the following estimates

10: X || Lo (0,00:021(0)) = 1Al o0 (0,00:025 (0))

<€ sw (o) + i)

< C (€7@l 1w 0 00,89) + €7l w0008 ) < € 7

10Ty | L 0 020 = 195" Bedx Tx lLoe(0,00:00(0) = [y VA Iy | oo 0,050, 0)) < C 3
[/yQ — IBHLOO(o,OO;C2(§)) <|Jy - QTHLoo(o,oo;W(ﬁ))
<y = Isll oo 0,00ic2@)) + 1@ = Lsll oo (0,00m3%3) < C' -
n

Lemma 5.2. If f(x,t) belongs to L°°(0, 00; C%(Q)) with f(x,t) >m >0 in Q x (0,00) then
1/f belongs to L>=(0, 00; C%(12)),

11/ £l Lo (0,00502(9)) < CllFll Lo (0,00:02(02)) - (5.9)
Proof. Let G € C*°(R), non-negative such that G(0) = 0 and G(r) = 1/r for |r| > m. Since
the derivative of G is bounded and G(0) = 0, by the Mean value theorem, we have
|IG(s)] < Ms VseR.
Thus |G(f(x,t))| < M|f(z,t)| for every & € Q which implies (5.9). [ |

The following general embedding of Wq% ;,1 (QY) is needed to cope with the gradient terms.
It mainly relies on the mixed derivative theorem, followed by Sobolev embedding.

Lemma 5.3. [/0, Lemma 4.2] Let Qp(0) be a CY' domain with compact boundary, p,q €
(1,00), 8 € (0,1) and T > 0. Also assume that s = 0 or s = 1 and k,m € (1,00) obeys

2—s 3 3 1 1

Wiy (QF) = WOP(0,T; W2209(Qp(0))) — L0, T; W (Qp(0)))-
Now we are in the position to estimate the non-linear terms.

Proposition 5.4. Let assume p,q € (1,00) satisfying the condition 1 23 < % There exists
constants yo € (0,1) and Cx > 0, depending only on p,q,n and Qp(0) such that for every
v € (0,70) and for every (u,7,l,&) € Sy, we have

17 Foll oo, ) + 1€ H 21 g (5.10)
+ 1”0 Fi|| 1o o,00m2) + €7 Fall 1o(0,00m2) < O
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Moreover, there exists a constant Cyp > 0, depending only on p,q,n and Qr(0) such that for
every (', 7,1°, @") € S,,i = 1,2,
e"OFy(at, 71,1 &) — Fo(a?, 72,12, @%)|| 1o (0.00:L9(02 (0))
NG ereal 71~ onC) gpa2 32 2
+|"H(u 1", &) — " H (u", 1%, @ )HWQQ’,;(Q%O)
+ ™R (I, ") — " FL (12,07 oo 0ome) + 1€70 Fa(@") — €70 Fy(@0?)]| 1o 0,00

< Clip’y |’(ﬂ17ﬁ17i17&1) - (ﬂ27ﬁ-2al~27&2)”5'
(5.11)

Proof. Estimate of Fy:

1€") Fy| Lo (0 00:La(p (0))) < C V2.
e Estimate of the first three terms of Fy. With the help of the estimates (5.1), (5.8) and
(5.5), we get

170 (I3 — Q)0pir); — (Q(&@ x @)); — (X - JEV)(Q)s) || £o(0,00:La(0(0)))
< C (I3 = Qll oo (0,00r3%3) + 1@ L0 (0,00:R3)
10X |0 0000 0) |7 |1 0 corcz@ ) 167 @23 0o
<C 'yz.

e Estimate of the fourth term of Fy. With the estimates (5.8) and the fact that |Q(¢)] < 1
for all ¢ > 0, we have

1" ((Q@) - (J¥V)) (Q@)il| 10,0032 (0)))
< Clle™a1]| 100 00 z2a(0 0))) | VI L3072 (0,00:L50/2 (01 (0)))-
But due to the condition % + 2371 < %, the following embeddings
WENQF) = L*(0,00; L*(Qp(0)))  and  W2AHQF) — L*/%(0, 00; L3?(Qr(0)))
hold from lemma 5.3. Thus we obtain
1€ ((Qa) - (JF V) (Q@)ill Lr(0,00:L1(0p(0))) < C 7.
e Estimate of the fifth term of Fy. It follows from (5.4) immediately that

. 0(Qu); OV 0 (0Y)
Hen() Z du Dz; Iy (8:@) | £r (0,00 L2(21(0)))

m7l7j

0%y

a o — () 7 2

S CHaina.fL'k ||L°°(0,00;C'2(Q))||6 uHWqQ,’;}(Q%O) S C .

e Estimate of the sixth and seventh term of F;. We can re-write the two terms as,

Z 0%(Qu); Y] OYy,

— Au;
OymOy Oxj Ox; "

82 (Qu); (9Y, 82(Qa); [ 9Yr, )
Z OymOy. <5~”C j) Z OYmOY, (8:171 _5””) + Q= B)Aw),
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Therefore, it follows from (5.1), (5.8) and (5.3) that

Z 82(Qw); Y, 9Y,,

Jen®)
OYm Oy Oz, j 0z

— A, ||LP(O,OO;L‘1(QF(0)))

<c (HJY — Bl e @ oescn@y + 19 = Tl oo ) 16701 o) < C 92

e Estimate of the last term of Fy. Finally, the following estimate follows from (5.3),

€7 (I3 = J¥)V7), | 2(0.00:L9 (2 (0)))
<|f5 - JY”LOO 0,00;C2(Q2 ||€n( V7|l Lr0,00:L9(Qr (0))) < C o

Estimate of H:

" H || 2. < C A2

» (QF)
We obtain from (5.6),

17O (I3 = Jy Q)aillyyz. ey < 13 = Ty Qll oo 0, ccicz @y €™ Bl oy < C 77
Estimate of F; and F5: From the expressions of F} and F, it is obvious to see
”en(')F1||Lp(0,oo;R3) + Hen(')F2”Lp(o,oo;R3) <CA

This completes the proof of the estimate (5.10).
The Lipschitz property can be proved in the same way. |

Theorem 5.5. Let Qp(0) be a bounded domain of class C*, p,q € (1,00) satisfy the condi-
tion % + 2% <3 and >0 be as in (2.4). Let n € (0,n9) where ng is the constant introduced
in Theorem 4.8. Then there exist a constant 5 > 0 depending only on p,q,n and Qp(0) such
that for all v € (0,%) and for all (ug,lo,wo) € By (1 1/p)(QF(O)) x R3 x R? satisfying the
compatibility condition (2.5) and

Jrsoll -1/ gy oy + Mol + ol < (5.12)

_20

where C, is the continuity constant appeared in Theorem 4.10, the system (7.7)-(7.11) admits
a unique strong solution (u,7,l,®) such that

H(ﬁaﬁ—?ial‘b)”s < -

Proof. Let us define
1 1

20, 20

where g is defined as in (5.7) and Cr, Cn, C;)p are the constants appearing in Theorem 4.10,
Proposition 5.4 and Proposition . Let v € (0,%). We will show that the mapping

4 = min{~o,

N: (U7 907 ’<’7T) ’_> (’{‘l?’ﬁ-?i?&)
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which maps (v, ¢, k,T) € Sy to the solution (u, T, I,&) of the linear problem (7.7) with right
hand sides Fy(v, ¢, K, 7), H(v, Kk, T), Fi(k,T), F5(T), is a contraction in S,. The fixed point
of N then satisfies (7.7)-(7.11).

First we prove that the image of N is contained in S,. We can apply Theorem 4.10 to
estimate the solution (@, 7,1, &) in terms of the given data and then (5.10), (5.12) and the
definition of 4 to estimate the given data further to obtain

[N (v, 0,6, 7)|ls < CL (Hu0||Bz<1—1/p>(QF(O)) + lollrs + llwollrs + [[Foll Lo (0,00:L9 (020 (0)))

q,p
+HHHW(12,’§(Q°F°) + 1 F1l £r (0,005m3) + ||F2”Lp(o,oo;R3))
< 7.

Thus N is the mapping from S, to itself for all v € (0,%). Next, to prove that N is a
contraction, let (v, ¢! k! 7%) € Sy,i = 1,2 and we use the index i € {1,2} on a function
to denote that it is associated to (v’, ¢, k%, 7%); For example, F(} means Fy(v!, o', k!, 71),
(F1)? means Fy(v?, ¢? k2 72) and so on. We then estimate similarly, using Theorem 4.10
and (5.11) ,

V(! et k1 ) = N (02, 0% K2, 72) |15
< C1 (IR = Fllzoocosmaopon) + 1H = Hallyza g + | (FL = FRllo(o com)
+|| Fy — F22HLP(0,oo;IR{3))
< CrLCipy|(v1, 1, k1, T1) — (v2, 92, K2, T2) || 5-
Now the definition of 4 concludes the proof. |

Proof of Theorem 2.1. The solution to the original problem (2.1) can be obtained from the
corresponding backward change of coordinates and variables, given in (7.5) which preserves
regularity. Moreover, the solution (u,m,l,w) to the original problem must be unique as a
consequence of the uniqueness of the fixed point.

Since v < 7, condition (7.1) is verified and X (-,t) is a well-defined C!-diffeomorphism
from Qr(0) to Qp(t) for every t € [0,00). Therefore there exists a unique Y'(+,¢) as defined
in Lemma 7.2. For all t € [0,00) and @ € Qp(t), setting

u(z,t) = Q)u(Y (z,t),t),  w(z,t)=#(Y(x,t),t),
1) = QWIE),  w(t)=Q(t)@(1),

the new variables (u, 7,1, w) satisfy the original system (2.1) with the estimate (2.6). Note
that all the derivatives of the solution (u,7,l,w) are combinations of (u, 7,1, ) multiplied

at most by X and its derivatives which are smooth enough to get the prescribed regularity.
|

6 Non-Newtonian case

In this section, we discuss the non-Newtonian case. The main difference and the difficulty
here is that we need to replace the Laplacian in the fluid equation by a quasi-linear operator
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arising from the Generalized stress tensor T'. Observe that we can write this new term as,

3
[div (u(IDul*)Du)], = 05 (u(|Dul*)Dyju)
j=1
1 3 3
= gH p(|Du )Z (82 uj + 821%) + 1/ (|Dul?) Z 2D;;u Dyyu 0;Du
j=1 j.k,l=1

3
= (|]D>u| ) (0Fuy + 0Fus) + 240/ (|Duf) Z Djju Dy 9;0,u;
Jj=1 7.k,1=1

3

= Z a u)0; 0w
Jik,1=1

where 1

ajj(u) = 5#(!}@”\2) (0irdj1 + 0udje) + 2/ (|Dul*)Djju Dyyu.

1]

Note that the coefficients af} (u) are real. Consider the differential operator

3
= af(u)d;0

7,k=1

which is defined precisely as

3
( Z a 6 8kwl
l

Jikyl=1

As done in the Newtonian case, we transfer the system of equations (1.2) defined on an
unknown moving domain to a fixed domain by coordinate transformation. We use the exact
same change of variables as in (7.5) where the transformed generalized stress tensor is defined
by .

T(a,7) = Q™' (t) T(Q(t)a(y. 1), 7(y. 1) Q(t).

To transform the term A(u)u, we calculate

(Qa); 0Y; +i(@u) Y]

2Diju = Oruj + Ojui = Z Oy Oz Oy Oz

k=1

=: 2D;;0

and use the obvious notation Dw = <®¢jw> ~ to denote the transformed symmetric part of
7

the gradient. Therefore, the transformed quasi-linear fluid operator can be written as

(A(@)w); = aj;™ (@) d; 0w

i

where 1
&klm(,&) = 5”(“1)1”2) (5ik5jl + 6il5jk) + 2[/(‘]])’&’2)]1)1‘]"& Dklﬁ.
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On the fixed domain, the transformed system then becomes,

(@, — AR+ Vi = Fy(a,7,1,0) in Qx(0) x (0,7),
div @ = div H(a,1, & in Qx(0) x (0,7),
@-f=0, [T(u fr)ﬁ} t i, =0 on 99 x (0,T),
- h =g R, [T(a,ﬁ)ﬁ} + oty = atigy on 9Q5(0) x (0,7),
ml = — T(a, )R+ Fi(l,&), te (0,7), (6.1)
9Q5(0)
Jo' = — y x T(a,7)n+ Fy(@), te(0,T),
95(0)
ﬁ(O) = U n QF(O),
R (0) =1y, @(0) = wy

where Fy, H, F, F5 are defined in (7.8) - (7.11).
Next we linearize the above system and prove the maximal regularity of the linear problem.
We linearize A by the operator A,, defined as

At = Au)i

which fixes the coefficients in the original operator A to a reference solution u* of the problem

ou* — Au*+Vr* =0 in Qp(0)x (0,7),
divu* =0 in Qr(0)x (0,7),
u'-n=0, [ou"7")nl.,+aou;=0 on 900 x(0,7),
un=U"+w"xy)n on 0Qg(0) x (0,7,
o(u*, 7*)n]_ +ou; =a(l”* +w* xy)r on 00s(0) x (0,7,
mry == [ ot .w)a te(0,7), (6.2)
9825(0)
J(0)(w*) = — yxou',m)n, te(0,7),
o825(0)
u*(0) = uo in Qp(0),
1"(0) =1y, w*(0) = wo.

The existence of (u*, 7", I*, w*) satisfying (6.2) follows from Theorem 4.7. We then define
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Ol — Ayt + Vi = Go(a, 71,1, ) in Qp(0) x (0,7),
div @ = div H(a,1,&) in Qp(0) x (0,7),
w n=0, [o(a,7)n], +at, =H(a,7,1,0) on 90 x (0,T),
w-n=(I+wxy) n on 90g(0) x (0,7),
[o(@, 7)7), + oty = a(l + & X y)7 + Hy (4, 7,1,&) on 905(0) x (0,T),
ml = — / o, 1)+ Gi(a, 7, 1,&), te (0,7),
05(0)
J0)w' = — y X o(@, )+ Go(a,#,1,&), te(0,T),
09Q5(0)
u(0)=0 in Qr(0),
\ [(0)=0, &0)=0
(6.3)
where
GO(Iaaﬁ-aivdJ :FO(’&Hﬁ-a Aa‘b)_AU’* Q(U*7ﬁ>a
Qu*,a) = A — Au” +4)(u” +a),
Gi(a,7,1,w) = (o — T)(u, 7)) + (0 = T)(u*, 7" — m(w* + o) x (I* +1),
05(0) 0s(0)
Gy(a, 7,1, 0) = y x (o —T)(w, 7)n + / y x (o —T)(u*, 7m0 — J(w*+ &) x (W + ),
9925(0) 995(0)
Hi(a,7,0,6) = [(a —T) (@, #)R + (o — T)(u, w*)ﬁ]
(6.4)

and Fy, H are the same as in (7.8). Fixing Gy, H, H;, G1, G5 yields the linearization of
(6.1) that we would like to study. The main result concerning the linearized problem is the
maximal regularity, stated in the following theorem.

Theorem 6.1. Let Qx(0) be a bounded domain of class C*', p > 5 and a > 0 be as in (2.4).
Also assume that

g0 € LP(0,T; LP(Qp(0))), x € Wiy (QF),1 € LP(0,T;R?),w € LP(0,T; R?)

and
hi € W23 (0, T; LP(9Qr(0))) N LP(0,T; W5 (925 (0)))

where
div x|t=0 = 0,h1 - 12 = 0 on 9Qp(0).
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Then the problem

Oru — Asu+ V= go in Qp(0) x (0,7),
div u = div x in Qp(0) x (0,7),
u-n=0, [o(um)n +aur="n on 00 x (0,T),
u-n=(Il+wxy)n on 90g(0) x (0,7T),
lo(u,m)n|. +our =l +w xy)r +h on 00s(0) x (0,7),
mll = — / o(u, 7Y + g1, Le(0,7), (6.5)
0825(0)
J(0)w' = — / yxo(u,mn+ge, te(0,7),
025(0)
u(0) =0 in Qp(0),

10)=0, w(0)=0

has a unique solution w € Wiy (Q¥),m € LP(0,T; W(Qp(0))), (I,w) € WhP(0,T;RS)
satisfying the estimate

[z gy + 17l e 000ir@p())) + 1 Lr(0,00im3) + Il Lr(0,00:m2)
< € (llgollzo(o0szac@ron) + X2 gse + 191, 92) |20 00ip) (6.6)

bl 1o, )
W2 2p7(0,T;LP (00 (0)))NLP(0,7;W P (0Q£(0)))

Unlike in the Newtonian case, we reduce the inhomogeneous divergence condition to the
divergence-free problem and then treat the system. To show the maximal regularity property,
we split the fluid and the solid equations and with the help of the maximal regularity of the
generalized Stokes operator (which is proved in [10]), we rewrite suitably the forces acting
on the rigid body as in [22]. In the following subsection, we combine the relevant results
concerning the linear fluid-structure problem corresponding to the non-Newtonian fluid.

6.1 Maximal regularity of the Linearized system

We obtain divergence free and homogeneous boundary conditions for the problem by
subtracting the solution (u, ) from (u, 7).

Proposition 6.2. [8, Theorem 4.1]. Let p > 5 and o > 0 be as in (2.4). Further assume
that

go € LP(0,T; LP(Qp(0))), x € Wi (QF),1 € LP(0, T;R?),w € LP(0, T; R?)

and
hy € WET2(0,T; LP(9Q(0))) N LP(0,T5 W' ™7 (925 (0))), ug € W2 2/P(Qp(0))
where

div x|t=0 =0, (I +w X y) - nfs=0 = 0 on INg(0), hi-1.=0 on INp(0)
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and
Phyi + Oé]P)(l + w X y).,-]lags(o) =0.

Then there exists a unique strong solution
@ € LP(0, T; W2P(Qp(0)) N WHP(0, T; LP(Qp(0))), 7 € LP(0, T; WHP(Qr(0)))

of the following Stokes problem

u — A+ V7 =go in Qp(0),
div u = div x in Qp(0),
w-n=0, 2[(Da)n|.+aou,=h on 09, 6.7)
u-n=(Il+wxy) n on 09Qs5(0),
2[(Du)n],. + o, =a(l+wxy)r+h  on 9Qg(0),
u(0) = 0.

The solution depends continuously on the data in the corresponding spaces.

Note that the proof of the above result is done in [3, Theorem 4.1] for the full slip condition
a = 0. The case when a > 0 is a function, the additional term au, being a lower order
perturbation does not affect the analysis of well-posedness and regularity and can be derived
by the same analysis. Indeed, with the help of [10, Proposition 3.3.9] , we obtain the maximal
regularity (or equivalently, bounded imaginary powers) of the perturbed Stokes operator with
full Navier boundary condition from the Stokes operator with a = 0.

Writing (u, 7, l, w)=(u—u,7m—7,l,w), (6.5) becomes equivalent to the system

Ot — A+ Vi =0 in Qr(0) x (0,7),
div @ = 0 in Qp(0) x (0,7),
u-n=0, [o7r)n, +aot=0 on 90 x (0,T),
w-n=0, [o7r)n, +aot=0 on 90g(0) x (0,7),
mi = — / o (@, 7)f — / o (@, %) + g1, te(0,7),
o825 (0) 0%25(0)
J(0)& = — / y x o, #)i — / y % ol F)i+gs, e (0,T),
895(0) 95(0)
a(0) =0 in Qp(0),
\ [(0)=0, &(0)=0

Let us define the operator, for all 0 < e <1 — %,

J : WHPP(Qp(0); R¥%) — RS

s faﬂs(o) hn R
faQS(O) y x hn

It follows from the boundedness of the trace operator that

IT Rl < Cllbllwes1/m0 @ 0)-
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Now the fifth, sixth and eighth equations for the rigid motion in the system (6.8) can be

written as A
I (f,) =—-J(o(u,7)) — T(o(u,)) + <91> ,

g2
(1(0),@(0)) = (0,0).

where I is the constant momentum matrix as before. This allows us to rewrite the above set

of equations in the form R R
l l .
(&)= (&)

where R : W, ?(0, T; R®) — WP (0, T;RS) is given by

and

(t) = /t]ll [—J(a(ﬁ, #) + (:Z;)]
0

The following lemma says that for sufficiently small 7" > 0, there exists a unique (i,d)) €

Wol’p((), T;RY) satisfying
] 1.

Proof of this lemma is exactly similar to the one, done in [23] which is based on the estimate
of J and the maximal regularity (u, ) solving the fluid part of the system (6.8), thus we are
not repeating it. Note that we have the presence of slip in the boundary condition which is
different from [23]; Hence we need to use the maximal regularity property of the generalized
Stokes operator A, with slip condition (as mentioned just after the Proposition 6.2).

Lemma 6.3. The map R is bounded and ”R||W01 <1 for sufficiently small T" > 0.

Moreover, § € W&’p(O, T;RY).

(0,TRE)

From the above lemma, apart from the existence of (i, w), we obtain the following esti-
mate:

Illwre(o,rs) + l@llwreo,1;rs)

<C (1 - ||R‘|£(W017P(07T)7W01’P(07T))) (HQOHLP(O,OO;L‘I(QF(O))) + ”XHW;’;(QE) + ||(91792)||LP(0,00;R6)

11, 11 >
2 (0,15 LP (9 (0)))NLP (0,T5W P (9Qk(0)))

h
il

Plugging I, into (6.8) yields a solution

u=a+aecW>HQL), m=x+7cLPO,T,W'P(Qpr(0))),
l=1cW"(0,T;R?), w=wecW"(0,T;R?

of (6.5) satisfying the estimate (6.6).



6.2 Fixed point argument

Theorem 6.1 now allows us to solve (6.3) via a contraction mapping argument. We
introduce as in the Section 5.1,

Sy o= {(a,7,1,@) : |(a,7,1,&)|s <7}
with
(@, 7,8, &) 15 = 18l 2. gy + 1T Lo(ocomrap o)) + IHlwir,ooms) + 1]lwis(,00ms)

as the underlying set in the natural function spaces. Let

~ GO(ﬂ’aﬁ>§7~)
;’ H(a,7,1,&) v
Nl 7| | E@sio) |- 7;
o Gi(a,7,1,®) w
Gs(a, 7,1, o)

be the function which maps (@, 7,1,&) € S, to (Go,H,Hy,G1,G2) which are defined in
(6.4), and then to the solution of the linear problem with fixed right hand sides, using
Theorem 6.1. For sufficiently small v > 0, we show that the Banach fixed point theorem can
be applied to the map N.

Theorem 6.4. For T and ~y sufficiently small, the function N maps S, into itself and it is
contractive.

Proof. First we show that the image of A/ is contained in S,,. Let us assume that (@, 7, l ,w) €
S, and that (u*, 7%,1*,w*) are given by (6.2). We want to show the following estimate

HN(,&”%?L‘D)HS < C(Tv ’Y)H(a?fraiv‘b)HS (6'9>

where C(T,v) — 0 as T,v — 0. Due to the maximal regularity of the linear problem, it
follows directly from the following estimate
1GollLro,r:2r@r ) F IH 2.1 (o) + L + |G| Lo 0, 7:03) + G2l Lo (0713
< C(T,)Il(w, 7,1, @)|s-
Estimate for H is deduced in (5.10). In order to show the estimate for Gy, it suffices to

consider the term

Qu*, @) == Ayt — A(u* + @) (u* + @)

which is new compared to the Newtonian case. Estimating () follows the same argument
as in [23, pp 1431-34] which involves essentially writing it as a difference of suitable forms,
hence we skip it. We obtain

1Q(w" @)l oo rzr(e o) < C (72 + 0 Iz o) + )
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which yields
|Go(a@, 7,1,&) o0,7:L7 (@ (0))
< [ Fo (@, 7, @)oo rime@r o) + 19wz gy + 1Q(w @) ooz Lo )
<O+ HU*HW;}}(Q;@) +1).
Also, by definition,

1G1 (@, 7,1, @)l Loo.m)

<l +&) x C + Do +| [ @-a@na|+| [ @-Dana

LP(0,T)
0025(0) 95(0)
o [ e-awmal, | [ oD,
0s5(0) 05(0)
< CY¥+C||T (0 = 6)(@, 7)o o,r) + CIT(QT(2 — p(IDal*))D(Q@) Q)| v o1

+CT (0 = 3)(w", m)|ror) + ClT(2Dw” = QT u(|Dw ) D(Qu")Q) | Lo o,7)
< 0’72 + CID(Q(u” u))”Lp(o,T;C(m))

< CH2.
Similarly,
1Ga(@, 7,1, @)l Loo.m)
= CHJ( o)(@, )‘ Lp OT) Hj N)(ﬂ’ﬁ)‘ L?(0,T) CHJ(J — o)) LP(0,T)
+0[a6 - Dyww)| |+ Ol +@) @+ @)l

< Cv?

and for H; (@, 7,1,&). Thus we obtain (6.9).

Next we prove that N is contractive. For that, let (@, 7, 1%, &%) € Sy,1 € {1,2}. As done
in Theorem 5.5, we estimate the differences of the functions Go, H, H1, G1, Gy correspond-
ing to (ﬁi,fri,ﬁ,d’i). This Lipschitz estimates can be shown again exactly using the same
argument as in [23, pp 1435-37]. Concerning the estimates on two extra terms H and Hj,
H is already treated in (5.11) and H; can also be estimated in the similar way as for Gj.
This completes the proof. The fixed point of N is the solution of (6.3)-(6.4). [

Proposition 6.5. Let p > 5, Q be a bounded domain of class C*' and o > 0 satisfies
(2.4). Also assume that (ug,lo,wo) € W22/PP(Qp(0)) x R3 x R? satisfying the compatibility
condition (2.5). Then there exists Ty > 0 such that the problem (1.2) admits a unique strong
solution on [0,Tp)
w € LP(0,T; WP (Qp () N W (0, T; LP(Q8())),
T € LP(0, T; WP (Qr(-)),l € WHP(0,T;R?),w € WHP(0, T; R?).
Moreover, we can choose Ty such that one of the following alternatives holds true:

(a) To = o0
(b) the function t — ||u(t)|| is not bounded in [0, Tp).
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Proof. Theorem 6.4 gives a unique strong solution (i@, #,1,&) to problem (6.3)-(6.4). The
solution to the original problem (1.2) can be obtained by adding the reference solution
(u*, 7*,1*,w*) and doing the backward coordinate transform, as in the proof of Theorem
2.1.

That one of the alternatives (a) or (b) holds true, can be proved in the classical way, see
for example [15, Section 3.3]. [

Proof of Theorem 2.3. The solution of the problem (1.2) is global in time, provided the given
data are small, can be proved using the same argument as in [15, Section 4.3]. |

6.3 Non-linear slip condition

In this final subsection, we discuss a more generalized boundary condition where the
velocity of the fluid flow satisfies a wall-law:

[T(u, m)n]+ + o|u|ur = 0.

Consider the system (1.2) with the above boundary condition, namely

( ou+ (u-Vy)u =div T'(u, ) in Qp(t) x (0,7),
divu=0 in Qp(t) x (0,7),
u-n=0, [T(u,m)n]_ +caulur=0 on 90 x (0,7),
U-N=usn on 0Qg(t) x (0,T),
[T(u,m)n|, + oju|ur = a|us|us, on 00g(t) x (0,T),
ml (1) = — / T(u, ™), te(0,T), (6.10)
00s(t)
(Jw)(t) = - / ( — h(t)) x T(w,m)n, t€ (0,T),
0Ns(t)
u(O) = Uup in QF(O))

l(O) = l(), w(O) = Wy.

To prove the well-posedness of (6.10), the idea is first to linearize the boundary condition as

[T(u, m)n]r + aur = a(l — |a|)a,

which falls under the non-Newtonian case, for given . Then one may show this is a con-
traction map which finally establishes the existence result Theorem 2.5 with the help of the
Banach fixed point theorem. To prove the contraction, it exactly follows from Theorem 6.4
and the fact that the boundary condition can be written as,

a(l - |a'))ar — a(l - |[@°))a} = a(a' —a?), — alal|(@' - a?), — a(ja'| - [a*|)as.

In the same spirit, we may also prove the similar result as Theorem 2.1 with the nonlinear
slip condition.
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7 Appendix: change of variables

In this Section we summarize main facts about the change of variables used to transform
the problem to the fixed reference domain. Let us first assume that

. B
Rl Lo (0,005m3) + |Q — I3[ oo (0,00;r3)diam(£25(0)) < 5 (7.1)

This implies dist(Q2g(t),0Q) > B/2 for all t € [0,00). For all ;4 > 0, we denote,
Q, = {x € Q: dist(x,0Q) > u}.

Now we consider a a cut-off function ¢ € C*°(R3,R) with compact support contained in Q /8
and equal to 1 in €g/,. Let us also introduce the functions w : R? x [0, 7] — R? as

r— 2
w(x,t) =1U(t) x (x — h(t)) + |£L(t)|w(t)
and A : R3 x [0,T] — R? defined as
g @)ws(@, 1) = g (@pun(e, 1
A, t) = () (U(t) + w(t) x (x — h(t))) + %ﬁ(az)wl(a:,t) — 2l (ws(z,t) | . (T.2)
g—m(w)wg(ac, gm (x)wi(x,t
With these definitions, A satisfies the following lemma (cf. [15, Lemma 2.1]):

Lemma 7.1. Let w and A be defined as above. Then, we have
(1) A =0 outside Qg /3.

(2) div A =0 in R? x [0, T).

(3) Az, t) =1(t) + w(t) x (& — h(t)) for all x € Qs(t) and t € [0,T].

(4) A € C(R3 x [0,T],R3). Moreover, for all t € [0,T],A(-,t) is a C* function and for all
x € R3, A(, )eHl([O,T] 3).

Next consider X be the flow associated to A, satisfying the differential equation

)= AKX 0).0), >0

X(y,0) =y € R’

(7.3)

We have the following result, proved in [15, Lemma 2.2].

Lemma 7.2. For ally € R3, the initial value problem (7.3) admits a unique solution X (y,-) :
[0, 7] — R3 which is a C* function in [0,T]. Moreover, we have the following properties,
(1) For all t € [0,T), the mapping y — X (y,t) is a C®-diffeomorphism from R3 onto itself
and from Qp(0) onto Qp(t).
(2) Denote by Y (-,t) the inverse of X (-,t). Then, for all © € R3, the mapping t — Y (x,t) is
a C function in [0,T).
(3) For ally € R? and for all t € [0,T), the determinant of the jacobian matriz Jx of X (-,t)
s equal to 1, that is,

det Jx(y,t) = 1.
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From here onwards, Jx and Jy denote the jacobian matrix of X and Y respectively, that

Xi Y;
JX:<(; > and Jy:<8 > .
Yi /5 9z )

Note that, for each y € Qg(0), the function X (y,t) = h(t) + Q(t)y,t > 0 is the solution of
(7.3), which is easy to verify. This implies, on Qg(0),

is,

Jx =Q and consequently, Jy =QT. (7.4)

Similarly, on 09, X (y,t) = y,t > 0 which yields Jx = I3 = Jy.
Let us now define the functions: for (y,t) € Qp(0) x (0, 00),

a(y,1) = Q) u(X(y.0).1).
w(y,t) = m(X(y,1),1),
1) = @) L),
a(1) = Q7 (1) wlt) i
7= Q7000w
Ay, 1) = Q7 (X, 1).0).

Notice that n becomes the outward normal at Qz(0). Also, from (1.1) and (7.5)4, it easily
follows that _
Qt)a=Q(t)(& x a) Vac R (7.6)

In these new variables, the time derivative is transformed into
dyu; = (Qu); + (QBya); + (9,X - J¥V)(Qu); = (Q(@ x @), + (Qda); + (9,X - JyV)(Qa)s,
the convection term is transformed into
(u- Va)u; = ((Qa) - (J¥Vy)) (Qa)s,
the diffusion term is transformed into

o 9(Qu); Y, 0[OV 9*(Qu); 9Y; OV,
Axuz - Z ayl 8;L'j aym <8xj> + 1 aymayl 3$j aﬁj ’

m7l7j
and the pressure is transformed to,
(V)i = (Jy Vy7)i.

Furthermore, we obtain
divu = Vya: (JyQ)"

which can also be written as, by Piola’s identity (cf. [14, pp 39], [20, Ch. 8.1.4.b]),

Yyt : (JyQ)" = divy ((JyQ)aw)
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since Jy@ = cof(QJx) = cof V,(QX) because of detJy = 1. Concerning the boundary
condition, we calculate the symmetric gradient,

AQa); Y, < o 8Yl N
uni~:8~ui: E E i V., 37
( ) J J — ayl 8x] et Q k— ay 8 (Q Yy Y) J

This shows that at the interface 9Qg(0), because of (7.4), V,u = QV,u QT and hence,
(Vou)T = Q(V,a)TQT which gives,
Dyu = QDyaQ”

and consequently,
o(u, ) = Qo(u, 7)QT.

Therefore, the slip boundary condition becomes,
lo(t, )R]y + oty = o (i o x y) on 994(0)

and similarly at 092. It can be shown as in [27, Theorem 2.5] that the fluid part of the original
problem (2.1) admits a strong solution (u,7) if and only if there exists a corresponding
solution (u,7) € W(ifpl(Q%o) x LP(0,00; WH4(Qr(0))) to the fluid part of the transformed
problem (7.7).

Next, we write the equations for rigid body. From (7.5)3, we find that

ml' (t) =m(QL+ Ql') = mQ(@ x 1) + mQl .

/G(u,w)n:Q / o (4, 7)i

s (1) 905(0)

Moreover, we have

and
/ (@ — h(t)) x o(u, ) = Q / Y % o(it, 7).
905 (1) 9Q5(0)

Therefore, the equation of linear momentum becomes,

ml +ma x 1= — o(u,T)n.
985(0)
Similarly, using the following identity, for any special orthogonal matrix M € SO(3),

Ma x Mb= M(a xb) Va,beR3,

the equation of angular momentum becomes,

Jo' (t) —

.
Il
|
—
<
X
2
:z
M
N



Note that, J is independent of time, since
Ja-b= / ps(y)(axy)-(bxy)dy Va,beR3
905(0)

Therefore, on the cylindrical domain Q£(0) x (0,7), the coupled system for the Newtonian
fluid (2.1) transforms into,

( — A+ V7 = Fy(a,7,1,&) in Qx(0) x (0,7),
div @ = G(u,l,&) = div H(a,1,&) in Qx(0) x (0,7),
u-n=0, [o(7n)nl, +otir=0 on 00 x (0,7),
u-n=us-n, [own)n] +at,;=atg, on 0Qg(0) x (0,7,
ml = — o(@,®)n+ Fi(l,&),  te(0,T), )
09Q5(0)
Jo' = — y x o(a, )i+ F(@), te(0,T),
9925(0)
ﬂ(O) = Uo in QF(O),
(L 1(0) =1, @(0)=wp
where .
us :=l+w X y;
(Fo)i(a, 7,1,) == (I — Q)0); — (Q(® x @)); — (B X JyV)(Qu)i — ((Qa) - (JyV)) (Qu);
A(Q); DYy, a Y, 82(Qu)- dY; Yy, _
+7%:j ayl Oxj Oym <a) 8ymayl ax] Oz A
+ ((Is — J3)V7), 5
} . (7.8)
Gla,l, &) :=Va: (I3 - (JyQ)")=div H with H(a,h,&):= I3—JyQ)u; (7.9)
Fi(l1,0) :== —ma x I; (7.10)
Fy (&) := Jo x @. (7.11)

Note that a solution (@, 7,1, &) to (7.7) yields a solution (u,7,l,w) to (2.1) by (7.5).

Acknowledgements

The works of Amrita Gosh and Sérka Necasové were supported by the Czech Science
Foundation grant GA19-04243S in the framework of RVO 67985840 and the work of Boris
Muha was supported by the Croatian Science Foundation (Hrvatska zaklada za znanost)
grant IP-2018-01-3706.

42



References

1]

2]

[12]

[13]

[14]

P. Acevedo, C. Amrouche, C. Conca, and A. Ghosh. Stokes and Navier-Stokes equations
with Navier boundary condition.

H. Al Baba, N. V. Chemetov, S. Nec¢asové, and B. Muha. Strong solutions in L? frame-
work for fluid-rigid body interaction problem. Mixed case. Topol. Methods Nonlinear
Anal., 52(1):337-350, 2018.

H. Amann. Linear and quasilinear parabolic problems. Vol. I, volume 89 of Monographs
in Mathematics. Birkh&user Boston, Inc., Boston, MA, 1995. Abstract linear theory.

C. Amrouche, M. Escobedo, and A. Ghosh. Semigroup theory for the Stokes operator
with Navier boundary condition on [P-spaces.

H. Bellout, Bloom, F., and J. Necas. Young measure-valued solutions for non-Newtonian
incompressible fluids. Comm. Partial Differential Equations, 19(11-12):1763-1803, 1994.

H. Bellout and F. Bloom. Incompressible bipolar and non-Newtonian viscous fluid flow.
Advances in Mathematical Fluid Mechanics. Birkh&user, Springer, Cham, 2014.

A. Bensoussan, G. Da Prato, M. C. Delfour, and S.K. Mitter. Representation and control
of infinite-dimensional systems. Vol. 1. Systems & Control: Foundations & Applications.
Birkh&user Boston, Inc., Boston, MA, 1992.

D. Bothe and J. Priiss. On the two-phase Navier-Stokes equations with Boussinesq-
Scriven surface fluid. J. Math. Fluid Mech., 12(1):133-150, 2010.

J. Bourgain. Some remarks on Banach spaces in which martingale difference sequences
are unconditional. Ark. Mat., 21(2):163-168, 1983.

M. Bravin. On the weak uniqueness of ”viscous incompressible fluid + rigid body”
system with navier-slip-with-friction conditions in a 2d bounded domain. J. Math. Fluid
Mech, 21(2), 2019.

D. L. Burkholder. A geometric condition that implies the existence of certain singular
integrals of Banach-space-valued functions. In Conference on harmonic analysis in honor
of Antoni Zygmund, Vol. I, IT (Chicago, Ill., 1981), Wadsworth Math. Ser., pages 270
286. Wadsworth, Belmont, CA, 1983.

N. V. Chemetov and S. Necasovd. The motion of the rigid body in the viscous fluid
including collisions. Global solvability result. Nonlinear Anal. Real World Appl., 34:416—
445, 2017.

N. V. Chemetov, S. Necasovd, and B. Muha. Weak-strong uniqueness for fluid-rigid
body interaction problem with slip boundary condition. J. Math. Phys., 60(1):011505,
13, 2019.

P. G. Ciarlet. Mathematical elasticity. Vol. I, volume 20 of Studies in Mathematics and
its Applications. North-Holland Publishing Co., Amsterdam, 1988. Three-dimensional
elasticity.

43



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

P. Cumsille and T. Takahashi. Wellposedness for the system modelling the motion of a
rigid body of arbitrary form in an incompressible viscous fluid. Czechoslovak Math. J.,
58(133)(4):961-992, 2008.

E. Dintelmann, M. Geissert, and M. Hieber. Strong LP-solutions to the Navier-Stokes
flow past moving obstacles: the case of several obstacles and time dependent velocity.
Trans. Amer. Math. Soc., 361(2):653-669, 2009.

G. Dore and A. Venni. On the closedness of the sum of two closed operators. Math. Z.,
196(2):189-201, 1987.

E. B. Dussan V. The moving contact line: the slip boundary condition. Journal of Fluid
Mechanics, 77(4):665-684, 1976.

K. Engel and R. Nagel. One-parameter semigroups for linear evolution equations, vol-
ume 194 of Graduate Texts in Mathematics. Springer-Verlag, New York, 2000. With
contributions by S. Brendle, M. Campiti, T. Hahn, G. Metafune, G. Nickel, D. Pallara,
C. Perazzoli, A. Rhandi, S. Romanelli and R. Schnaubelt.

L. C. Evans. Partial differential equations, volume 19 of Graduate Studies in Mathemat-
ics. American Mathematical Society, Providence, RI, 1998.

E. Feireisl, M. Hillairet, and S. Ne¢asovad. On the motion of several rigid bodies in an
incompressible non-Newtonian fluid. Nonlinearity, 21(6):1349-1366, 2008.

G. P. Galdi. On the motion of a rigid body in a viscous liquid: a mathematical analysis
with applications. In Handbook of mathematical fluid dynamics, Vol. I, pages 653-791.
North-Holland, Amsterdam, 2002.

M. Geissert, K. Gotze, and M. Hieber. LP-theory for strong solutions to fluid-rigid body
interaction in Newtonian and generalized Newtonian fluids. Trans. Amer. Math. Soc.,
365(3):1393-1439, 2013.

D. Gérard-Varet and M. Hillairet. Existence of weak solutions up to collision for viscous
fluid-solid systems with slip. Comm. Pure Appl. Math., 67(12):2022-2075, 2014.

Y. Giga and H. Sohr. Abstract L? estimates for the Cauchy problem with applications
to the Navier-Stokes equations in exterior domains. J. Funct. Anal., 102(1):72-94, 1991.

M. Hillairet. Lack of collision between solid bodies in a 2D incompressible viscous flow.
Comm. Partial Differential Equations, 32(7-9):1345-1371, 2007.

A. Inoue and M. Wakimoto. On existence of solutions of the Navier-Stokes equation in a
time dependent domain. J. Fac. Sci. Univ. Tokyo Sect. IA Math., 24(2):303-319, 1977.

T. Kato and H. Fujita. On the nonstationary Navier-Stokes system. Rend. Sem. Mat.
Univ. Padova, 32:243-260, 1962.

J. Koplik and J. R. Banavar. Corner flow in the sliding plate problem. Physics of Fluids,
7(12):3118-3125, 1995.

44



[30]

[31]

[32]

[33]

P.C. Kunstmann and L. Weis. Perturbation theorems for maximal L,-regularity. Ann.
Scuola Norm. Sup. Pisa Cl. Sci. (4), 30(2):415-435, 2001.

R. Lewandowski, B. Pinier, E. Mémin, and P. Chandramouli. Testing a one-closure
equation turbulence model in neutral boundary layers. 2018.

D. Maity and M. Tucsnak. LP-L? maximal regularity for some operators associated
with linearized incompressible fluid-rigid body problems. In Mathematical analysis in
fluid mechanics—selected recent results, volume 710 of Contemp. Math., pages 175-201.
Amer. Math. Soc., Providence, RI, 2018.

M. T. Matthews and J. M. Hill. Newtonian flow with nonlinear navier boundary condi-
tion. Acta Mechanica, 191(3):195-217, Jul 2007.

J. C. Maxwell. On stresses in rarefied gases arising from inequalities of temperature.
[abstract]. Proceedings of the Royal Society of London, 27:304-308, 1878.

B. Muha, S. Necasov4, and A. Radogevi¢. A uniqueness result for 3d incompressible
fluid-rigid body interaction problem. arXiv preprint arXiv:1904.05102, 2019.

B. Muha and S. Canié¢. Existence of a weak solution to a fluid-elastic structure in-
teraction problem with the Navier slip boundary condition. J. Differential Equations,
260(12):8550-8589, 2016.

C. L. M. H. Navier. Mémoire sur les lois du mouvement des fluides. Mém. Acad. Sci.
Inst. de France (2), pages 389-440, 1823.

S Necasové and J. Wolf. On the linear problem arising from motion of a fluid around a
moving rigid body. Math. Bohem., 140(2):241-259, 2015.

S Necasova and J. Wolf. Discrete Contin. Dyn. Syst., 36(2):1539-1562, 2016.

J. Priiss and G. Simonett. Moving interfaces and quasilinear parabolic evolution equa-
tions, volume 105 of Monographs in Mathematics. Birkhauser/Springer, [Cham], 2016.

J. Raymond. Feedback stabilization of a fluid-structure model. SIAM J. Control Optim.,
48(8):5398-5443, 2010.

J.P. Raymond. Stokes and Navier-Stokes equations with nonhomogeneous boundary
conditions. Ann. Inst. H. Poincaré Anal. Non Linéaire, 24(6):921-951, 2007.

V. N. Starovoitov. Behavior of a rigid body in an incompressible viscous fluid near
a boundary. In Free boundary problems (Trento, 2002), volume 147 of Internat. Ser.
Numer. Math., pages 313-327. Birkh&user, Basel, 2004.

T. Takahashi. Analysis of strong solutions for the equations modeling the motion of a
rigid-fluid system in a bounded domain. Adv. Differential Equations, 8(12):1499-1532,
2003.

T. Takahashi and M. Tucsnak. Global strong solutions for the two-dimensional motion
of an infinite cylinder in a viscous fluid. J. Math. Fluid Mech., 6(1):53-77, 2004.

45



[46] P. A. Thompson and S. M. Troian. A general boundary condition for liquid flow at solid
surfaces. Nature, 389:360-362, 1997.

[47] H. Triebel. Theory of function spaces. II, volume 84 of Monographs in Mathematics.
Birkhauser Verlag, Basel, 1992.

[48] C. Wang. Strong solutions for the fluid-solid systems in a 2-D domain. Asymptot. Anal.,
89(3-4):263-306, 2014.

[49] L. Weis. A new approach to maximal Ly-regularity. In Evolution equations and their
applications in physical and life sciences (Bad Herrenalb, 1998), volume 215 of Lecture
Notes in Pure and Appl. Math., pages 195-214. Dekker, New York, 2001.

[50] L. Weis. Operator-valued Fourier multiplier theorems and maximal L,-regularity. Math.
Ann., 319(4):735-758, 2001.

46


http://www.tcpdf.org

