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Abstract

Consider a rigid body that performs a prescribed motion through an infi-
nite container without boundaries that is filled with a viscous incompress-
ible fluid. The fluid flow around the body is governed by the Navier—Stokes
equations

ou+nanu—(E+nAaz)-Vu+u-Vu=f+Au—-Vp in RxQ,

divu =0 in R x €,
u=E+nAx on R x 0€), (NSE)
lim u(t,z) =0 for t e R.

|z[—o0

Here 2 is the exterior of the body, v and p are velocity and pressure fields of
the fluid, and f is a given external force. Moreover, £ and 7 describe (time-
dependent) translational and rotational velocities of the body. Object of
investigation of the present thesis is the configuration where the fluid flow
is time-periodic. The first part of this thesis is dedicated to the existence of
time-periodic solutions to (NSE), and the second part addresses spatially
asymptotic properties of such solutions.

In Chapter 3 we consider the case where the body performs a translation
with constant velocity and no rotation. The analysis is based on a suitable
linearization of (NSE) given by

Ou—Au—-Nou+Vp=f in Rx¢,
divu=0 in R x, (LNSE)
u=0 on Rx0JQ

for A > 0. We establish new well-posedness results for both steady-state
and time-periodic strong solutions to (LNSE) in an exterior domain €2 c
R™ n > 2, which are then employed to show existence of steady-state
and time-periodic solutions to the corresponding nonlinear system under
the assumption of “small” data. While solutions to these exterior-domain
problems are usually established in a framework of homogeneous Sobolev
spaces, the novelty of the presented approach is that it yields a framework

where solutions are established in a full Sobolev space.



In Chapter 4 we study problem (NSE) in a three-dimensional exterior
domain €2 under suitable assumptions on the data. The associated lin-
earization is examined in a framework of absolutely convergent Fourier
series. Since the corresponding resolvent problem is ill-posed in classi-
cal Sobolev spaces, we establish a linear theory in homogeneous Sobolev
spaces. These new results are applied to obtain existence of time-periodic
solutions to the nonlinear system (NSE) for “small” data.

In Chapter 5 we investigate the linear problem (LNSE) in the whole
space 2 = R" for general dimension n > 2 and for general A € R, which
we formulate as a problem on the locally compact abelian group T x R™.
We introduce time-periodic fundamental solutions for the solution (u,p)
to these equations. In addition, we develop the concept of a time-periodic
fundamental solution for the vorticity field curlu. We investigate inte-
grability properties and show pointwise estimates of these fundamental
solutions.

The subject of Chapter 6 is the investigation of asymptotic properties of
time-periodic solutions to (NSE) in the case of non-vanishing mean trans-
lation velocity. The velocity field is decomposed into a time-independent
part and a time-periodic remainder, and we derive pointwise estimates for
these parts separately. In this way, new asymptotic properties of both the
velocity and the vorticity are discovered.

vi



Zusammenfassung in deutscher
Sprache

Man betrachte einen starren Korper, der eine vorgeschriebene Bewegung
durch einen unendlichen Behélter ohne Rénder, welcher mit einer viskosen
inkompressiblen Fliissigkeit gefiillt ist, vollzieht. Die Fliissigkeitsstromung
um den Korper ist bestimmt durch die Navier-Stokes-Gleichungen

du+nau—(E+nAaz)-Vu+u-Vu=f+Au-Vp in R x

divu =0 in R x €,
u=&+nAx auf R x 09,
lim u(t,z) =0 fir ¢t e R.

Ja]> o0

(NSG)

Hierbei sei §2 der Aulenraum um den Korper, v und p seinen Geschwindig-

keitsfeld und Druckfunktion der Fliissigkeit und f sei eine gegebene auflere

Kraft. Des Weiteren beschreiben & und 7 die (zeitabhédngige) Translations-

bzw. Rotationsgeschwindigkeit des Korpers. Der erste Teil dieser Arbeit

ist der Existenz von zeitperiodischen Losungen von (NSG) gewidmet und

der zweite Teil befasst sich mit rdumlich asymptotischen Eigenschaften
solcher Losungen.

In Kapitel 3 betrachten wir den Fall, wenn der Korper eine Translation
mit konstanter Geschwindigkeit und keine Drehung vollzieht. Die Untersu-
chung basiert auf einer geeigneten Linearisierung von (NSG), die gegeben
ist durch

Ou—Au—-MNoju+Vp=f in RxQ,
divu=0 inRxQ, (LNSG)
u=0 auf R xoQ

fir A > 0. Wir beweisen neue Resultate zur Wohlgestelltheit, sowohl fiir
stationére als auch fur zeitperiodische starke Losungen zu (LNSG), in ei-
nem Auflenraum €2 c R", n > 2, welche dann genutzt werden, um Existenz
von stationdren und zeitperiodischen Losungen des zugehoringen nichtli-
nearen Systems unter geeigneten Kleinheitsbedingungen an die Daten zu

vii



zeigen. Wahrend Losungen zu diesen Auflsenraumproblemen tiblicherwei-
se im Rahmen von homogenen Sobolev-Réumen bestimmt werden, ist die
Neuheit des vorgestellten Zugangs, dass er einen Rahmen liefert, in dem
Losungen in vollen Sobolev-Raumen nachgewiesen werden.

In Kapitel 4 untersuchen wir Problem (NSG) im dreidimensionalen Au-
Benraum €2 unter geeigneten Annahmen an die Daten. Das zugehorige
lineare Problem wird in Rdumen absolut konvergenter Fourier-Reihen un-
tersucht. Da das zugehorige Resolventenproblem in klassischen Sobolev-
Réaumen nicht wohlgestellt ist, leiten wir eine lineare Theorie in homoge-
nen Sobolev-Raumen her. Diese neuen Resultate werden angewandt, um
Existenz von zeitperiodischen Losungen des nichtlinearen Systems (NSG)
fiir , kleine® Daten zu zeigen.

In Kapitel 5 untersuchen wir das lineare Problem (LNSG) im Ganzraum
Q) =R" fiir allgemeines A € R, was wir als Problem auf der lokalkompakten
abelschen Gruppe T x R" formulieren. Wir fithren zeitperiodische Funda-
mentallosungen fiir die Losungen (u, p) dieser Gleichungen ein. Zusétzlich
entwickeln wir das Konzept einer zeitperiodischen Fundamentallosung fiir
die Wirbelstérke curl u. Wir untersuchen Integrabilitatseigenschaften und
zeigen punktweise Abschétzungen dieser Fundamentallosungen.

Das Thema von Kapitel 6 ist die Untersuchung asymptotischer FEi-
genschaften von zeitperiodischen Losungen von (NSG) im Falle nicht-
verschwindender mittlerer Translationsgeschwindigkeit. Das Geschwindig-
keitsfeld wird zerlegt in einen zeitunabhéngigen Anteil und einen zeitpe-
riodischen Restterm, und wir leiten separate punktweise Abschétzungen
fiir diese beiden Anteile her. Hierdurch entdecken wir neue asymptotische
Eigenschaften sowohl des Geschwindigkeitsfelds als auch der Wirbelstérke.

viil
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1.1 The Navier—Stokes Equations

Introduced in the first half of the nineteenth century, the Navier—Stokes
equations are still the most common way to model viscous incompressible
fluid flows. They describe the flow inside a region 2 ¢ R" during a time
interval I by the equations

(1.1)

Ou+u-Vu=f+Au-vVp in I xQ,
divu =0 in I xQ,

where u: I x {0 > R"™ denotes the Eulerian velocity field and p: I x Q2 - R
the pressure field of the fluid. The function f:I x 2 - R™ denotes an ex-
ternal force. If 2 has a boundary, one usually adds appropriate boundary
conditions for u to system (1.1), and if € is unbounded, also a boundary
condition “at infinity”, that is, a value for limy_e u, is included. The
mathematical challenge consists of showing existence of solutions (u,p) to
(1.1) and the investigation of their properties.

For simplicity, the viscosity and density constants are set to 1. While
from a physical perspective only the case of a domain €2 in two or three
dimensions seems relevant, mathematically, there is no reason not to for-
mulate and study these equations in an n-dimensional domain €2 c R™ for
n>2.
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The mathematical examination of the Navier—Stokes equations is mostly
carried out in one of three different frameworks. By including an initial
condition u(tg, ) = ug(z) at a time ¢y € I to problem (1.1), one obtains the
corresponding initial-value problem. By restriction to time-independent
quantities, one obtains the corresponding steady-state problem. Moreover,
one can examine the time-periodic problem, where the involved functions
exist on the whole time axis I = R and are periodic with respect to the
time variable. The investigation of this latter case is subject of the present
work.

Although being so different in their formulation, there exist many con-
nections between these three types of problems. For instance, both steady-
state and time-periodic solutions appear as equilibrium states of the evo-
lution equation and thus as “limits” ¢ — oo of solutions to the initial-
value problem. Another example are Hopf bifurcations, where the initially
steady-state flow abruptly becomes time periodic. This phenomenon can
be observed in physical experiments, for example, in the fluid flow past a
body.

For the mathematical study of time-periodic solutions, it seems natu-
ral to treat them as specific solutions to the initial-value problem. Based
on this idea, many mathematical concepts for the examination of time-
periodic partial differential equations have been developed. Generally,
time-periodic solutions found this way intrinsically have the same func-
tional properties as solutions to the initial-value problem. In some set-
tings this framework is not optimal to capture the functional properties
of steady-state solutions. However, every steady-state solution is trivially
also time periodic, which is why these should be included. For example,
the steady-state flow past a body and the solution of the corresponding
initial-value problem show very different behavior.

The study of a time-periodic problem as a particular initial-value prob-
lem has become very common in nowadays analysis. An overview of
these methods is given below. Nevertheless, we use a different approach
here that naturally includes the characteristics of the steady-state prob-
lem. The idea is based on the observation that a time-periodic function
can be decomposed into the time mean over one period, which is time-
independent and called steady-state part, and a second purely periodic
part. The two parts can be investigated separately and, as is suggested
by physical observations, possess different characteristic properties. While
the steady-state part satisfies a time-independent problem and can be han-
dled by classical methods, we investigate the purely periodic part with
methods from the theory of Fourier analysis on groups. For this pur-
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pose, we model T-time-periodic functions by means of the torus group
T = R/TZ. This group naturally inherits a topology and a differentia-
bility structure from R, so that system (1.1) is equivalently formulated
as

(1.2)

Ou+u-Vu=f+Au-vVp in T x €,
divu=0 in T x €.

The main advantage of this reformulation is that convolution and Fourier
transform are available in this setting and the time periodicity is naturally
included in the functional framework.

1.2 Time-Periodic Navier—Stokes Equations

While the foundation of the modern mathematical investigation of the
Navier—Stokes equations can be dated back to the 1930s and the pioneering
works of LERAY [78, 79], who established existence of weak solutions to the
steady-state and the initial-value problem, the investigation of the time-
periodic Navier—Stokes equations began much later, initiated by SERRIN
[96] in the late 1950s.

It is remarkable that the study of general time-periodic partial differen-
tial equations started only some years earlier. By contemporary standards,
the first mathematically rigorous contribution in this respect is due to
Probr [88] in the 1950s, who studied the time-periodic one-dimensional
heat equation. Not much later, there appeared articles concerning the
time-periodic wave equation [89, 34]. These papers can be seen as the
basis on which more involved techniques were developed through the sub-
sequent years.

Let us give a brief overview of the most common methods for the investi-
gation of time-periodic differential equations and their first applications to
the Navier—Stokes equations. To this end, consider the abstract evolution
equation

{atu +Au=F(t,u) inR, (1.3)

u(t+7T) =u(t),

where A is a linear (differential) operator on a Banach space X, and the
(nonlinear) right-hand side F' as well as the solution u are assumed to be
T-periodic for some prescribed period 7.

Probably, the most popular way to show existence of a solution to (1.3)
is by means of fixed points of the so-called Poincaré operator. This opera-
tor maps a given initial value ug to the value u(7) at time T of a solution
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u to the initial-value problem

{athu: F(t,u) in (0,00), (1.4)

u(0) = up.

This operator was introduced by POINCARE [86, 87|, who considered it in
the context of dynamical systems. Obviously, if ug is a fixed point of this
mapping, then the solution u to (1.4) is T-time-periodic and thereby also
a solution to (1.3). In order to apply this procedure, the main challenge
is to find a setting of Banach spaces such that the Poincaré operator is
well defined and to ensure the existence of a fixed point. The first rigorous
applications of this approach to investigate time-periodic differential equa-
tions directly in the infinite-dimensional framework go back to BROWDER
[8], KRASNOSEL’sKII [70] and KOLESOV [65, 66, 67].

In order to circumvent the more difficult analysis in infinite-dimensional
spaces, one can combine this approach with classical energy methods and
construct time-periodic solutions via a Galerkin approximation. In this
way, one reduces (1.3) to a problem in a finite-dimensional setting and thus
to an ordinary differential equation. In this framework, it is much easier
to ensure the existence of a fixed-point of the corresponding Poincaré op-
erator. The idea to use a Galerkin method in the field of time-periodic
Navier—Stokes equations goes back to YUDOVICH [103] and ProDI [90].
However, their papers do not contain rigorous mathematical proofs. While
the first application of the Galerkin method in the framework of the
Navier—Stokes equations is due to HOPF [60], who constructed solutions
to the initial-value problem, PROUSE [91, 92] connected this idea with the
concept of the Poincaré operator to obtain time-periodic solutions.

Classically, by techniques from nonlinear functional analysis, one can
obtain solutions to the nonlinear problem (1.3) from a suitable theory of
the linear case where F'(t,u) = F'(t), which can be investigated by means
of the Poincaré operator as well. A different and more explicit approach
is based on a specific representation formula for the solution. When the
linear operator A is generator of a semi-group with suitable properties,
one can establish the solution formula

u(t) = f o (=DA (7Y dr, (1.5)

One readily verifies that u is time periodic of the same period as F'if u is
formally given by (1.5). Similarly to the approach based on the Poincaré
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operator, the difficulty is to find a suitable functional framework such that
this representation formula is well defined. PRODI [88] was the first to
investigate time-periodic partial differential equations by this method. In
the study of time-periodic Navier—Stokes equations, the solution formula
(1.5) was employed by KO0zoNO and NAKAO [69] and YAMAZAKI [102].

A different and more implicit method is to show that a solution u to the
initial-value problem (1.4) tends to a periodic orbit as t - oo. Then the
sequence (u,) defined by u,(t) = u(t +nT) tends to a periodic solution
to (1.3) as n — oo. This idea was first applied for general partial differen-
tial equations by FICKEN and FLEISHMAN [34], and SERRIN [96] initially
proposed this method for the study of time-periodic Navier—Stokes equa-
tions. The first rigorous application in this field is due to KANIEL and
SHINBROT [63], who showed existence of strong solutions in bounded do-
mains for “small” data. TAKESHITA [99] extended their result to data of
general “size” in the case of two dimensions.

The most classical way to study time-periodic problems is surely by
a Fourier expansion in time, or equivalently, if we model time-periodic
functions as functions on T, by means of the Fourier transform on T.
In the linear case, the Fourier modes of the solution satisfy associated
resolvent problems, which are partial differential equations only in spatial
variables. This method has been applied by many researchers; see [89, 13,
93, 94, 58, 7] for example. The main difficulty is to transfer the a priori
estimates, which are crucial to solve the original nonlinear problem, from
the resolvent problems to the linearized time-periodic problem. Typically,
this is only possible in two situations. On the one hand, one can use
Plancherel’s theorem to conclude estimates of the time-periodic solution
in the space L2(T; X)), which is only possible if the underlying space X is
a Hilbert space. On the other hand, one can establish estimates within a
space of absolutely convergent Fourier series A(T; X ), where all functions,
in particular, the given data, are intrinsically continuous in time. One
advantage of such a framework is that one can capture properties of each
single Fourier mode specifically, which is why we employ this method in
Chapter 4, where a time-periodic problem is examined in the spaces of
the type A(T; X).

A recent approach to overcome the restriction to this kind of spaces
is due to EITER, KYED and SHIBATA [23]. As uniform boundedness of
the resolvent in the underlying space X is not sufficient to obtain a pri-
ori estimates for the time-periodic problem in the general Banach spaces
Lr(T; X), they use the more restrictive notion of R-boundedness which,
in the end, is sufficient in this respect. In the last years, the concept of
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R-boundedness has become popular in the study of initial-value problems,
and the article aims at directly transferring these results to the context of
time-periodic problems. This approach can also be seen as an extension
of the vector-valued multiplier theorems due to WEIS [101] and ARENDT
and Bu [4].

Another approach recently developed by GALDI [43, 44] and KYED
[72, 73, 74] relies on a suitable decomposition of the time-periodic solu-
tion into two independent parts. The steady-state part is a solution to
the corresponding steady-state problem, which can be treated by classical
methods. The purely periodic part can be investigated separately and thus
in a completely different functional framework. As we observe in Chapter
3, the investigation of the purely periodic part can usually be achieved
in a functional framework with simpler structure than that of the steady-
state part. Moreover, the steady-state and purely periodic parts usually
show different decay and integrability properties. This characteristic also
appears in our analysis in Chapter 5 and Chapter 6. In this respect, the
decomposition allows to appropriately capture the physical properties of
the investigated system. Note that this method has also found applica-
tion in other fields besides fluid dynamics. For example, it was employed
by KYED and CELIK [11, 12] in order to study damping effects in dif-
ferent nonlinear wave equations, and by IBRAHIM, LEMARIE-RIEUSSET
and MASMOUDI [61] in the investigation of time-periodic solutions to the
Navier—Stokes—Maxwell equations.

1.3 Flow Around a Moving Body

The focus of the present work lies in the investigation of time-periodic
flow around a rigid body B that performs a prescribed motion through a
Navier—Stokes liquid. In this case the region of flow depends on time, that
is, Q = Q(t). In view of (1.1), the Navier—Stokes flow is then described by
the equations

du+u-Vu=f+Au-vp in [J{t} xQ(2),
divu=0 in t[j{t} x Q(t),
u=Up on ta{t} x 0Q(t), (16)
éﬁfﬂo u(t,r) =0 for :é I.
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Here Ug describes the velocity of the boundary of the body B. Hence,
condition (1.6); means that the fluid particles adhere to the body B at
the boundary. Moreover, (1.6)4 means that the fluid flow is at rest “at
infinity”.

Observe that it is also possible to prescribe a non-vanishing (time-
dependent) velocity u., at infinity by replacing equation (1.6), with the
condition limy|e u(t, ) = ue(t). However, by a simply change of coor-
dinates, this merely corresponds to an additional translational velocity of
the body B, so that this case is included in the above description.

Instead of a description of the flow in an inertial frame as in (1.6), it
is often convenient to change coordinates and to describe the problem in
a frame attached to the body B. In the three-dimensional case, one can
express (1.6) in the form

u+nAu-nAaz-Vu—-§-Vu+u-Vu=f+Au-Vp in RxQ,

divu =0 in R x Q,
u=&+nAx on R x 99,
|;g\1£20 u(t,x) =0 for t e R,
(1.7)

where  is the exterior of the body B; see [41] for example. Here ¢
and 7 correspond to (possibly time-dependent) translational and angular
velocity of the rigid motion of the body B. Since we study time-periodic
solutions, we have replaced the time axis I by R. Both physical and
mathematical observations show that properties of the fluid flow strongly
depend on ¢ and 7, which is why the investigation is usually carried out
for different cases separately. Note that in the absence of rotation, the
parameter 7 vanishes, and (1.7) is a proper description of the fluid flow in
any dimension n > 2.

Observe that the domain in (1.7) is an unbounded exterior domain
Q2 c R*. While the results listed above mostly concerned the study of
the flow in bounded domains, a proof of the existence of strong time-
periodic solutions to the Navier—Stokes equations in unbounded domains
was achieved in the 1990s by MAREMONTI [81, 82] and extended by
MAREMONTI and PADULA [83] in the case & = = 0. Their result was
complemented by a different proof by KozoNo and NAKAO [69] based on
the representation formula (1.5), but they could not treat the case of a
three-dimensional exterior domain. A short time later this case was cov-
ered by YAMAZAKI [102], who could show existence in the framework of so-
called mild solutions in a framework of weak L? spaces, and subsequently
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by GALDI and SOHR [38], who showed existence of strong time-periodic
solutions in spatially weighted spaces.

While all these works only examine the case £ = n = 0, that is, the
time-periodic flow around a body at rest, the case of a moving body has
attracted less attention. The first investigation in this respect is due to
GALDI and SILVESTRE [53], who showed existence of weak solutions for
time-periodic data &, n and f. They further developed these results to
the case of a freely moving body in [54]. These results were established
in a Hilbert-space framework based on energy methods. One drawback of
this framework is that it does not allow to capture asymptotic properties
of the velocity field. Therefore, an investigation of the problem in an L
setting for p # 2 is required.

From a physical point of view, it is reasonable to introduce

-
A= |7l,b/§dt|, (1.8)

which is the modulus of the time mean of the translational velocity &,
and to distinguish the cases A = 0 and A # 0. If A = 0, then the body B
oscillates around a prescribed point in space, and if A # 0, it performs a
proper translation. The parameter A has significant impact on the physi-
cal properties of the described flow. One difference can be observed in the
asymptotic behavior of the flow. For A # 0 there is a wake region “behind”
the body, which does not exist for A = 0. In this respect, it seems rea-
sonable to also distinguish these cases in the mathematical investigation.
Since the case A\ # 0 is equivalent to the configuration where the body
oscillates at a prescribed place and the velocity “at infinity” is prescribed
by limyge u(t,2) = =Aey, the case A # 0 is also called the time-periodic
flow past a body, in contrast to the case A =0, the flow around a body.
The case of a flow past a non-oscillating and non-rotating body, that
is, the case || = A # 0 and n = 0, was examined by KYED [73, 74], who
showed existence of time-periodic solutions in a framework of L? spaces.
The same case was treated by by GALDI [43, 44] in two dimensions. Both
used the method of decomposing the time-periodic solution into a steady-
state and a purely periodic part. Furthermore, GALDI and KYED [50]
showed existence of time-periodic solutions in three-dimensional exterior
domains for the problem of a flow past an oscillating body, that is, the case
of time-periodic £ with A # 0 and n = 0. Moreover, GALDI [47] recently
proved existence of solutions to the problem of time-periodic flow around
an oscillating body, that is, the case of time-periodic £ with A = 0, in
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spatially weighted function spaces. However, these papers always consider
the case n = 0 of a non-rotating body. Following a completely different
approach, GEISSERT, HIEBER and NGUYEN [55] established the existence
of mild solutions to the problem of time-periodic flow past a rotating body,
where both £ and 7 are time-independent and parallel.

1.3.1 Flow Past a Non-rotating Body

Chapter 3 is concerned with the case of time-periodic flow past a body
that performs a purely translational motion, that is, the case of constant
translational velocity & # 0 and vanishing angular velocity n = 0. By
choosing the coordinate system appropriately, we may assume & = \e; for
some A > 0. Our analysis of time-periodic solutions to (1.6) is mainly based
on the investigation of the associated linear system. As explained above,
for a prescribed time period 7 > 0 we model T-time-periodic functions as
functions on the torus group T = R/TZ. Then the linearization of (1.7) is
given by
Ou—Au—-Nou+Vp=f inTxQQ,
divu=0 in T x, (1.9)
u=0 on T x 0

for a right-hand side f:T x {2 - R™. Observe that we omitted the bound-
ary condition limp.. u(t,z) = 0 “at infinity” in this formulation. Since
we search for solutions (u,p) such that u(t,-) € LI(§2) for some ¢ € (1, 00),
the velocity field u is intrinsically subject to this condition in a general-
ized sense. We call (1.9) the time-periodic Stokes problem if A = 0, and
the time-periodic Oseen problem if A # 0. We follow the approach by
GALDI and KYED and decompose problem (1.9) into two separate prob-
lems, which can be examined independently. To this end, we introduce
the projection operators

;
1
Pf::?b/fdx, P, =1d-P,

Then Pf is the time mean of the function f and a time-independent func-
tion, and f =P f +P,f is decomposed into steady-state part and Pf and
purely periodic part of P, f. By means of these projectors, we decompose
all functions in (1.9) and define

V= PU, w = PL“? b= Ppa q:= Pip7 g = Pf? h = Pif
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In this way, (1.9) is separated into two systems, namely

-Av -\ v+Vp=g in
dive=0 1in Q, (1.10)
v=0 on 0N.

and
ow—Aw - w+Vqg=h in RxQ,

divw=0 in RxQ, (1.11)
w=0 on R x 0.

In analogy to before, if A = 0, we call these equations the steady-state and
purely periodic Stokes problems, and if A\ # 0, we call them the steady-
state and purely periodic Oseen problems. Though looking quite the same
at first glance, the main difference between (1.9) and (1.11) is that in
the latter there appear only purely periodic functions. The advantage of
this decomposition is that one can now search for functional frameworks
that render (1.10) and (1.11) well posed independently of each other. By
combination, one then obtains a comprehensive solution theory for the
original time-periodic problem (1.9).

As mentioned above, the fluid flow shows different physical properties
depending on the parameter A\, which is called Reynolds number. Whether
A=0or A %0, also has impact on the analysis of the linear problem (1.9),
and the functional analytic properties differ significantly. However, as a
further investigation shows, this discrepancy is only due to the steady-
state part and one can establish a solution theory for the purely periodic
problem (1.11) that is uniform in A. In particular, as in the case of steady-
state flow, the linear solution theory in an L4 framework is sufficient for
the treatment of the nonlinear problem (1.1) by a fixed-point argument;
see [73]. In contrast, for A = 0 one obtains different function spaces and
the nonlinear problem cannot be treated in this manner. In the present
work, we therefore focus on the case of non-vanishing Reynolds number
A # 0, that is, the case of flow past a body.

As explained before, our approach to the time-periodic linear problem
(1.9) requires an appropriate theory for strong solutions to its steady-
state counterpart (1.10), which can be regarded as a special case. The
first fundamental contribution in this regard is due to GALDI [40], who
established frameworks of well-posedness for weak and strong solutions to
the steady-state problem (1.10). An overview and further articles can be
found in [42, Chapter VII|, the more recent paper (2| and the references

10
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therein. As the investigation of (1.10) shows, for general g € L4(€2) with
suitable ¢ € (1, 00) the corresponding velocity-field solution merely satisfies

Vv e L1(Q), Vv e L1 (Q), veL*2(Q)

for different values ¢ < s1 < s9, but v is not an element of the full Sobolev
space W24(Q). In contrast, the velocity-field solution w to the purely
periodic linear problem (1.11) shows a completely different behavior and
belongs to the full Sobolev space W?24(2) with respect to the spatial
variable. Combining these two results, one concludes well-posedness of
the complete time-periodic problem (1.9) in a functional framework that
is suitable to show existence of a solution to the nonlinear problem (1.7)
in three-dimensional exterior domains; see [50].

In Chapter 3 we derive a different solution theory for the time-periodic
problem (1.9). While the purely periodic velocity field w belongs to the
same space as in [50], the novelty of the presented approach is the con-
struction of a framework that ensures the steady-state solution v to be-
long to the full Sobolev space W24(2) as well. In consequence, we also
obtain a velocity-field solution u to the time-periodic system (1.9) that
is an element of W24(Q) with respect to space. From this result, we fi-
nally conclude existence of steady-state and time-periodic solutions to the
Navier-Stokes problem (1.7) with & = Ae; # 0 and w # 0 such that the
velocity field belongs to this full Sobolev space. The results of Chapter 3
were published by EITER and GALDI [19].

This investigation in Chapter 3 is motivated by recent research on time-
periodic bifurcations by GALDI [46, 45|, who studied Hopf bifurcations in
the context of the flow past a body, which were established in a framework
where the steady-state part of the solution merely belongs to homogeneous
Sobolev spaces as described above. We assume that the results presented
here allow to study these Hopf bifurcation as well as secondary bifurcations
in a framework of full Sobolev spaces and to make them accessible for
techniques typically used in bounded domains. The mathematical proof
of secondary bifurcation for fluid flow problems in exterior domains is still
an open problem to date.

Observe that the occurrence of Hopf bifurcations is one of the most nat-
ural appearances of time-periodic flows in physics. While GALDI studied
bifurcations that occur in the flow past a body, another example is the
spontaneous oscillation of a falling drop when its falling velocity exceeds
a specific value. The mathematical examination of this phenomenon has
recently been initiated by EITER, KYED and SHIBATA, who established

11
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an appropriate framework for the existence of steady-state solutions [24]
and investigated existence of solutions to the corresponding time-periodic
problem in bounded domains [25].

1.3.2 Flow Past a Rotating Body

The subject of Chapter 4 is the time-periodic flow past a rotating body
in the three-dimensional whole space. More precisely, we consider sys-
tem (1.6) in the case of a time-periodic translation velocity £ with time
average A # 0 and a non-vanishing angular velocity n. We assume that
the translation velocity ¢ and the external force f are time periodic with
coincident period T > 0, that is,

§t+T)=8@),  f(E+T,x)=f(t, )

Moreover, we assume that the axis of translation does not vary over time
and coincides with the rotational axis, and that, without loss of generality,
both are directed along the z-axis. This means

E(t) = a(t) ey, n=we; (1.12)

for some prescribed T-periodic function a:R - R and a constant w €
R~ {0}.

We further assume that the body performs a proper translation such
that after one period its center of mass has changed its location. Expressed
differently, we assume the mean translational velocity of the body over one
time period to be non-zero:

~
A::%O/a(t)dtiO. (1.13)

Observe that this parameter A coincides with A\ defined in (1.8) provided
A > 0, which we may assume without loss of generality. In view of these
specifications, the linearization of (1.7) is given by

Ou+w(erAu—e Az -Vu) —Au—-Au+Vp=f inTxQ,
divu=0 in T x (2, (1.14)
u=0 on T x0f.

Here the parameter A plays the same role as discussed above, and physical
and mathematical properties heavily depend on whether or not (1.13) is

12
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satisfied. In particular, the case A = 0 would require different techniques
and a different functional framework, which is why it is not considered
here. In the case A # 0, problem (1.14) is called the time-periodic gener-
alized Oseen problem.

Observe that, since we consider the case w # 0 of a proper rotation,
the term we; Az -V appearing in (1.14) does not vanish and is a differ-
ential operator with unbounded coefficient. Therefore, even for “small”
n, problem (1.14) cannot be treated as a lower-order perturbation of the
time-periodic Oseen problem (1.9). Moreover, we find that the analysis of
the corresponding resolvent problem requires a completely different func-
tional setting. In order to find a framework that renders the time-periodic
generalized Oseen problem (1.14) well posed, we make use of the fact that
the term n A x -V stems from a change of coordinates into a frame at-
tached to the body and can be dealt with by the reversed transform. This
idea was also employed by GALDI and KYED [49, 48] to investigate the
the steady-state problem corresponding to (1.7). However, in the time-
periodic framework, this method only yields suitable estimates when the
change of coordinates maintains the time periodicity of the involved func-
tions. Observe that this is the case if the angular velocity w of the rotation
of the body coincides with an integer multiple of the angular frequency
27T of the time-periodic data. For the sake of simplicity, we assume

w=27/T. (1.15)

This assumption means that after one time period the rigid body com-
pleted one full revolution. Regarding the body rotation as a second time-
periodic external forcing mechanism, one may interpret (1.15) as the con-
dition that this mechanism has to be compatible to the time-periodic data.
In the end, we show existence of a time-periodic solution to (1.7) under
the assumptions (1.12), (1.13) and (1.15). These results were published
in [22].

1.3.3 Asymptotic Behavior

The second main topic of the present work is the analysis of the asymp-
totic behavior of a time-periodic fluid flow surrounding a moving obstacle,
which is governed by the Navier—Stokes equations (1.6). From information
on the asymptotic properties of the flow one can directly conclude physical
properties. For example, the anisotropic nature of the derived estimates
hints at the occurrence of a wake region “behind” the body. Moreover,

13
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these estimates show that the purely periodic part of both the velocity
and the vorticity field decay faster than the corresponding steady-state
part, so that the characteristics of the far field of a time-periodic flow are
the same as observed for steady-state flows.

One classical approach to study asymptotic properties is by means of a
fundamental solution. While for the steady-state linearized Navier—Stokes
problem (1.10) fundamental solutions are known for many decades and go
back to LORENTZ [80] and OSEEN [85], corresponding results for the time-
periodic linearized Navier—Stokes problem

ou—Au—-ANoju+Vp=f in TxR" L 16

{ divu=0 in T xR", (1.16)

were introduced by KYED [76] and GALDI and KYED [51] very recently

in dimension n = 3. The subject of Chapter 5 is an extension of their

results to general dimension n > 2, which was published by EITER and

KYED [21]. Moreover, we introduce a fundamental solution associated to

the vorticity field of time-periodic linearized Navier—Stokes flow (1.16) in
n = 3 dimensions.

One notable property of these time-periodic fundamental solutions is
that they are also subject to the decomposition explained above and can
be identified as the sum of a steady-state part, which coincides with the
fundamental solution to the respective steady-state problem, and a purely
periodic part, which possesses better properties in terms of decay and
integrability. Since the steady-state problem is a special case of the time-
periodic problem, it is no surprise to recover the steady-state fundamental
solution in the time-periodic framework.

Because we formulated the time-periodic whole-space problem (1.16)
as a problem in the locally compact abelian group G = T x R", where
a Fourier transform is available, the second, purely periodic part can be
identified in terms of a Fourier multiplier on this group. This enables us
to investigate time-periodic fundamental solutions by means of Fourier
analytic methods in the group G. In particular, we establish integrability
properties and pointwise estimates, which are subsequently employed to
study asymptotic properties of time-periodic flows.

Asin the case of a steady-state flow, the fundamental solution associated
to the velocity u in (1.16) shows a polynomial decay, and the decay rate of
the fundamental solution associated to the vorticity curl u is of exponential
type. Remarkably, while in the case A # 0 the decay rate of the steady-
state part is anisotropic and decays faster outside a wake region, the purely
periodic part behaves differently and decays homogeneous in space.

14
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The properties established for the fundamental solutions allow to ana-
lyze the asymptotic structure of time-periodic flow. Recall that the case
of a steady-state Navier—Stokes flow, described by

nAu-nAx-Vu—-&-Vu+u-Vu=f+Au—-Vp in Q,

divu =0 in €,
u=E+nAx on 012, (1.17)
|l‘im u(zx) =0,

can be regarded as a special case of a time-periodic flow. The mathemati-
cal analysis of the asymptotic behavior of solutions to (1.17) can be dated
back to FINN [36], who showed that the asymptotic profile of the velocity
field u of the flow past a (non-rotating) body, which means £ # 0 and
n = 0, is dominated by that of the steady-state Oseen fundamental solu-
tion. Later BABENKO [5] extended this result to weak solutions. However,
his proof had gaps and was finally completed by GALDI [39]. Later, KYED
[75] obtained an analogous result in the case of the flow past a rotating
body. The asymptotic structure of the associated vorticity field curl u was
identified by CLARK [14] and BABENKO and VASIL'EV [6] in the case of
a Navier—Stokes flow past a non-rotating body. Their result was recently
extended to the case of a rotating body by DEURING and GALDI [17].

In the case £ = n = 0, that is, the case of the flow around a body at
rest, an asymptotic expansion for the velocity field was established by
KOROLEV and SVERAK [68], under the assumption of “small” data. They
identified the corresponding leading term as a so-called Landau solution
of the Navier—Stokes equations. If the body performs only a rotation but
no translation, that is, if £ =0 and n # 0, FARWIG and HisHIDA [29] and
FARWIG, GALDI and KYED [28] established similar expansions with the
same leading terms.

Concerning the time-periodic case, which is described by time-periodic
solutions to (1.7), KANG, MIURA and TSAI [62] recently derived an asymp-
totic expansion for the velocity field u for flow around a body at rest, that
is, in the case £ = = 0. For the flow past a non-rotating body, that is,
in the case of constant translational velocity ¢ # 0 and vanishing angu-
lar velocity n = 0, an asymptotic expansion was established by GALDI and
KYED [51]. In both results the asymptotic profile of the time-periodic flow
coincides with that of the corresponding steady-state problem described
above.

In Chapter 6 we further investigate the case of flow past a body. More
precisely, in the final result, the mean translational velocity ¢ is allowed to

15
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be time dependent with non-vanishing time mean A defined in (1.8). Be-
ginning with the asymptotic expansion established in [51], we employ the
time-periodic fundamental solutions from Chapter 5 to derive pointwise
estimates of the velocity field u and its gradient Vu of a solution (u,p) to
(1.7). Subsequently, we examine the corresponding vorticity field curlu
by means of an integral representation via the associated fundamental
solution.

One of our main observations in Chapter 5 is that the steady-state parts
of all investigated time-periodic fundamental solutions decay slower than
the associated purely periodic parts. Our findings in Chapter 6 show that
the velocity and vorticity corresponding to a time-periodic Navier—Stokes
flow have similar properties, and we observe that the steady-state parts
of both the velocity and vorticity fields decay slower than the respective
purely periodic parts.
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In this chapter, we prepare the notation used throughout the present
thesis as well as some preliminary results. After introducing the basic no-
tation and function spaces, we present some results from harmonic analysis
on groups. For a more detailed introduction to this topic, we refer to [95].
Subsequently, we introduce the notation for Sobolev spaces together with
frequently used inequalities. Finally, we collect some preliminary results

from mathematical fluid dynamics. Most of the presented results can be
found in [42].
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2 Preliminaries

2.1 Basic Notation

In this section we prepare the basic notation concerning number sets,
vector analysis and function spaces.

2.1.1 Sets of Numbers

The symbol N denotes the set of natural numbers, that is, the set of
positive integers. We set Ny := Nu{0}, and let Z, R and C denote the sets
of integers and real and complex numbers, respectively. Usually, elements
in RxR™ are denoted by (¢, ), and consist of a time variable ¢ and a spatial
variable x. For the sign of a real number = € R we write sgn(x), and the
argument of a complex number z € C \ {0} is denoted by argz € (-7, 7],

For neNlet a = (aq,...,05) e N and 8 = (B4,...,5,) € NI be multi-
indices. Then we set |a| = ay + -+ + a,,. The notation a < f means «a; < f3;
forall j=1,...,n.

When considering a number a > ¢ for ¢ € R, we implicitly assume that a
is real if not indicated otherwise. However, there is one exception of this
rule: If a is replaced by the letter n, that is, when considering n > ¢ for
some ¢ € R, we implicitly assume that n € N.

The set {ey,...e,} denotes the standard basis of R” and C*. Then
e;-ex = 0jz, where d;;, denotes the Kronecker delta. Let x = (x1,...,%,)
and y = (y1,...,Yn) be elements of R® or C*. We denote the Euclidean

norm of z by
2l =\l e+ e

and for the (real) Euclidean scalar product we write x -y = z,y;. Here
and in the following we use the Einstein summation convention, that is, in
products we implicitly sum over repeated indices from 1 to n. Similarly,
for matrices A = (Aji), B = (Bjx) € C™ the scalar product is denoted by
A: B = A;,Bj,. Moreover, the tensor product z ® y € C»" of x and y is
given by (x ® y);r = xjyx. The vector product x Ay e C3 of z,y € C3 is
defined by (zAy); = €keTkYe, Where €y is the Levi-Civita symbol defined
by

1 if (j,k,¢) is an even permutation of (1,2,3),
gjke=1-1 if (j,k,¢) is an odd permutation of (1,2,3),

0 otherwise.

Moreover, if z € C3 is a third vector, we set x Ay -z = (x AY) - 2.
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For R >0 and x € R® we let Br(x) = {y e R" | |x —y| < R} denote the
ball of radius R centered at x, and Bf(z) = {y e R" | |z —y| > R} is the
interior of its complement. For x = 0 we simply write Bg = Br(0) and
Bf:=Bf(0). Moreover, w, denotes the surface area of unit sphere in R™.
For 2 c R™ we define Qg = QnBg and QF = Qn B~

A set 2 c R” is called a domain if it is a non-empty, open, connected
subset of R”. We call {2 a bounded domain if it is contained in a ball By for
some radius R > 0, and an exterior domain if it is the complement of the
closure K of a bounded domain in R™. In the latter case, §(€2¢) denotes
the diameter of K. Without loss of generality, we make the technical
assumption that 0 belongs to the interior of K.

If the (compact) boundary of € can locally be represented as the graph
of a Lipschitz continuous function, we say that €2 has Lipschitz boundary
or that it is a Lipschitz domain. If it can locally be represented by the
graph of a function that is k-times continuously differentiable, k € N, we
call 2 a domain of class C*, a domain with C*-boundary or a C¥-domain.

Spatial derivatives of a sufficiently regular function v on a domain 2 c
R™ are denoted by dju = 0,,u for j =1,...,n, and Vu = (d1u,...,0,u)
denotes the gradient of u. We set D*u = Du = 07" ...0py"u for o € NY,
and the symbol V¥u = (Du|a € N2, |a| = k) denotes the formal collection
of all derivatives of order k£ € N. Moreover, Au = 0;0;u defines the Laplace
operator. If u = (uq,...,u,) is R*-valued, these differential operators act
on u componentwise. Moreover, divu = d;u; denotes the divergence of w.
If v is another R"-valued function on €2, then u - Vv is the vector-valued
function defined by (u-Vv); = uOkv,;. We further let curl u denote the curl
or rotation of an R3-valued vector field u, that is, (curlu); = €;5Opue. For
a second-order tensor field T:R" — R™" the vector field divT is defined
by (divT); = 0yTjx. Unless indicated otherwise, these operators always
act on the spatial variables z, also in the case when u further depends on
time. In this case, d;u denotes its time derivative.

We use capital letters to denote global constants, which are numbered
consecutively throughout the complete thesis, and we use small letters to
denote local constants, which are numbered in the respective proof. In
order to emphasize that a constant C' depends on quantities «, 3,7,...,
we write C' = C(a, 3,7,...).

2.1.2 Periodic Functions

Let X be any set and w:R - X be a periodic function of period T > 0,
that is, u(t +7T) = u(t) for all £ e R. When u depends on further variables
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and is periodic considered as a function of the time variable ¢, we call u
time periodic.

For a fixed period T, we write T = R/TZ for the corresponding torus
group, which is naturally equipped with the associated quotient topology.
Let m:R - R/TZ, t = [t] be the quotient map from R onto R/TZ, and let
IT: T — [0,7) be the function that maps each coset [t] € T = R/TZ to its
unique representative ¢t € [0,7). For any T-periodic function w:R — X
the composition U = u oIl is a function T - X, and for any function
U:T - X, the composition u = U o7 is a T-periodic function R — X.
In this way, we can identify T-periodic functions on R with functions on
T = R/TZ. In the following, we shall always do this tacitly and simply
write U = u in this case. In particular, also t € T is referred to as the time
variable.

Besides its topology, T = R/TZ inherits also the differentiability struc-
ture of R, and we say that a function U:T - X is k-times (continuously)
differentiable if uw = U o 7 is k-times (continuously) differentiable, and the
(time) derivative is defined by 0;U = Qyu o 7.

2.1.3 General Vector Spaces

For topological vector spaces X and Y the symbol £(X,Y") denotes the
set of all continuous linear operators X — Y, and we set £L(X) = L(X; X).
We write [ for the identity mapping in X. The (topological) dual space
of X is denoted by X', and for the corresponding dual pairing of x € X
and p € X' we write (p,x) = ¢(x). If X is a semi-normed vector space,
we denote its semi-norm by ||-|x. For semi-normed vector spaces X and
Y, the Cartesian product X x Y is usually equipped with the semi-norm

|G, )l xxy = Nzl x + [yl

If X,Y c Z for some vector space Z, then their intersection X nY is
equipped with the semi-norm

[2lxey = [zl x + =]y,

and if X nY = {0}, then X @ Y denotes their direct sum. In general, our
notation does not distinguish between the semi-norm of a vector space and
the semi-norm of the n-times Cartesian product X", and we simply write
|-| x for the semi-norm in both cases. Moreover, when the dimension is
clear from the context, we occasionally omit the exponent n and simply
write x € X instead of x € X™.
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If X is a complex-valued vector space and A c X, then spans A denotes
the linear hull of A in X.

2.1.4 Continuous and Integrable Functions

Let X and Y be topological spaces. The space of all continuous functions
X =Y is denoted by C(X;Y).

For X an open subset of R” or T x R” and Y a normed vector space,
the set C¥(X;Y") contains all k-times continuously (Fréchet) differentiable
functions X — Y, where k e Nu {co}. By C*(X;Y') we denote the subset
of Ck(X;Y") of functions such that each of their derivatives up to order k
can be continuously extended to the boundary of X.

In the case Y = R we simply write C(X), C*(X), C¥(X) instead of
C(X;R), C*(X;R), Ck(X;R). By CP(Z) we denote the set of all com-
pactly supported functions in C*(Z), where Z € {X,X}. The space of
distributions, that is, the dual space of C(Z), is denoted by D’(Z).

Next we recall the notion of the Lebesgue integral. As customary, we
always identify elements of these spaces, which are equivalence classes of
functions, with one of their representatives and simply refer to them as
functions as well.

Let X be a o-finite measure space with measure u. For p € [1,00)
the symbol LP(X) denotes the Lebesgue space of p-integrable functions,

equipped with the norm
1/p
1l ( / |f|pdu) ,
X

and L*(X) is the space of essentially bounded functions with norm
[ fllooix = p-esssup | f ()],
reX

Note that the notation does not indicate the underlying measure p and
does not distinguish between real-valued and complex-valued functions. In
the following, both will always be clear from the context. If the underlying
space X is also clear from the context, we simply write |-|, instead of
|- p:x- Moreover, for 1 <p < oo the dual space of LP(X) can be identified
with L' (X)), where p’ is the Holder conjugate of p defined p’ = p/(p - 1)
if pe(1,00), and 1’ = oo and oo’ = 1. We use this identification tacitly.
Furthermore, L (X)) denotes the set of all locally p-integrable functions
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on X. The weak Lebesgue space LP>°(X) consists of all y-measurable
functions f: X — C such that

sup{ap({z e X | |f(z)|>a})? | a> 0} < co.

In the case X = R", we further write |2| for the Lebesgue measure of
a measurable set 2 ¢ R?. In the case X = Z, which is always equipped
with the counting measure, we set P(Z; X) = 1P(Z; X). Iff Q c R" is a
domain with boundary 0f2, the symbol dS denotes its surface measure
given by the restriction of the (n — 1)-dimensional Hausdorff measure. If
Q) has Lipschitz boundary, we denote by n its unit outer normal vector.

2.2 Harmonic Analysis on Groups

One advantage of the interpretation of modeling the time periodicity of
functions by means of the torus group T is the availability of convolutions
and a Fourier transform. In this section we prepare some related results
from harmonic analysis on such locally compact abelian groups.

2.2.1 Convolutions

Let G be a locally compact abelian group equipped with the Haar measure
tg- In our applications, G coincides with R, Z or T = R/TZ or a product
of these spaces. Then R™ and Z are equipped with the standard Lebesgue
measure dz and the counting measure, respectively, and T is equipped
with the normalized Haar measure dt¢ defined by

-
VpeC(T): J e(t)dt = 71,! e(t")dt’,

so that T is a finite measure space of measure 1.
The convolution u * v of two functions u,v: G — C is given by

wwo(z) = f u(z = y)o(y) duc(y),

G

provided that this is well defined. If different groups are involved, we
also use the notation u *g v to specify the underlying group. Moreover,
if u,v:G - C" are vector fields and I':G - C™*" is a second-order tensor
field, then the convolutions ux*v and I' xv are defined by u*v = u; *v; and
(I'*v); = I'jx * vy, where we employed the Einstein summation convention
again.
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2.2 Harmonic Analysis on Groups

2.2.2 The Fourier Transform

The symbol .#(G) denotes the Schwartz-Bruhat space on G. This gen-
eralization of the classical Schwartz space was introduced by BRUHAT [9];
for a precise definition we refer to [20]. For elementary groups of the form
G = 7! x T™ x R™ with ¢,m,n € Ny, which are those we encounter in the
following, it is given by

F(G)={feC(G)| Va,B e Ny, ve NI, 6 € Ni: pogrs(f) < oo}

where
paﬂﬂ/ﬁ(f) = sup |k§an£azf(k7t7 ;C)|
(k,t,x)eZf xT™ xR™

Here f € C°(G) means that f(k,-,-) € C°(T™ x R"*) for each k € Z.
Equipped with the topology induced by these semi-norms, .%(G) becomes
a locally convex vector space. Its dual space .#'(G) is called the space
of tempered distributions on G. Observe that .(G) and .#’(G) coincide
with the classical Schwartz space and the space of tempered distributions
in the Euclidean case G = R™.

As for classical tempered distributions in R", one defines derivatives
and multiplication via duality by

(DAD] W, p) = (-1)PHA(W, DIDJ ), (g0, ) = (T, gp)

for ¥ e S'(G), p € L(G), (o, f) e NgxNI* and a suitable smooth function
g:G — C. Moreover, if there exists a function f € L] (G) such that

(W, p) = ffsoduc
G

for all p € (@), then we call ¥ a regular distribution and identify it with
f. In this way, the spaces LP(G), p € [1, 0], are continuously embedded
into .'(G).

The dual group G of G consists of all continuous characters v:G - T on
G and is equipped with the compact open topology. By the Pontryagin
duality theorem, the dual group of G can be identified with G. Then the
Fourier transform .#; on G and its inverse .#;! are given by

FeLN(G) > C@).  Fal) = [ F@) (=) dpg(a),
G

FGHLN(E) - C(G), L%l[f](fﬂ)=ff(7)7(x)dua(’y)-
G
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The Fourier transform .Zg is a continuous isomorphism %g:.(G) —
(@), which extends to a continuous isomorphism .Z%4:.'(G) - ' (G)
by duality, that is,

(FalV], 0) = (¥, Fale])

for U ¢ .#'(G) and ¢ €.7(G), which is justified by the Pontryagin duality
theorem. If the Haar measures on G and G are suitably normalized, then
F¢ is an isometric isomorphism ZFg:L2(G) - L2(G) with inverse Z5'.

One can identify the dual groups of R* and T with R” =R” and T = Z,
respectively. More generally, the dual group of G = Z¢ x T™ x R™ can be
identified with G = T¢ x Z™ x R*. This property allows to represent the
corresponding Fourier transforms on . (G) as

Zrlf1h) = _/ f(t)e_iz?ﬁkt dt, Frn[f1(§) = f f(z)e ™ da,

— 2771— _ -
FAUO = IR EF, FA@ = [ O de.

keZ i
Due to Fregn = Fr ® Frn and Frlp, = Fr' ® Fpt, we further obtain the
identities

Fran[106€) = [ [ £t e = daat,
T R»

Filenlf(t2) =Y, [ F(h) i de.

keZRn

Observe that the Lebesgue measure dé on R” has to be renormalized by
a factor (27)" in order to obtain an isometry Fg.:L2(R") — L2(R").
Moreover, the Fourier transform %1 on T coincides with the classical
Fourier expansion.

The behavior of derivatives under the Fourier transform is as in the
classical Euclidean case. The identity

2
P [ODIV] = (iZ5k) (16)" Pz [ V]

holds for all « € Ny, £ € Ny and all tempered distributions ¥ € .#/(T xR").
The delta distributions in R” and Z are denoted by dr» and d7, respec-
tively. The support of a distribution W is denoted by supp V.
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2.2 Harmonic Analysis on Groups

2.2.3 Fourier Multipliers

A famous concept in the field of harmonic analysis is the theory of Fourier
multipliers.

Definition 2.2.1. Let g be a locally compact abelian group and p €
[1,00). We call m e L*(G) an L?(G) multiplier if the operator

ope[m]: S (G) > (G), [ TG [mFclf]].

satisfies
Ve (G):  |opalm](f)lwr < Cillflir )

Then the operator ops[m] has a continuous extension to an operator
LP(G) - Lr(G), and we simply write ops[m] € L(LP(G)). We also say
that m is an L? multiplier on G.

The question whether or not a function m is an L multiplier can be
a hard one. While the set of L2(G) multipliers coincides with L*(G)
by Plancherel’s Theorem, and the set of L!'(G) multipliers is given by
the set of all regular finite Borel measures on G (see [77, Theorem 0.1.1]
for example), an analogous characterization for general p € (1,00) is not
known. However, there are several famous results, which nowadays belong
to the standard repertoire in Fourier analysis and give sufficient conditions
for a function m to be an L? multiplier in the setting of the Euclidean
space G = R™. One of these is the Marcinkiewicz Multiplier Theorem (see
Theorem A.3.3).

However, on general groups such tools are not available directly, and
one has to circumvent this issue. The method applied here is the idea
of multiplier transference. In order to show that a function m is an L?
multiplier on one group, we transfer it to a different group, where better
tools may be available. This idea goes back to DE LEEUW [16] and was
further extended by EDWARDS and GAUDRY [18].

Theorem 2.2.2 (Transference Principle). Let G and H be locally compact
abelian groups, and let ®:H — G be a continuous homomorphism. Let
pe(1l,00) and

meL®(G)nC(Q)

be a continuous LP(G) multiplier. Then M =mo® is an LP(H) multiplier
and

lop i [M]| 2r )y < llopa[m]] 2@wr @) (2.1)
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Proof. See [18, Theorem B.2.1] or [20, Theorem 2.15]. O

Remark 2.2.3. In our applications, we usually meet two different cases.
Either we have

G=R, H=T, ®Z-R, kek
or
G=RxR", H=TxR",  ®ZxR">RxR", (k&) (k&)

In both cases, ® is the trivial embedding, so that M = m|y, that is, M is
the restriction of m to H, which is a null set in G. This can be seen as
the justification for the continuity of m required in Theorem 2.2.2.

As an example, we show the continuity of the Riesz transform in LP(T).
Proposition 2.2.4. The Riesz transform Ry in the torus T given by
Ry: 7(T) > (1), Re(f)=F'[-isen()F2[f]]  (22)

can be extended to a continuous linear operator LP(T) — LP(T) for any
pe(l,00).

Proof. Let M (k) == —isgn(k). Then the statement follows if M is an LP(T)
multiplier for any p € (1,00). Let x € CF(R) be a cut-off function with
x(17) = 1for [ < § and x(n) = 0 for [n] 1. Set m(n) = =i(1-x(n)) sgn(n)-
Then m is smooth and m'(n) = ix'(n) sgn(n). Therefore, m and m’ are
uniformly bounded, and the Marcinkiewicz Multiplier Theorem (Theorem
A.3.3) shows that m is an LP(R) multiplier. Since M =m|z, we conclude
the proof by the Transference Principle (Theorem 2.2.2). O

2.3 Sobolev Spaces

Here we introduce the notation for classical and homogeneous Sobolev
spaces. At first, we consider functions that only depend on spatial vari-
ables, and we recall the famous Gagliardo—Nirenberg inequality. We intro-
duce spaces of functions that also depend on time and collect embedding
results for time-periodic functions.
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2.3 Sobolev Spaces

2.3.1 Classical and Homogeneous Sobolev Spaces

Let © be an open subset of R?, n € N, and let k£ € Ny and p € [1,00].
By WFP(Q) we denote the inhomogeneous Sobolev space that contains all
functions u € LP(2) with weak derivatives in DYy € LP(Q2) for all |a| < k,
which is equipped with the norm

Hu”k,p;ﬂ = Z HDau”p;Q'
le|<k
For A € {Q,Q}, the space Wlkof (A) contains all functions u such that
Dew e L2 (A) for all |o| < k. Observe that WEP(Q) # WEP(Q) in general.
Moreover, the homogeneous Sobolev space D¥P(§) is defined by

D*P(Q) = {u e Li,(Q) | D*u e LP(Q) for all |o] = k},
which we equip with the semi-norm

[ul e = 2. D%t
|ee|=k

When the underlying domain €2 is clear, we simply write |5, and |-|, ,
instead of |-[xp0 and ||, .-

In contrast to W*kP(Q), the space D¥P(Q) is not a Banach space for
k > 1 since ||, , is not definite in this case. However, both ||, and
||, are norms on C§°(Q2), so that one can define the respective Cantor
completions

Wer(@)=Cp(@) "7, Dhr(Q)=Cr(@) .
For p € (1,00) their dual spaces are denoted by
W (@) = (We”'(@)), Dy"(@) = (Dp" (),

where p’ = p/(p-1) is the Hélder conjugate of p. Their norms are denoted

by [-kp = I|-kpe and [, =[x e
At this point, we prepare the following density result.

Proposition 2.3.1. Let Q c R™ be an arbitrary domain and q,r € (1, 00).
Then CP(Q) is a dense subset of L(Q2) n Dy (Q).

Proof. The space L2(Q)nD;""(Q) can be identified with the dual space of
L7 (Q)+DL" (), where s’ = s/(s—1) for s € {¢,r}. Identifying elements of
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C () as regular distributions in D’(£2), we consider g € L' (Q2) +D(1)’T,(Q)
belonging to the kernel of each functional in C(€2), that is, such that

fgpgdsz
Q

for all ¢ € C3°(§2). This implies g = 0. Consequently, by a standard duality
argument, C(Q) is dense in LZ(Q) n D;""(Q). O

The following theorem gives an estimate of the boundary trace of a
function in W12(€2). We only consider a very particular case here, which
is sufficient for our applications.

Theorem 2.3.2. Let 2 c R™ be a domain with Lipschitz boundary. For
every € > 0 there exists a constant Cy = Cy(n,,e) > 0 such that the
estimate

[ull200 < €| Vul 20 + Cofuf20.

holds for all ue WH2(Q).

Proof. By a classical trace inequality (see [42, Theorem I1.4.1] for exam-
ple) we have

1 1 1
ulf 20 < cr[ulzo(lul20 + [Vul20)

1
|ul200 < collull3q

1 1
<ea(flulan + JulsqolVulse)-
Now the assertion follows by an application of Young’s inequality. [

The following proposition is a generalization of Poincaré’s inequality to
second-order derivatives.

Proposition 2.3.3 (Second-Order Poincaré Inequality). Let Q2 c R", n >
2, be a bounded Lipschitz domain, and let T be an (n — 1)-dimensional
connected component of 02. For 1 < g < oo there exists a constant C3 =
C3(n,Q,T,q) >0 such that

Julg + | vul, < G5 V2ul, (2.3)

for all we W24(Q) with u=0 on I.
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2.3 Sobolev Spaces

Proof. We prove the statement by a contradiction argument and assume
that it does not hold. Then there exists a sequence (u,) ¢ W24(Q) with
u, =0 on I' such that

1
[unly + [Vunly =1, [V2unfg <~

Then the sequence (u,) is uniformly bounded in W24(2) and thus con-
tains a weakly convergent subsequence (which we identify with (u,)) with
limit u € W24(Q) satisfying v = 0 on I'. By the compact embedding
W24(Q) > WLe(Q), the function u is the strong limit of (u,) in W4(2).
In particular, we conclude

Jullg + IVulq =1. (2.4)

Because (V2u,,) converges to 0 by assumption, (u, ) converges strongly to
w in W24(Q) and V2u = 0. This implies u(z) =a-x +b for a € R, b e R.
We set

Sap = {xeR” ‘ a-:c+b=0}.

Since u = 0 on I', the hypersurface I' belongs to the affine linear space S .
By our assumption, this is only possible if S, ; = R™, which is equivalent to
a=0and b=0. This implies u = 0, which contradicts (2.4) and completes
the proof. O

Remark 2.3.4. Observe that the assumptions on I' in Proposition 2.3.3 can
be weakened. As we see from the proof, it suffices to assume that I" is a
subset of 02 such that the vanishing-trace condition u|r = 0 makes sense
and I' is not contained in a proper affine subspace of R".

Moreover, Proposition 2.3.3 can directly be generalized to higher-order
derivatives by imposing additional geometric requirements on I'. For ex-
ample, an estimate of the form |u|s, < C4|V3u|, holds under the addi-
tional assumption that I' is not contained in a quadric hypersurface.

2.3.2 Interpolation Inequalities

Next we recall the famous Gagliardo—Nirenberg inequality in bounded and
exterior domains and conclude a simple corollary.

Theorem 2.3.5 (Gagliardo—Nirenberg inequality). Let Q cR", n > 2, be
a bounded domain with Lipschitz boundary, and let p € (1,00], q € (1,00),
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m e N and u € D™P(Q) nLI(Q). Moreover, let k € Ny, 0 <k <m. Then
u e DF(Q) and
0 _
[l < Cs ([l plullg™ + ully).

where
1 m

1
-:5+9(-——)+(1—e)—
romn p n q

with 6 € [k/m, 1), and Cs = C5(n,Q,p,q,m,k,0) >0. If m-k-n/p¢ Ny,
then 0 =1 is also admissible.

Proof. See [37, 84]. O

The following generalized Ehrling’s inequality is a rather direct conse-
quence.

Corollary 2.3.6. Let Q2 cR™ n>2, be a bounded domain with Lipschitz
boundary, N € N and p, q. € (1,00), k =0,...,N -1 and € > 0. If
ue WNP(Q) and ue Wkak(Q) for k=1,...,N -1, then

N-1
HUHP < Oﬁ Z |U’|k,qk + E|u|m,p’
k=0

where Cg = Cg(e,n, 2, N, p,qo,-..,qn-1) > 0.

Proof. First we show the estimate for N = 1. Assume u € WP(Q)nLe(Q)
for p,q e (1,00). If ¢ > p, since €2 is a bounded domain, we have

[ully < collulq < colluly +elul1p

for any € > 0. If ¢ < p, we employ the Gagliardo—Nirenberg inequality
(Theorem 2.3.5) with 6 =n(p - q)/(np —ng + pq) to obtain

0 _
[ullp < er(fuly,luly™ +lulq) < e (1 +e)uly +eluly,,

by Young’s inequality. This completes the proof in the case N = 1. The
general case now follows iteratively. [

The following result generalizes Theorem 2.3.5 to the case of an exterior
domain.

Theorem 2.3.7 (Gagliardo—Nirenberg inequality). Let Q cR”, n >2, be
an exterior domain with Lipschitz boundary or = R™. Let p € (1,00],
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qge(1,00), meN andue D™P(Q)nNLI(2). Moreover, letk € Ng, 0 <k <m.
Then u € D*"(Q) and

0 _
[uly,. < Crluly, , lulg™,

where

1=E+9(1—@)+(1—0)1
ron p n q

with 0 € [k/m, 1), and C7; = C7(n,Q,p,q,m,k,0) >0. If m—k-n/p ¢ Ny,
then 0 =1 is also admissible.

Proof. See [15]. O

2.3.3 Functions of Space and Time

Let QcR™ and feLl (T xQ), and let X(Q) be a semi-normed function

loc

space. For pe[1,00], we write f € LP(T; X (Q2)) if the function

te | f () x @)

belongs to LP(T), and for p € [1,00) we set

1/p
| Floscoy = ( L1 dt) ,
T
[ £l rix @y = esssup | (£, ) |x -
We further introduce the steady-state projection

P@)= [ fta)dt,  Pif=f-PF
T

Observe that Pf is time-independent. Therefore, we call Pf steady-state

part and P, f purely periodic part of f.
The operators P and P, are continuous projections LP(T; X(2)) —
LP(T; X(€2)), which leads to the direct decomposition

LP(T; X () = X(©) @ LI (T; X(©2)),

where we set LY (T; X(Q)) =P, LP(T; X(Q2)). If X(Q) =Lr(Q2), we define
LY(T x ) =P, Lr(T x Q).
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We further introduce the space
WE2P(T % Q) = {u e LP(T; WP(Q)) | du e LP(T x )},
which is equipped with the norm

luliop = 3 IDguly + [0l

|a|<2

and its purely periodic subspace WI4(T x Q) := P, WL24(T x Q).

Moreover, for G = T x R™ the operators P and P, are continuous map-
pings L (G) - #(G). They can thus be transferred to mappings on
(@) by duality via

(PU, ) = (¥, Py)

for U e '(G) and p € /(G). As before, we obtain direct decompositions
of (@) and .7'(G).

Observe that Pf = Fr[f](0) = F;'0z.Fr[ f]] since F'dz] = 1. This
further yields the identity

P.f = Fr'[(1-62)F f]].

2.3.4 Embedding Theorems

Here we consider embedding properties of time-periodic functions, more
specifically, of functions in W124(T x 2). The following theorem is due to
GaLpI and KYED [50].

Theorem 2.3.8. Let 2 c R™, n > 2, be the whole space R™ or a bounded
or exterior domain in R™ with Lipschitz boundary, and let q € (1,00).
Assume that o € [0,2] and po,ro € [q,00] satisfy

nq ,

: <M ire-a)<n,

7‘032_ if aq <2, Do n-(2-a)g if 2-a)g<n

T < 00 if aq =2, Do < % if (2-a)g=n,

ro < 00 if ag > 2, Do < 00 if 2-a)g>n,

and that 5 €[0,1] and p1,71 € [q, 00] satisfy
2q ng .

rm<—d yfBg<2, p<— i (1-B)g<n,
S5 U n-(1-5)q

ry < oo if Bq =2, p1<oo if (1=B)q=n,

ry < 0o if Bg>2, p1 <o if (1-8)g>n.
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Then there is a constant Cg = Cs(n,Q, T, q,70,p0,71,P1) > 0 such that the
inequality

lullLro(riLeo )y + [ VUL (riee () < Cslul1,2,4 (2.5)
holds for all ue WH24(T x Q).

Proof. This result was proved in [50, Theorem 4.1] for exterior domains
of class C'. However, the proof is first established on the whole space and
then transferred to an exterior domain by means of classical Sobolev exten-
sion operators. Since these operators exist also for bounded and exterior
domains with Lipschitz boundary, the generalization to these domains is
straightforward. O

We also need the following refinement of Theorem 2.3.8, which takes
into account a weight in front of the time derivative. Clearly, this does
not affect estimates of the steady-state part of a function u € Wt24(TxQ),
which is why we only consider the case of purely periodic functions.

Theorem 2.3.9. Let n > 2, w >0 and q € (1,00). For «a € [0,2] with
ag<2 and (2-a)g<n let

2q ng

To = 2_—0@, Po = m>

and for B €[0,1] with Bq<2 and (1-)q<n let

2q ng
= —, PLi=m —— .
2-pq Y- (1-8)q

Then there is a constant Cy = Co(n, T ,q,«, 3) >0 such that the inequality

1

W ]| o (10 (mny) + WP VU (res )

(2.6)
< Co(w|dpul, + [V2ull,)

holds for all ue P, Wh24(T x R").

Proof. Since . (G) is dense in W124( (), it suffices to consider u € . (G)
with Pu = 0. In particular, we have .Zg[u] = (1 - dz)Fg[u]. By means of
the Fourier transform .%4, we thus derive the identity

u:ﬁél ]_QLZ(II{;)
€|" + w3k

= T[] #rn [Qage *1 F,

ﬁg[w(“)tu - Au] @)
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where

F =7 Mw(k‘,f)ﬁg[w@u—Au] ,

PP = 8y (R))
M8 = F +iwZk

a2 = Fr' [k = (1= 85(k))|K "]

Then we have

2 -a
M, = (_ﬂ-w) 2 mﬁ,)\|ZXR"

T

for . » as in (A.87) and k = w2, A =0 and 6 = /2. By Lemma A.3.10,
the function M, ) is a continuous L¢ multiplier on R x R". In view of
Remark 2.2.3, the Transference Principle (Theorem 2.2.2) thus shows that
M, is an L¢ multiplier on G and satisfies

2T -2
)

HOPG[Mw]HL(Lq(G)) < (?w a/2’

|oPR R~ [mn,)\] ||L(L4(R><Rn)) < cow”™

where the constant ¢ is independent of w due to (A.90) and A = 0. Con-
sequently, we have

W Fllg < collwdeu = Aullq < co(w]Dpullg + [ V2ully).

Moreover, Lemma A.3.1 yields ¢,/ € L1-7<1l/2’°°(']l‘). Furthermore, it is well
known that the mapping ¢ — f@i“& |O‘_2] *gn © extends to a bounded op-
erator L4(R") — Lro(R"); see [57, Theorem 6.1.3] for example. Recalling
(2.7) and employing the inequalities by Minkowski and Young, as rg > ¢

we have
1
To T0o
dt
po
1

1 1

0 q

Sclwa/Q(/nga/Q xp F(t,-) |7 dt) SCQwO‘/Z(/nga/Q xp F(-x)||8 dx)
T Rn

< esw 2| Flly < ca(wlOpully + [97ully)-

W ulro(zmo ey = “a/z( / | 7t 1€1°72] #r g #r F(2,)
T

This is the asserted inequality for u. The estimate of Vu follows in the
same way. ]
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Remark 2.3.10. Note that the term on the right-hand side of (2.6) defines
a norm equivalent to |-|1.2, on W}*4(TxR"). More precisely, since Pu = 0
for u e Wi’zq('ﬂ‘ x R™), Poincaré’s inequality yields

wlulq < Crow||Geullq.
By the Gagliardo—Nirenberg inequality (Theorem 2.3.7), this implies
Cii [ulh2g < wlOpulq + [V?ulq < Crufluli g

for a constant C; > 0 depending on w.

Remark 2.3.11. Theorem 2.3.9 can be generalized to the setting of an
exterior domain 2 ¢ R™ by means of Sobolev extensions. However, in
order to maintain the homogeneous estimate (2.6), one has to construct
a specific extension operator that respects the homogeneous second-order
Sobolev norm. To this end, one can make use of results from [10].

2.4 Mathematical Fluid Dynamics

In this section we present some results from mathematical fluid dynamics
that nowadays belong to the standard theory in this field.

2.4.1 The Helmholtz—Weyl Decompositon

The Helmholtz—Weyl decomposition is used to split a vector field into a
divergence-free (also called solenoidal) part and a gradient field. For its
definition, let 2 ¢ R™, n > 2, be a domain. Then C§’,(£2) denotes the space
of all divergence-free smooth vector fields with compact support, that is,

Ce,(Q) = {p e CT ()™ | dive =0}.

For g € (1,00), the space LZ(€2) of all solenoidal vector fields in L4(€2) and
the space 49(2) of all gradient fields in L4(2) are defined by

Soo 7ol e

LL(Q)=C(Q) ", 99Q)={vp|peD"(Q)}.
Then the following theorem collects famous results.

Theorem 2.4.1. Let Q2 = R™ or let 2 ¢ R™ be a bounded or exterior
domain of class C%. Let q € (1,00). For each f € Li(QQ) there are unique
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elements u € LL(Q) and g = Vp € 99(QY) such that f =u+g=u+Vp. In
other words, the unique decomposition

LA(62) = L3 () @ 99(Q),

called Helmholtz—Weyl decomposition, holds. Moreover, there exists an
associated projection operator Py, called Helmholtz projector, such that
Puf = u. Then Py:Li1(Q) — L(Q) is a continuous linear operator that
satisfies P = Pu, and Py is an orthogonal projection if q = 2.

Proof. A proof can be found in [42, Theorem II1.1.2] for example. ]

Note that in the case ¢ = 2 the Helmholtz—Weyl decomposition is valid
for any domain ; see [42, Theorem III.1.1] for example. In contrast, for
any q # 2 there exist domains, where this decomposition does not hold;
see further references in [42, Section III.1].

We further introduce the homogeneous space

Di1(0) =T, @

2.4.2 The Divergence Problem

Here we collect famous results about the divergence problem, that is, given
a function ¢:€2 - R on a domain €2 c R”, to find a function v:2 - R"™ such
that

{divv =g inQ, 2.8)

v=0 on 0f),

and satisfying suitable a priori estimates.

We shall often encounter this problem in the following setting. When
deriving properties for a function u: €2 - R" defined on an exterior domain
Q, we frequently multiply u with a cut-off function xy € C*(R") with
specific support and obtain a function w := yu. When u satisfies divu = 0,
this property is lost during this procedure in general, and divw does not
vanish everywhere since divw = u-Vy. To obtain a divergence-free function
again, the idea is to subtract a function v satisfying (2.8) with g = u- Vy.

In a bounded domain, this problem is resolved by the Bogovkskii oper-
ator B. Before its introduction, note that if 2 is a bounded domain, the
assumption

/ gdz =0 (2.9)
3
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is necessary for the existence of a solution v to (2.8) due to the divergence
theorem.

Theorem 2.4.2 (Bogovskii Operator). Let D c R*, n > 2 be a bounded
domain with Lipschitz boundary, There is a linear operator B:Cg (D) —
Cy (D)™, called Bogovskil operator, with the property

/godxz() = divBy=¢.
D

For q € (1,00) and m € Ny, this operator has a continuous extension to
a linear operator B:Wy»'(D) - Wi*H4(D)".  Moreover, there exists a
constant Co = C12(n, D, q) >0 such that

[Bglly < Cralgl’y 4.0 (2.10)

for all g e L4(D), where |‘|f17q;D is defined by

9%y g0 = sup{‘f gi/}dx‘
D

In particular, if g satisfies (2.9), then v =Bg is a solution to (2.8).

b€ O (R, [T ]gp = 1}. 2.11)

Proof. See [42, Theorem I11.3.3 and Theorem II1.3.5] for example. O

Let us have a closer look at estimate (2.10). The term [g|"; ., on
the right-hand side seems unusual, and one may prefer to replace it by
|gll-1.4:p for example, the norm of g in W;"(€2). One can show that this
is not possible in general; see [42, Section II1.3]. However, the following
proposition shows that when g = u-Vx = div(xu), the situation is different.

Proposition 2.4.3. Let Q2 ¢ R® be an exterior domain and let D c €)
be a bounded domain, both with Lipschitz boundary. Let q € (1,00) and
ue WoA(Q)" with divu=0in Q and u-n=0 on 09Q. Further, let a,beR
and let x € C*(R™) be a smooth function with x =a on BE and x =b on
B, for some R > 1> §(2¢) such that Bg~ B,.c D. Then

[u-VXI% 4.0 < Crslle] 10 (2.12)

for some constant Cy3 = C13(n, D, q,x) > 0.
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Proof. To show (2.12), for ¢ € CF(R") we introduce the notation

1
bp=— [ Yda.
’ \DIDf

Set g =wu-Vyx = div(xu). By assumption we have suppg c Bgp \ B, c D.
Due to u-n =0 on 012, the divergence theorem yields

B/;gwdsvz/Xu-nwdS—B[Xu-deyc

OBR

:fxu-nwdS—fxu-V(w—wD)dx
B

0BRr

~avp [unds+ [ g(w-vp)de= [ g(w-vp)ds
Br Br

9Br

due to divu = 0. Repeating this calculation for B,., we obtain the analogue
identity and conclude

[ gvdz= [guae- [ gudr= [ g(w-vn)de- [ g -vp)de
D Br B, Br

B

- [ 9@ -vp)dz= [ u-vx(o-vp)de

D

Therefore, we have

| gvda] < Jul ol Tx( = ¥0)lh o
D

with ¢’ = ¢/(¢—1). From x € C°(R") and Poincaré’s inequality, we further
deduce

[ (¥ =¥p)Vxol1e:p <ol = ¥pligp < V(P =¥p)|gp = [V gip-
Employing both of these estimates in the definition of |- |f1 .p» We obtain
|U ’ vX|i1,q;D = |g|i1,q;D
<sup{|Jul-1,0[ (¥ = ¥p)VXlhgip | ¥ € CF (R), [V]yip =1}
<G ||UH—17q;D SUP{HV@D”q’;D | Pe CSO(RB)7 HV¢”q’;D = 1}

=C ”uH—Lq;Dv

which is (2.12). N
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We can now combine the estimates (2.10) and (2.12). Moreover, in the
setting of Proposition 2.4.3, assumption (2.9) is satisfied automatically, so
that the Bogovskii operator provides a solution to problem (2.8).

Corollary 2.4.4. In the situation of Proposition 2.4.3, let B be the Bo-
gouskii operator on D. Then divB(u-Vyx) =u-Vx and

1B (u - VX)Hq;D < 014Hu”—1,q;D' (2-13)

Proof. Estimate (2.13) is a direct consequence of (2.10) and (2.12). It
remains to verify condition (2.9). As in the previous proof, we define
g =u-Vx. By the divergence theorem and due to u-n = 0 on 02, we
obtain

/gdx:fdiv(xu)dx=fandS:afdivudx:O.
Br Br Br

OBR

Repeating this calculation for B,, we see that the corresponding integral
vanishes as well. Due to suppg c Bg \ B,., we obtain

/gdmz f gdxzfgd:v—/gdx:().
D BR\BT BR B7'

Now Theorem 2.4.2 yields div®8g¢g = g, which completes the proof. [

2.4.3 The Stokes Problem in a Bounded Domain

Here we collect several results concerning the analysis of the (generalized)
Stokes resolvent problem

M—-Au+Vp=f in D,
divu=g in D, (2.14)
u=0 ondD

in a bounded domain D c R™. First of all, let us recall the following
well-posedness result including a resolvent estimate.

Theorem 2.4.5 (Stokes Resolvent Problem). Let D c R", n > 2, be a
bounded domain of class C?. Let € >0 and

Ae{zeC~{0} | largz| < m—e} u{0}.
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For all f e L9(D) and g e WH4(D) with

fgdx:O
D

there exist functions u e W24(D) and p e WH4(D) that satisfy (2.14), and
there is a constant C15 = Ci5(n, D,q,€) >0 such that

[Mully + Jullzg + 1Vl < Cas(1 g + 1Vals + Mgy ). (2.15)

where |-*y ,.p is defined in (2.11).  Moreover, if (u1,p1) € W24(D) x
Wa(D) is another solution to (2.14), then u =wuy, and p = p1 + ¢ for some
constant c € R.

Proof. See [33] for example. O

Observe that the constant Ci5 in the resolvent estimate (2.15) is inde-
pendent of the resolvent parameter A\, which is crucial for the treatment
of corresponding time-dependent problems. Moreover, the term |)\g|i1, 4D
which appears on the right-hand side of (2.15), can be estimated with the
help of Proposition (2.4.3) if g is of the form discussed there.

In the divergence-free case, that is, for g = 0, one can reformulate (2.14)
as a resolvent problem of the Stokes operator —PyA, which is a closed
operator on the space of solenoidal vector field LZ(D). The following
theorem collects famous results in the Hilbert-space case ¢ = 2.

Theorem 2.4.6 (Stokes Operator). Let D ¢ R*, n > 2, be a bounded
domain of class C?. Then the Stokes operator, given by

A:dom(A) c L2(D) - L3(D), uw~ —PyAu,

1,2 (2.16)
dom(4) = (D) A WD) nWE(D)",

is a densely defined closed operator. Moreover, A is invertible and positive
self-adjoint. If f € L2(QY), then (u,p) € W22(Q) x WH2(Q) is a solution to

-Au+Vp=f inD,
divu=0 in D, (2.17)
u=0 ondD

if and only if u € dom(A) with Au="Pyf.
Proof. See [97, Theorem I11.2.1.1] for example. ]
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For the moment consider f € L2(D), and let (u,p) € W22(Q) x W12(Q)
be a solution to (2.17). By Theorem 2.4.6 we then have -PyAu =Py f = f,
and Theorem 2.4.5 yields the estimate

|ul22 < Ci5| fll2 = Crs| Palulz,

where the constant (5 depends on the domain D, which is a natural
phenomenon. The peculiarity of the next lemma is that it yields an es-
timate of the second derivatives of u by the Stokes operator such that
the corresponding constant is independent of the domain D under certain
conditions. However, to achieve this, one has to add the term |[Vu|, on
the right-hand side.

Lemma 2.4.7. Let D c R3 be a bounded domain with C3-boundary. Every
ueL2(D)nWi? (D) nW22(D) satisfies

|V2ull2 < Cro(|Paluls + [Vul2)

for a constant Cig = C16(D) > 0 that does not depend on the “size” of
D but solely on its “reqularity” In particular, if D = Qg for an exterior
domain  with 0X) c By, the constant Cig is independent of R and solely
depends on €.

Proof. See [59, Lemma 1]. O
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This chapter is concerned with the existence of strong solutions to the
Oseen and Navier—Stokes equations, describing viscous incompressible flow
past a body, in both the steady-state and the time-periodic case. The main
novelty is the following: Though considering these problems in an exterior
domain, we derive existence of solutions with velocity field belonging to a
full Sobolev space, and not only to a homogeneous one. These results are
new and were published in [19].

To be more precise, we begin with the linear theory, that is, the study
of the time-periodic Oseen problem

Ou—Au—-Nou+Vp=f inTxQ,
divu=0 in T x €,

u=0 on T x 0,
lim u(t,z)=0 forteT

|2]—o00

and its steady-state counterpart in an exterior domain €2 c R”, n > 2.
The Reynolds number A > 0 and the time period 7 > 0 defining the torus
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group T = R/TZ are fixed and data f is prescribed. The main task is to
find suitable functional frameworks that render these problems well posed,
that is, such that there exists a unique velocity field u and a pressure p
in a suitable functional framework that satisfy these equations and obey
corresponding a priori estimates.

Let us address the time-independent case at first, that is, the steady-
state Oseen problem, which has been studied extensively over the last
years. There exists a well-established L9 theory for this problem, which
was initiated by GALDI [40]. For an overview, we further refer to [42,
Chapter VII|, the more recent paper [2] and the bibliography there in-
cluded. Concerning the question of well-posedness, the peculiarity is that
for general data f € L4(2), the solution space for the velocity field u is not
a full Sobolev space but an intersection of homogeneous Sobolev spaces.
One can merely ensure that

v2v e L1(Q), v e L1(Q), vel®2(Q)

for different values g < s1 < s9. In this chapter, this problem is resolved by
passing to a different functional framework. More precisely, we consider
data f that, besides being an element of a Lebesgue space L4(€2), belong
to Dal’r(Q), the dual space of a homogeneous Sobolev space. Under cer-
tain conditions on ¢ and r, we show existence of a solution (u,p) such
that the velocity field v belongs to the full space W24(2) and satisfies
corresponding a priori estimates.

Based on this, we analyze the time-periodic Oseen problem by decom-
posing it into the steady-state Oseen problem and a second purely peri-
odic problem. For the latter, the velocity-field solution naturally belongs
to the full Sobolev space WH24(T x Q) for f € L4(T x Q). Therefore, by
a combination with the previously collected steady-state results, we then
establish well-posedness in a framework where the (time-periodic) velocity
field belongs to the full Sobolev space W124(T x Q).

Finally, we show existence of both steady-state and time-periodic solu-
tions to the Navier—Stokes problem

Ov—Av—-Now+Vp+v-Vu=f in T x €,
dive =0 in T x Q,

v=-Xe; on T xS},
lim v(t,z) =0 forteT,

|z]—oc0

which describes the flow around a body that translates with non-vanishing
velocity Aep, A > 0. Assuming that the data f and A\ are “sufficiently
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small”, and n > 3, we employ the developed linear theory and show exis-
tence of solutions (v, p) by the contraction mapping principle. This yields
solutions where the velocity field v belongs to a full Sobolev space in both
the steady-state and the time-periodic case.

In this chapter, we proceed as follows. In Section 3.1 we show well-
posedness of the steady-state Oseen problem in a framework where the
velocity field belongs to the full Sobolev space W24(€2). In Section 3.2 we
then derive two different well-posedness results for the time-periodic Oseen
problem. Finally, Section 3.3 deals with the nonlinear case, that is, the
existence of steady-state and time-periodic solutions to the Navier—Stokes
equations for “small” data.

3.1 The Steady-State Oseen System

In this section, we address the question of well-posedness of the steady-
state Oseen system

-Au- Ao u+Vp=f in

divu=0 1in ,
u=0 on 0f, (3.1)
‘1|im u(x) =0,

where (2 is an exterior domain of R” and f:Q2 - R™ and X\ > 0 are a given
external force and a dimensionless (Reynolds) number, whereas u: {2 — R»
and p: (2 > R are unknown velocity and pressure fields, respectively. First
of all, we recall well-known results on the existence of strong solutions for
data f e L4(Q) and of weak solutions for data f € D;""(£2). In both cases
one can merely ensure the velocity field u to belong to an intersection of
homogeneous Sobolev spaces but not to a classical one. Motivated by this
observation, we then derive a solution theory such that the velocity field
u belongs to a classical Sobolev space W24(Q) for suitable ¢ € (1,00). To
this end, we consider data f € L¢(£2) nDy""(Q) and establish existence of
a unique solution together with suitable a priori estimates.

3.1.1 Strong Solutions in Homogeneous Sobolev Spaces

Here we recall the classical well-posedness result for the steady-state Oseen
problem (3.1) for data f e L4(§2). For this purpose, we introduce the
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following function space, which characterizes the velocity field u. For
g€ (1,21) and A >0 we define

X{(Q) = {ueD>(Q)" n D1 ()" nL2(Q)" | dueLI(Q)"}, (3.2)
which we equip with the norm
i 2
lulxaeo) = luly g + AOruly + Amtluly , + A%t fuls,,

where

(g (0l

= = ) 3.3
YTt l-¢ T n+l1-2¢ (3:3)

The following result is well known.

Theorem 3.1.1. Let  c R*, n > 2, be an exterior domain with C?
boundary. Let X >0 and q € (1,%2+). For every f € LI(Q) there exists
a solution (u,p) € X{(Q) x DL4(Q) to (3.1), which further satisfies the
estimate

lull xz@) + bl 4 < Crall fllq (3.4)

for a constant Cy7 = C17(n,Q,q,\) >0. However, if g€ (1,5) and 0 < X <
Ao for some A\ >0, then Ci7 = C17(n, 2, q, \o), that is, Cy7 is independent
of X. Moreover, if (u,p) € X7(2) x DL4(Q) is another solution to (3.1),
then w=1a and p =p + ¢ for some constant c € R.

Proof. This result was proved in [40]. See also [42, Theorem VIL.7.1]. [

The previous theorem does not treat the case f € L¢(Q) for ¢ > 2.

However, it is possible to show existence of a unique solution in an appro-
priate quotient space, which satisfies an a priori estimate corresponding
to (3.4); see [42, Remark VIL.7.1] for example.

To obtain a well-posedness result in a different functional framework,
one main ingredient in our approach is the following theorem that provides
us with an a priori estimate for a solution to the Oseen problem

{—Au -Aoju+Vp=f inR", (3.5)

divu=0 in R"

in the whole space.
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Theorem 3.1.2. Let n >2, g€ (1,00) and A > 0. For every f € LI(R")
there exists a solution (u,p) € W24(R™)" x WH4(R") to (3.5) that satisfies

loc loc

[uly o, + AlOvulq +Iply , < Cusfq (3.6)
for some constant Cig = C1g(n,q) >0 independent of .
Proof. See [42, Theorem VII.4.1]. H

Note that Theorem 3.1.2 tells nothing about uniqueness of the solution.
Clearly, if one modifies u and p by additive constants, they still are solu-
tions to (3.5). This is not the only possible modification. However, in the
next lemma we show that we have uniqueness up to polynomials. Note
that we also allow the case A = 0.

Lemma 3.1.3. Let n>2, AeR and (u,p) € " (R*)"* satisfy (3.5) with
data f=0. Then uj, j=1,...,n, and p are polynomials.

Proof. Computing the divergence of (3.5);, we obtain Ap = 0, which yields
—|€P = 0 with P = Zga[p]. Hence, we have suppP c {0}, so that p is a
polynomial. Now an application of the Fourier transform %g» to (3.5);
results in (|| - iA6,)T = —i€p with T = Fgn[u], so that

supp [ (|¢]* - iA& ) @] = supp [ - i€p] < {0}.

Since the only zero of £ = (|¢|* = iA&;) is € = 0, we conclude supp@ c {0},
and u is a polynomial in each component. [

3.1.2 Weak Solutions in Homogeneoues Sobolev Spaces

After having prepared the required statements on strong solutions, let us
now collect some well-known results about weak solutions to the steady-
state Oseen problem (3.1). First of all, let us recall the notion of weak
solutions.

Definition 3.1.4. Let Q c R*, n > 2, be an exterior domain, and let
f e D'(Q)" be a distribution. A function u € Dy"(Q)" with r € (1, 00) is
called weak solution to (3.1) if it satisfies divu =0, and

[Vu:Vgp—)@lu-gpdxz(f,@) (3.7)
Q
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for all ¢ € C§,(2). Moreover, we call a function p € L _(2) a pressure

associated to u if (u,p) satisfies (3.1); in the sense of distributions, that
is,

~/&m:vw—wlu.wmz(f,<p>+\/pdiv¢dx (3.8)
Q Q

for all ¢ e CF(2)™.

The next lemma provides sufficient conditions on the right-hand side f
in order to find an associated pressure p for a weak solution u.

Lemma 3.1.5. Let Q cR", n>2, be a locally Lipschitz exterior domain,
let v € (1,00) and f € Wal’r(QR)" for any R > §(Q2¢). Then, for every
weak solution u e Dy (Q)™ to (3.1) there exists an associated pressure field
p with p € L'(Qg) for all R > §(Q°). If f e DSV ()" for r > n/(n - 1),
one can choose p such that p € L7 ().

Proof. See [42, Lemma VII.1.1 and Theorem VII.7.3]. O

Note that Lemma 3.1.5 only yields a pressure p € L"(Q2) if r >n/(n-1).
It is an open question whether or not this global integrability can be
achieved if r € (1,n/(n - 1)]; see also [42, Remark VIL.7.2].

The existence of weak solutions u € Dy (Q) for f € D" (Q) together
with corresponding a priori estimates has first been shown by GALDI
[40] in the case r € (-%;,n + 1). Later, AMROUCHE and RAZAFISON [3]
extended this result in the three-dimensional case to r € (%, 4), and Kim
and KiM [64] generalized it in n > 2 dimensions and showed existence for
fe Dal’T(Q)” for any r € (%1, n+1). The following theorem collects their
results.

Theorem 3.1.6. Let Q2 c R*, n > 2, be an exterior domain with C?-
boundary. Let r e (21 n+1), 0 < X< X and f € D, (Q)".  Define

= (;:11_):. Then there exists a unique weak solution u € Dy ()" nLs(Q)"

to (3.1), which satisfies the estimate

148 M
IVuly + At fuls < CrgA™ne1[f], (3.9)

for some constant Cig = Chg(n, 7,2, Ao) >0, where

2 Z'fnTH<’I"Sm, 1 f 9
yn=r=2a,
M=10 if 5 <r<n, 5:{

1 ifn<r<n+l,

3.10
0 else. ( )
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Furthermore, there exists an associated pressure p such that p € L"(Qg)

and dyu e Wy (Qg)" for any R > 6(Q¢). Provided that

fpdx:O,
Qr

these functions further obey the estimate
M
>\||81u||—17T§QR + ||p||r;QR < C(20>‘_"Tl|f|—1,r (3-11)

for a constant Cyy = Coo(n, 1,2, Ao, R) > 0.
Additionally, if r € (25,n), we can choose p such that p € L"(2). Then

n-1’

dru € D (Q)" and the estimate
Ipl + Moval ., < ol ], (312
holds for some constant Co; = Coy(n, 1,2, Ag) > 0.

Proof. The existence of a unique weak solution u € L#(Q)" n D" (Q),
which obeys estimate (3.9), was established in [64, Theorem 2.2]. Due
to the embedding Dy""(Q2) < W3 (Qg), by Lemma 3.1.5 there exists an
associated pressure p with p € L"(Qgr) for any R > 6(€Q2¢). Moreover, for
1 € CF(Qr)"™ we thus have

A [ Owvpdr=(f,0)+ [ (pdive - Vu: Vy)da
/o /

Q
< (1ors + Iplnr + 9ul )1V ],

where 7/ = 7/(r - 1), which implies d;u € W;""(Qg) and
/\”alu“—l,r;QR < CO(|f|—1,r + Hp”r;QR + ||Vu||r) (3'13)

In particular, since C§°(€2r) is dense in W(l)’T’(Q r), the identity (3.8) holds
for all ¢ € Wé’T/(QR)”. To derive an estimate for p, we fix R > §(2¢). By
adding a suitable constant to p, we may assume that its mean value on
Qg vanishes. Now let 1) € Wé’r,(QR)” be a solution to the problem

. r— ]- r— .
dive) = |p| 2p——R/IPI pdz=tg  inQp,

which exists by Theorem 2.4.2 since g has vanishing mean value and sat-
isfies g € L™ (Q2g). Moreover, we have

[¢1r0p < cillglan < c2lplia,
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Inserting this function 1 into (3.8), since the mean value of p vanishes, we

deduce
. 1 -
Ibla, = [ pdivedes [pde o [ Ppds
QR QR |QR|QR
= [ e v - 2o vde - (f,0)
Qr

<es(1+ ) (|Vul, + 1y )19 sn
<ca(T+20)(IVul + £, ) Ipli.,.

Combining this estimate, (3.13) and (3.9), we arrive at (3.11).
Now let n/(n—-1) <r <n. Then Lemma 3.1.5 yields the existence of a
pressure p € L"(€2), and by [42, Theorem VII.7.2] we have the estimate

Iplr < eslfl oy,
Arguing as above, we now obtain dju € D;"" () and

Movul_y, < es(If ]y, + Ipl + | vul,).

Since M = 0, a combination of these estimates with (3.9) finally implies
(3.12). O

We further recall the following local regularity result for weak solutions.

Theorem 3.1.7. Let Q) be an exterior domain of class C?, r € (1,00), and
feCr()n. Let uce WfOZ(Q)”, p e L () such that divu =0, ulgg =0

and (3.7) is satisfied for all ¢ € C3 () . Then u € C*(£2) NnW2I(Q) and
the associated pressure p satisfies p € C°(Q) n WL (Q).

loc

Proof. See [42, Theorem VII.1.1]. O

In order to obtain uniqueness for solutions to (3.1) in an exterior do-
main, we cannot directly proceed as in Lemma 3.1.3. However, a standard
cut-off argument combined with the following decay property for weak so-
lutions turns out to be a useful method to exploit Lemma 3.1.3 also in
exterior domains. We employ this in the proof of Lemma 3.1.9.

Theorem 3.1.8. Let 2 c R*, n > 2, be an exterior domain and u be
a weak solution to (3.1) with u € L#(QF) for some s € (1,00) and some
R > §(Q¢). Moreover, let f € W (Q) for some m € Ny, r € (n/2,00).
Then

VaeNpy, 0<|al<m: ‘1|im D*u(x) =0.

Proof. See [42, Theorem VIL.6.1]. O
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3.1.3 Strong Solutions in Full Sobolev Spaces

In order to find an appropriate function space such that the velocity-
field solution u to (3.1) is an element of the inhomogeneous Sobolev space
W24(Q), we combine the theory for strong and weak solutions from the
previous subsections. The following lemma provides an L4 estimate for
the solution with error terms on the right-hand side, which are omitted
in the proof of the subsequent main theorem. For the proof we employ a
classical cut-off procedure.

Lemma 3.1.9. Let Q c R™, n > 2, be an exterior domain of class C?, and
r,s€(1,00), feCP(Q)m. Let ue DL (Q)"nLs(Q)" be a weak solution to
(3.1), and let p € L}, (Q) be an associated pressure. Then, u € D%7(Q)",
Ovu € La(Q)", and p € DY4(Q) for all g € (1,00), and for each R > 6(£2°)
there exists Cayg = Caa(n,q,, R) >0 such that

[uly + MOvullg +[ply, < Coa(L+ XY ([ fllg + [ulrgon + [Pleen)-  (3.14)

Proof. By Theorem 3.1.7, we have u e W22(Q)nC>=(Q) and p e W4(Q)n
C>=(Q2) for all ¢ € (1,7]. Let 0 < Ry < Ry < R such that 0Bg, c €2, and
let x € CP(R") with x = 1 on Bg, and x = 0 on Bf1. We set v =
(1-x)u+B(u-Vy) and p = (1 - x)p, where B denotes the Bogovskii
operator; see Theorem 2.4.2. Then v € W2¢(R") n DL7(R?) n Ls(R") and
pe W (R") satisfy

-Av -0 =F inR"
{ v v+ Vp mn , (3.15)

divv=0 inR"
with
Fi=(1=X)f+2VX - Vu+Axu+Adxu-pVx+[-A=-29]|B(u-vy).
Moreover, we have F e L¢(Q) with

[E0q < oI £lg + L+ Nuligar, + [Plaon, + @ +X)[Bw- VX))
< Cl(Hqu +(1+ )‘)”u”l,q;QRl + ”p”(IiQRl)

by Theorem 2.4.2. From Theorem 3.1.2 we thus conclude the existence of
a solution (vy,p;) € W2I(R") x WL9(R") to (3.15) that satisfies estimate

loc

[vily, + AlOvor]g + [p1ly, < Cus] - (3.16)
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3 Flow Past a Non-rotating Body

Now set w:=v —wv; and q:=p—-p;. Then (w,q) is a solution to the homo-
geneous system (3.5) with f =0. Therefore, w = v —v; is a polynomial by
Lemma 3.1.3. Moreover, from Theorem 3.1.8 and f € C§(€2) we conclude
|1|im D%v(x) = |l"m D%u(x) =0

for all & € Nj. For |a| = 2 we further have D2, € L9(€2), so that the
polynomial D®w = D% — D®; must be zero, that is, D®w = 0 for |o| = 2.
In the same way we conclude 0;w = 0 and, since both v and v; are solutions
to (3.15), also Vq = 0. Hence, we can replace (v1,p;) with (v, p) in estimate
(3.16). Since u =v and p = p on Q1 we thus have

|u|2,q;QR1 + )\Haluuq;QRl + |p’1,q;QR1 < ‘U|2,q + )\HalUHq + |p’1,q
< Fllg < s fllg+ (L+ Muligon, + [plgax, )-

To derive the estimate near the boundary, we use another cut-off function
x1 € CF(R™) with x; =1 on Bg, and x; =0 on B, and we set w = xju
and q:= x1p. Then (w,q) €e W24(Q) x Whe(Q) is a solution to the Stokes

problem

(3.17)

—Aw+Vq=x1f-2Vx1-Vu—-Axiu+ x1Adiu+pVxi in Qg,
divw =u-Vxi in Qg,
w=0 on 0f)g.

From Theorem 2.4.5 we conclude that (w,q) is subject to the estimate

[wlag +1Valy < Cois (11 + (1 + Nl gor + [plagn)-

Since w = w and p = q on Qg,, a combination of this estimate with (3.17)
yields (3.14) for all g € (1,7].

Using w € D>7(Q2) and p € DY"(Q2) and Sobolev embeddings, we now
obtain u € W' (Q) and p € L' () for r; = nr/(n-1) > r, and we can

repeat the above argument with r replaced by r;. By classical bootstrap
argument, we thus obtain estimate (3.14) for all ¢ € (1, c0). O

After these preparations, we can now establish the following theorem
that gives sufficient conditions for the right-hand side f such that the
velocity field w is an element of W24((2).

Theorem 3.1.10. Let Q c R?, n > 2, be an exterior domain of class C?,
and let q € (1,00), 1 € (”T”,n+ 1), 0< A< )\ Set s:= % Then, for
every f e La(Q)» n Dy (Q)" there ewists a solution

weD2(Q)"ADY(Q)" N L (Q)",  peD(Q)
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3.1 The Steady-State Oseen System

to (3.1). This solution obeys the estimates

lul,, + At luls < CQSA_%lﬂ_LT, (3.18)
M
|u|2,q + )\”aqu + |p|]_7q < OQS(Hqu + AT |f|_1,r) (3.19)

for some constant Cas = Caz(n,q,m,2, Ao) >0, where

2 qfrlcopcn
Zf n r n-1 1 Zf n=r= 2’
M=40 if 2 <r<n, J= 0wl (3.20)
else.
1 ifn<r<n+l,
In particular, if s < q, then ue W24(Q)" and
(1+6)6 (1+6)6 M
A ufg + A2 |u|1,q + |u|2,q < O23(“f“q + AT |f|—1,r) (3.21)
where
2
0 a [0,1]. (3.22)

=" ¢
n(q-s)+2qs

Moreover, if (u1,p1) is another solution to (3.1) that belongs to the same
function class as (u,p), then uw =y and p = p1 +c for some constant c € R.
Additionally, if r € (:5,n), one can choose p such that p € L"(€2).

Moreover, this implies Oyu € D17(Q) and the estimate
[pl- + Movul_y , < Coulf14, (3.23)
for some constant Coq = Cog(n,r,Q, Ag) > 0.

Proof. For the moment, consider f e C(€2), and let (u,p) be the unique
weak solution to (3.1) satisfying (3.18), which exists due to Theorem 3.1.6.
This further yields (3.23) if n/(n —1) < r < n. By Lemma 3.1.9, from
f e Cr ()" we conclude u € D29(Q)*, 0yu € L1(2)", p € DL9(Q) and
the validity of (3.14). Next, let us remove the norms of u and p on the
right-hand side of (3.14). Corollary 2.3.6 yields the estimates

[ulsen < colllulls +July,. ) +eluly

“vu”q;QR < cl|u|1,r + €|u|2,q7

[pllg:n < callplran +elply 4
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3 Flow Past a Non-rotating Body

Choosing ¢ > 0 sufficiently small and combining these with the estimate
(3.14), we arrive at

[l + MOvullg + [ply g < cs(L+ N2 (1f g + luls +uly, + [Plnag).

From (3.18) and A < A\ we now conclude (3.19) in the case f e C(12).

Now consider general f € L¢(Q) nD,"" (). By Proposition 2.3.1, there
exists a sequence (f;) c CF(€2) that converges to f. Let (u;,p;) be the
unique solution to (3.1) with right-hand side f; that satisfies (3.18) and
(3.19). Then the differences (u; — ug, p; — pi) satisfy (3.1) with right-hand
side f; — fi and corresponding estimates. Since (f;) is a Cauchy sequence
in Le(Q) n D, " (), the solutions (u;,p;) constitute a Cauchy sequence
with respect to the norms on the right-hand side of (3.18) and (3.19).
Thus, there exists a limit (u,p), which satisfies (3.18) and (3.19) and is
a solution to (3.1) with right-hand side f. In the same way we see that
(3.23) is satisfied if n/(n—1) <r<n.

Moreover, for s < ¢ we can employ the Gagliardo-Nirenberg inequality
(Theorem 2.3.7) with 6 € [0,1] given in (3.22) to obtain

1-60 _(1+9)6 M
[ully < calulllulyy < esh (1 £l + X1 fLy )
and e
172, (1/2 _ 9o M
July o < collullulyly < e A2 (| flg + A7),
where we used (3.18) and (3.19). This shows u € W24(2) together with
estimate (3.21) and completes the proof. O
Remark 3.1.11. Note that the condition s < ¢ is equivalent to % < % - ﬁ
Therefore, the assumption r > ”T” in Theorem 3.1.10 implies the necessary
condition ¢ > % . Consequently, for any ¢ € Z—j, 00) one can find suitable

7 such that for any f e Le(Q)" n D" (Q)" there exists a solution with
velocity field w in the inhomogeneous Sobolev space W24(€2)™.

3.2 The Time-Periodic Oseen System

After having dealt with the steady-state Oseen problem (3.1) in an exterior
domain €2 c R, n > 2, we now turn to the time-periodic Oseen problem

Ou—Au—-Aou+vVp=f inTxQ,
divu=0 1in T x €,

u=0 on T x 01, (3.24)
lim u(t,z)=0 forteT,

|| >0
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3.2 The Time-Periodic Oseen System

with f:T x 2 - R” a given time-periodic external force and u:T x Q2 —
R™ and p:T x €2 - R the unknown time-periodic velocity and pressure
fields. The main idea of our approach is to first single out the steady-
state part (Pu,Pp) of the solution (u,p), which can be dealt with by
applying the theory from the previous section. It thus remains to examine
the remaining purely periodic part (P,u,P,p), which, as it turns out, has
better functional analytic properties. More precisely, in contrast to the
observation for the steady-state problem, the velocity field P, u directly
belongs to the full Sobolev space W124(T x Q) for any right-hand side
P.f e La(T x Q). Subsequently, we combine the results for the steady-
state problem and the purely periodic problem to obtain a solution theory
for the full time-periodic Oseen problem (3.24).

3.2.1 The Purely Periodic Problem

Here we study well-posedness of the time-periodic Oseen problem (3.24)
when the right-hand side f is purely periodic, that is, Pf = 0. We obtain
that for any f e LY(T x ), the solution (u,p) is also purely periodic,
and the velocity field u belongs to the full Sobolev space W124(T x Q).
This may be seen as the main difference in comparison to the steady-
state problem (3.1), for which we stated different well-posedness results
for strong solutions, namely Theorem 3.1.1 and Theorem 3.1.10.

Theorem 3.2.1. Let Q c R?, n > 2, be an exterior domain of class C?,
ge(1,00) and 0 < A< Xg. For any f e LY(T x Q)™ there is a solution

(u,p) € WH(T x Q)" x LY(T; DH4(Q))
to (3.24), which satisfies
[ulli2q + 1Vplg < Cosl fllg (3.25)

for a constant Cas = Cos(n,Q,q, T, Xo) > 0. If (ug,p1) € W4T x Q)" x
LY(T;D%4(Q)) is another solution to (3.24), then uw = uy; and p = py + Po
for some spatially constant function po:T — R.

Proof. The result for n = 3 has been established in [50, Theorem 5.1]. The
general case n > 2 is proved along the same lines. [

Remark 3.2.2. Observe that Theorem 3.2.1 also includes the Stokes case
(A =0). One can thus obtain well-posedness for the time-periodic Stokes
problem by combining Theorem 3.2.1 with the well-known theory for the
steady-state Stokes problem in an exterior domain, which can be found in
[42, Chapter V] for example.
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3 Flow Past a Non-rotating Body

3.2.2 The Full Time-Periodic Problem

In order to treat the time-periodic Oseen problem (3.24) for general right-
hand sides f, that is, without the restriction Pf = 0, we use the projec-
tion P to decompose problem (3.24) into two independent problems: The
steady-state problem (3.1) and the purely periodic problem examined in
the previous section. As two different well-posedness results for the steady-
state problem are available (Theorem 3.1.1 and Theorem 3.1.10), we con-
clude two different well-posedness results for the time-periodic problem by
combining each of them with Theorem 3.2.1.

We split the solution (u,p) into steady-state part (v,p) and purely
periodic part (w,q) given by

v = Pu, p="Pp, w =P u, q:=P.p.

By application of P and P, to (3.24), the problem is decomposed into the
steady-state problem

-Av-Now+Vp=Pf inQ,
dive=0 in Q, (3.26)
v=0  on 0,

and the purely periodic problem

ow—Aw-Aoyw+vVq=P,f in T x,
divw =0 in T x Q, (3.27)
w=0 on T x 0f2,

which we treat separately.

The following theorem is a combination of Theorem 3.1.1 and Theo-
rem 3.2.1, and it treats right-hand sides f € L(T x ). However, the
steady-state part Pu of the velocity field v merely belongs to homoge-
neous Sobolev spaces as in Theorem 3.1.1.

Theorem 3.2.3. Let Q c R?, n > 2 be an exterior domain of class C?,
and let g € (1,%1) and 0 < X< Xg. Then, for every f e Li(T x Q)" there is
a solution (u,p) = (v+w,p+q) to (3.24) with

UeXf\](Q), p e DM(Q),
we W >(T x Q)" qeLI(T;DM(Q)),
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3.2 The Time-Periodic Oseen System

which satisfies

[vlxsco) +1VPlq < CoslP Sy, (3.28)
lwhh2q+[Valg < Cor [P (3.29)

for constants Cog = Cog(n,2,q,\) > 0 and Cyr = Cor(n,Q2,q, T, ) > 0.
However, if q € (1,%), then Co = Cy6(n,82,q, Xo), that is, Cos is indepen-
dent of .

Moreover, if (ui,p1) is another solution to (3.24) that belongs to the
same function class as (u,p), then uw=wuy and p = py+Ppo for some spatially
constant function po: T - R.

Proof. For existence, let f € L4(T x Q). Then we have Pf e L4(Q2) and
P.f e LI(T x Q). By Theorem 3.1.1 and Theorem 3.2.1 there exist solu-
tions (v,p) and (w,q) to (3.26) and (3.27) that satisfy (3.28) and (3.29),
respectively. Moreover, (u,p) = (v +w,p+q) is a solution to the time-
periodic problem (3.24). To show the uniqueness statement, let (u,p) be
the difference of two solutions for the same right-hand side f, that is, a so-
lution to (3.24) for f = 0. Then the steady-state part (v, p) and the purely
periodic part (w, q) satisfy (3.26) and (3.27) with Pf =0 and P, f =0, re-
spectively. The uniqueness statement then follows from the corresponding
result in Theorem 3.1.1 and Theorem 3.2.1. O

Remark 3.2.4. A different combination of Theorem 3.1.1 and Theorem
3.2.1 would yield a different well-posedness result for the time-periodic
problem (3.24). For example, one can extend Theorem 3.2.3 to the case

feLn(Q) @ L%(Tx Q)

even if ¢; # ¢o by combining Theorem (3.1.1) for ¢ = ¢; with Theorem
(3.2.1) for ¢ = g2. One could also impose additional conditions, for exam-
ple, in the purely periodic component and to consider

feLe(Q) o (LE(Tx Q) nLE(T x Q)).

This can be used to derive existence of a time-periodic solution to the
Navier—Stokes equations, as was shown in [50].

In the very same way, we next combine Theorem 3.1.10 and Theorem
3.2.1. Here, besides f € LI(T x ) we demand Pf e D;""(Q) from the
right-hand side. We then obtain a solution (u,p) where also the steady-
state velocity field Pu belongs to the full Sobolev space W24((2).
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3 Flow Past a Non-rotating Body

Theorem 3.2.5. Let Q c R”, n > 2, and let g € (1,00), r € (%1, n+1)
and 0 < A < Xg. Set s =" Then for every f e LI(T x Q)" with

n+l-r

PfeDLr(Q)" there is a solution (u,p) = (v+w,p+q) to (3.24) with

v e D2U(Q)" A DM (Q)" A L5 (Q)", peDM(Q),
w e Wi2(T x Q)" q e LI(T; DM(Q)),

which satisfies

[ol,, + At o] < CosXwT [PFL, (3.30)

_ M
[oly,, + Mol + Vol < Cos(IPFly + X5 [PFL L), (3.31)
lw]10.0 + [Valq < Cos| P, fllg (3.32)

for a constant Cys = Cas(q,7,2,20,T) > 0 and M and 6 as in (3.20).
Moreover, if (u1,p1) is another solution to (3.24) that belongs to the same
function class as (u,p), then u = uy and p = p1 + po for some spatially
constant function po: T - R.

In particular, if s < q, then ue Wh24(T x Q)" and

(1+6)6

(1+6)6 M
A vl + Nl + [l < Cos([PFlg + A7 [PFLL,)  (3.33)

where 0 € [0,1] is given in (3.22).

Proof. For existence, let f € LI(T x Q). Then Pf € Li(Q2) n D-14(Q)
and P, f € LY(T x ). By Theorem 3.1.10 and Theorem 3.2.1 there exist
solutions (v,p) and (w,q) to (3.26) and (3.27), respectively, that satisfy
(3.30), (3.31) and (3.32) Moreover, (u,p) = (v+w, p+q) is a solution to the
time-periodic problem (3.24). To show the uniqueness, let (u,p) be the
difference of two solutions for the same right-hand side f, that is, a solution
to (3.24) for f = 0. Then the steady-state part (v,p) and the purely
periodic part (w,q) satisfy (3.26) and (3.27) with Pf =0 and P, f = 0,
respectively. The uniqueness statement follows from the corresponding
result in Theorem 3.1.10 and Theorem 3.2.1. [

Remark 3.2.6. The observation made in Remark 3.1.11 applies to Theorem
3.2.5 as well: For any q € Z—f}, oo0) we can find a suitable r such that for any
feLy(T x Q)" with Pf e D=1 ()" there exists a solution with velocity

field u in the inhomogeneous Sobolev space W124(T x Q).
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Remark 3.2.7. Here we can make the same observation as in Remark 3.2.4.
One can combine Theorem 3.1.10 and Theorem 3.2.1 in a different way to
obtain a well-posedness result for (3.24) that allows for

f e (L7 ()" nD(Q)") @ L% (T x Q)"

with ¢ # ¢ and suitable r. However, this is not necessary to obtain a
solution to the corresponding nonlinear problem; see Theorem 3.3.4 below.

3.3 Solutions to the Navier—Stokes Equations

Here we employ the previously derived linear theory for the steady-state
and the purely periodic Oseen systems in order to find solutions (u,p)
to the corresponding nonlinear Navier-Stokes problems. Note that, as
mentioned beforehand, we give appropriate conditions for f such that the
velocity field u (or its steady-state part Pu in the time-periodic setting)
belongs to the full Sobolev space W24(§2)". The main idea of our approach
is to reformulate the nonlinear problems as fixed-point problems for the
velocity field u, which we solve by means of Banach’s fixed-point theorem.
Observe that our approach only yields a solution in dimension n > 3.

3.3.1 The Steady-State Navier—-Stokes Problem

Here we consider the steady-state Navier—Stokes problem

-Av-Xov+Vp+v-Vu=f in Q,

dive =0 in Q,
v=-Ae; on 0f), (3.34)

ll‘im v(z) =0,

where (2 is an exterior domain of R*, n > 3, and f:{2 - R" is a given exter-
nal force, whereas v:{2 - R” and p:{2 - R are the unknown velocity and
pressure fields, respectively. We consider the case of non-vanishing veloc-
ity “at infinity”, which corresponds to a non-vanishing Reynolds number

A # 0. Without loss of generality, we may assume A > 0.

To show existence of a solution to (3.34) under the assumption of
“small” data, we combine Theorem 3.1.10 with the contraction mapping
theorem. For this purpose, we first reformulate (3.34) as a problem with
homogeneous boundary conditions by means of a classical lifting proce-
dure, which relies on the following simple lemma.
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3 Flow Past a Non-rotating Body

Lemma 3.3.1. Let R > 0(Q¢). There exists a function V e Cg*(R™)"™ with
suppV c Bg, divV =0 and Vl]sq = e;.

Proof. Consider a second radius Ry > 0 with §(2¢) < Ry < R, and let
p € CP(R™) with ¢ =1 on Bg, and ¢ =0 on Bf. We define the function
V:R" - R" by

1 .
V(x) = E[A -V dlv](go(x)afg e1).
Then V e CF(R")", supp V' c Bg and

divV(z) = %[divA - Adiv](gp(w)x% e;)=0.

Moreover, for x € 02 we have |z| < Ry, and therefore

1 1
V(.Z') = é[A - leV](Q?g 81) = 5[261 —O] =€e1.
This completes the proof. O

Now we set u=v+ AV, p:=p. Then (v,p) is a solution to (3.34) if and
only if (u,p) is a solution to

~Au-Aou+Vp=f+Ny(u) inQ,

divu =0 in €,
u=0 on 0, (3.35)
|llim u(x) =0,
where
Na(u) ==(u-AV)-V(u—- V)= AAV = \29,V. (3.36)

In order to show existence of a solution to the new system (3.35), we
first introduce an appropriate functional framework. For ¢ € (1,00) and
re (21 n+1) we define the function space

X () = {u e D(Q)" n DM (Q)" n L (Q)" | divu =0, ulpg =0},
equipped with the norm

g (2 r

T (3.37)

_1
e = fuly g + July o+ A [,
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3.3 Solutions to the Navier—Stokes Equations

Then X" () is a Banach space. We introduce the solution operator
SuLI(Q)"n D, ()" - APT(Q), feou, (3.38)

that maps f € L4(Q)" nDy""(Q)" to the unique velocity field u € X" (1)
of a solution (u,p) to the steady-state Oseen problem (3.1) existing due
to Theorem 3.1.10. This defines a family of continuous linear operators
with

[S3flxar < Cos (I + A1 £y, ), (3.39)

with M as in (3.20) and Cy3 independent of A € (0, Ag], which follows from
estimates (3.18) and (3.19). Moreover, we see that (u,p) with u e X7"(Q)
is a solution to (3.35) if and only if u satisfies the fixed-point equation

u=38\(f+N(u)), (3.40)

provided that f and Ny (u) are elements of L4(Q2)» n Dy""(2)". The next
lemma shows that the latter is satisfied for v e X" () if

11 1

1, (3.41)

1
o > max{ y=—— = (3.42)

Lemma 3.3.2. Let q,7 € (1,00) satisfy (3.41) and (3.42), and let 0 < X <
Xo. Then there exists a constant Cag = Cag(n, 82, q, 7, Xo) > 0 such that

%
[ur - Vuz|lq € Cood™met un [ g [z g (3.43)

Jur - Vus| y , € CogA™ 7 |uy | g |z | g (3.44)

for all uy,uy € X} (), where 0,1 € [0,2] satisfy

Proof. We choose 6; € [0,1] and 6, € [1,1] such that
1 2 1 1 1 1 2 1 1 1 2
—+—=—0;=—-—, —+—=—|0=—+——-—,
s n q s 3q s n q s n 3q

which is possible due to condition (3.41). Note that this demands 6, = 1
or 0y = 1 if and only if ¢ = n/3, in which case 2 —n/q < 0, so that 6; = 1
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3 Flow Past a Non-rotating Body

and 0 = 1 is admissible. Therefore, the Gagliardo—Nirenberg inequality
(Theorem 2.3.7) implies

01
2,4

% s

0 _
|u1]l3g < colun] 13q/2 < afualy’, |us [

An application of Holder’s inequality thus yields

01
2,9

0>

2,q ’Ug H;_%

w570 |us|

|uy - Vua g < ur|sq] V|42 < colus

[
< A7 lug [ g [z 2,

which is (3.43) with 6 :=2 -6, — 5. Next consider n € [0, 1] such that

which is possible due to (3.41) and (3.42). Moreover, we have 7y = 1 if
and only if 1/r = 2/q —4/n, in which case 2 - n/q < 0, so that 79 = 1
is admissible. Another application of the Gagliardo—Nirenberg inequality
(Theorem 2.3.7) then implies

i l2r < ealulyy, o 157

for j =1,2. Now Hoélder’s inequality and the identity uy-Vug = div(u; ®us)
lead to

Jur - Vua|_y . < c5ur ® ua|y < ol |ar [uzlar < AR | o |z | xor

1,r

with 7 =2 - 2n,. [

The following technical lemma enables us to employ a fixed-point argu-
ment in the end.

Lemma 3.3.3. Let q,7 € (1,00) satisfy (3.41) and (3.42) and

= ifn =34,
r> {n_& ifnss (3.45)

Then max{0, M +n} <n+1-M with M as in (3.20) and 6, n as in Lemma
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3.3 Solutions to the Navier—Stokes Equations

Proof. Clearly, since M <2, we have § <2<n+1-M for all n > 4. For
n =3 we also have § <2 <n+1- M since M <1 in this case by (3.45).

Now consider the term M + 7, which clearly satisfies M +7n < 4. By
Lemma 3.3.2 we have n = 2 if and only if » = (n + 1)/2, which implies
M =0. Therefore, we have M +n<4<n+1- M for all n > 5 since M < 2.
Moreover, we have M +n<3<n+1- M if n e {3,4} since M <1 in this
case by (3.45).

In total, we obtain max{f, M +n} <n+1- M. O

After these technical preparations, we finally prove existence of a solu-
tion to (3.34) by resolving the fixed-point equation (3.40) by means of the
contraction mapping principle.

Theorem 3.3.4. Let 2 c R*, n > 3, be an exterior domain of class
C?%, and let q,r € (1,00) satisfy (3.41), (3.42) and (3.45). Then there
exists Ao > 0 such that for all 0 < XA < Xy there is € > 0 such that for all
feLa(Q)"n Dy (Q)" satisfying | f], + |f|_,,, < € there exists a pair (v,p)
with

v e D2I(Q)" A DL (Q)" n L ()",

Oyv e LI(Q)",

peDM(Q)

satisfying (3.34). In particular, if s < q, then v e W24(Q)n.

Remark 3.3.5. Note that the additional assumption s < ¢ is equivalent to

<1 - TIn this case, (3.45) thus leads to the necessary conditions

1
q n+1l"

M if/n/:3747 q>n+1

5 if n > 5.
n?-n- n-

q>

Proof. It suffices to show existence of a function u € X" (2) satisfying the
fixed-point equation (3.40), that is, u is a fixed point of the mapping

fA:X)‘\]’T(Q) - Xf’r(Q), u=S\(f +Na(u))

with Ny (u) and Sy given in (3.36) and (3.38), respectively. Note that F)
is well defined since we have Ny (u) € LI(Q) n D, () for all u e X" (Q)
by Lemma 3.3.2. Now define the closed subset

A= {ue 207(9) | Julagr < )
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3 Flow Past a Non-rotating Body

of X" (), where the radius p > 0 will be chosen below. By Lemma 3.3.2,
for u e A, we have

INA(@)llg € oA 7 = AV 30 + [AAV + X0,V ],
< cl(/\‘%(p + )2+ A+ A?),
NA(u)_y, € N7 lu - AVH;;N +AAV + X0V,
< cg(A_#(p + )2+ A+ A2),

where we used that |V[ysr is bounded uniformly for 0 < A < Ag. From
(3.39) we thus conclude

| Fx () < ca(1f +Nau) g + A7 | f + Na(w)ly, )

M+n

< 65((1 +)\‘%)5+ ()\‘ﬁ T )(p+ )\)2 +(1+ /\—%)(AJF)\Q))‘

Similarly, for u;,us € A, we obtain

| Fa(ur) = Fa(uz) | xar
< oIV (ur) = Na(uz) g + X775 [ N3 (uy) - Na(u2)|_y,)
0 My
<er(AmT + A7 ) (Jug + AV g + ug + AV | xr) g = o] e

< Cg()\_% + )\_%)(p + )\)Hul — U HX)?,T.

By Lemma 3.3.3 we have max{6#, M +n} < n+1- M. Therefore, there
exists v € R with

1< n+1 < n+1
“hei-Mm max{0, M +n}

(3.46)

Now we choose € = p¥ = A < A\g < 1. Then the above estimates reduce to

[ Fa(w) | xar
<eg(p7 + 7 4 (e 4 p ) (pt p7) 4 (L pi ) (07 + p7)

_ M _9 _~Min
< 010(,07 1 +p’7 YL +p1 e+l +p1 Ry )p

and

M+n

[
| Fa(ur) = Fa(uz) | xor < e (p7ae + p77 51 ) (p+ p7) g = w | o

< eaa(p R 4 ) s - g
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3.3 Solutions to the Navier—Stokes Equations

By (3.46), we can choose Ag > 0 so small that

- M L A Mn
co(p? ™+ g7 T 4 p! ) < 1,
8 . Man 1
612(p1 T +p1 iy ) < 5

for all p < )\(1)/ 7. This ensures that Fy:A4, - A, is a contractive self-
mapping for all A € (0, \g]. The contraction mapping principle thus yields
the existence of a fixed point u of Fy, that is, of an element u € X{" ()
that satisfies (3.40). In particular, by the definition of S,, there exists
a pressure field p such that (3.35) is satisfied, and Oyju € L4(Q2) and p €
D14(€2). Finally, since V' € C(R"), the functions v :=u—-AV and p=p
form a solution to the original problem (3.35) with the asserted properties.

O
3.3.2 The Time-Periodic Navier—Stokes Problem
Next we consider the time-periodic Navier—Stokes problem
ov—Av-Xow+Vp+v-Vu=f in T xQ,
dive =0 in T x €,
v=-Xe; on T xS, (3.47)
|1|im v(t,z) =0 for t € T.

As before, €2 is an exterior domain of R?, n > 3. The function f:TxQ — R”
describes a given time-periodic external force, whereas v: T x {2 - R and
p: T xQ - R are the unknown (time-periodic) velocity and pressure fields,
respectively. As before, we consider the case of non-vanishing fluid flow
“at infinity”, that is, without loss of generality, A > 0.

As in the previous subsection, in order to show existence of a solution
(v,p) to (3.47), we reformulate the system as a problem with homogeneous
boundary condition by means of the function V' introduced in Lemma
3.3.1. Set u(t,z) =v(t,x) + AV (z) and p := p. Then (v,p) is a T-time-
periodic solution to (3.47) if and only if (u, p) is a T-time-periodic solution
to

Ou—Au—-Nhu+Vp=f+N(u) inTxQ,

divu =0 in T x €,
u=0 on T x 092, (3.48)
lim u(t,z) =0 for teT,

|| > o0
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3 Flow Past a Non-rotating Body

where N, (u) is defined as in (3.36). To show existence of a solution to
this new system, we shall again employ a fixed-point argument within an
appropriate functional framework. For ¢ € (1,00) and r € (%, n +1) we
define the function space

Z;’T(T X Q) = {u € Wl’z’q(T X Q)n ‘ divu = O, u"ﬁ‘xag = O, Hu”zgﬂ“ < OO},
where
1
[ulzgr = Pulagr + [Prulhog = [Puly + [Puly , + Aw1 [Pulls + |Prufi 2,

with || xsr and s asin (3.37). Then 23" (Tx(2) is a Banach space provided
s < q. We consider the solution operator

S (LI "D (Q)") @ LY(T x )" - ZI"(TxQ), fru (3.49)

that maps a function f e LI(T x Q)" with Pf € D-57(Q2)" to the unique
velocity field u associated to a solution (u,p) € Z7" (TxQ)xL1(T; DHe(2))
to the time-periodic Oseen problem (3.24) existing due to Theorem 3.2.5.
This yields a family of continuous linear operators with

18 fll 2o < Cos(Ifllq + AP Iy, ) (3.50)

with M as in (3.20) and Cbg independent of A € (0, Ag], which follows from
Theorem 3.2.5. Moreover, we see that (u,p) with v € ZI"(T x Q) is a
solution to (3.48) if and only if u satisfies the fixed-point equation

UZS,\(f +N,\(u)), (351)

provided that f and N,(u) are elements of LI(T x Q) with steady-state
parts Pf and PNy(u) in Dy""(Q)". The following lemma shows that
Ni(u) belongs to this function class for u € ZI"(T x Q) provided that
q,7 € (1,00) satisfy

1
— < min{ y— = 3 (3.52)
q n+2r n+l
1 1 1 1 2
= > — > max{ e (3.53)
q 2r n+l g n

Lemma 3.3.6. Let q,r € (1,00) satisfy (3.52) and (3.53). Let 0 <A< Xy
and uy,up € Z{" (T x Q). Set v; = Pu;, wj=P,u; for j=1,2. Then there
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3.3 Solutions to the Navier—Stokes Equations

exist a constant Csp = C30(n, 82, q,7,Xo) >0 and some ( € [0,1) such that

[v1 - Pvally < CsoA™ 75 1 va e (3.54)

[o1 - Vsl < CaoA™7 [on | g [ 02 e, (3.55)

lwy - Vwa g < Csofwi]1,2,4]w2]1,2,4, (3.56)
[P(wr - Vwa)|_y . < Caowif1,2,4[wa]1,2,4, (3.57)
o1+ Vwally < CoX~w1 oy | ez w212, (3.58)

[y - Voally < CaoX™ a5t [wn 1,2 02 0 (3.59)

where 0,1 €[0,2] as in Lemma 3.3.2.

Proof. Since (3.52) and (3.53) imply (3.41) and (3.42), the estimates (3.54)
and (3.55) are direct consequences of Lemma 3.3.2.

To derive (3.56), we distinguish two cases. On the one hand, if ¢ >
max{2,n/2}, the embeddings from Theorem 2.3.8 yield

lwllariLe=(@)) + |Vw|Le(riLaca)) < collw] 12,4

for w e Wh24(T x Q). Then Holder’s inequality implies

Jws - Vws g < JJwi]Lacrie @) [Vwa] e (rinaey) < crfwilzglwelz,g-
On the other hand, if ¢ < (n+1)/2, from ¢ > (n+2)/3 and Theorem 2.3.8
(with @ =1/qg and f=3-(n+1)/q) we conclude

1] gy + 1780 e gy < 202

for w e WH24(T x ), which leads to

lwy - Vwsl|g < [Jw: | n Vs | < cslwif12qllwa 2,

vonra 07 o) |

ng
L20(T;L 2T (02))

In total, this shows (3.56).
For estimate (3.57), note that (3.52) and (3.53) imply 2(2—;2) -8 <1
and Theorem 2.3.8 (with oo =2 —n/q+n/2r), leads to

|w L2 mer oy < calwli2,,
so that Holder’s inequality yields

[P(w: - Vws)|_y . =[divP(wi ® wa)|_, . < 5|P(wr @ wa)|rr (o

1,r

< cg w2 (riner ) [wa L2 (rier )y < crllwifizq|wa .-
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3 Flow Past a Non-rotating Body

For estimate (3.58) we again distinguish two cases. In the case ¢ > n,
(3.52) enables us to choose ¢; € (0,1) such that

(1 2 1) 11

S+Z oS =c- o

s n q s 2q

so that the Gagliardo—Nirenberg inequality (Theorem 2.3.7) implies

1-¢
[villag < esfonlslyvr] 7 < AT o | g

Furthermore, Theorem 2.3.8 yields the estimate

| Vws |lLa(rLzaa)) < crolwa]1,2,4,

and Holder’s inequality leads to (3.58) in the case ¢ > n. If s < ¢ <n, we

decide (5 € (0,1) by
(1 2 1) 1 1
—t+—==|=—-—.
s n q s n

From the Gagliardo-Nirenberg inequality (Theorem 2.3.7) we then con-
clude

1-¢
Jv1]n < 011|U1|§?q|\01|\§{2 < et vy | xaers

and Theorem 2.3.8 implies

[ Vs

ng_ < cis|w .
Lora oy < 2z

Hence, (3.58) also follows by Holder’s inequality in this case.
For the remaining inequality (3.59), in the case ¢ > 2 we choose (3 €

2
(0,1) with

Note that (3 > % since ¢ > s. Then the Gagliardo-Nirenberg inequality
(Theorem 2.3.7) and Theorem 2.3.8 lead to

1-¢3
O PUES

[Vsllq < crafoals’, Joa 1 < a5
||w1||Lq(Ir;L°°(Q)) < c6]wr 12,4,

which implies (3.59) by Holder’s inequality. In the case ¢ < n we can use
the Sobolev inequality (that is, Theorem 2.3.7 with 6 = 1), and Theorem
2.3.8 to deduce

[Vva| e < crzloaly , < crsfoa]agr,

JwiLsrin(e)) < crollwr iz,
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3.3 Solutions to the Navier—Stokes Equations

and (3.59) also follows by Holder’s inequality in this case. Finally, we have
shown all asserted estimates. [

By analogy to the previous subsection, to obtain a solution to the time-
periodic Navier—Stokes problem (3.47), we impose an additional condition
upon the range of r, which is justified by the following technical lemma.

Lemma 3.3.7. Let q,r € (1,00) satisfy (3.52) and (3.53) and

o) Z'fn:3,4,
r> {n_ﬁ P (3.60)

Then max{6, M +n,(} <n+1-M with M as in (3.20) and 0, n, ¢ as in
Lemma 3.3.6.

Proof. Since (3.52) and (3.53) imply (3.41) and (3.42), we directly deduce
max{0, M +n} <n+1-M from Lemma 3.3.3. Moreover, since ( < 1, we
trivially have ( <n—-1<n+1-M for all n > 3. O

Finally, we establish existence of a solution to the time-periodic problem
(3.47) by solving the fixed-point equation (3.51) in the function space
ZI(T x Q).

Theorem 3.3.8. Let Q) c R™, n > 3, be an exterior domain of class C?, and
let q,r € (1,00) satisfy (3.52), (3.53) and (3.60). Then there exists A\g >0
such that for all 0 < X\ < g there is € > 0 such that for all f e LI(T x Q)"
with Pf e D" (Q)" satisfying | f|q + IPfl_,, <€ there exists a solution

(v,p) € ZI"(T x Q) x LI(T; D"4(2))
to (3.47). In particular, v e WH24(T x Q).

Proof. The proof works similar to the proof of Theorem 3.3.4. At first, let
us show existence of a function u € Z{" (T x ) satisfying the fixed-point
equation (3.51), that is, u is a fixed point of the mapping

FruZI(TxQ) - ZI(TxQ), ue S\(f+N(u))

with Ny (u) and S, given in (3.36) and (3.49), respectively. Now consider
the closed subset

Ay ={ue ZI(Tx Q) | [u]zer < p}
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3 Flow Past a Non-rotating Body

of Z{"(T x ), where the radius p > 0 will be chosen below. For u € A, set
v ="Pu, w ="P,u. In particular, we then have

PNy(u) = =(v=AV) - V(v =-AV) =P(w-Vw) - AAV = \?0,V,
PN\(u)=-(v=-AV)-Vw-w-V(v-AV) =P (w-Vw).

Therefore, Lemma 3.3.6 implies

INA(u) g < [PNA(w) g + [PNA(u)llg
< oA 0= AV [ + X757 [0 = AV g [0 2,
+|w|? 44 + [AAV + X260,V )
er(A %(p+)\)2+)\‘%(p+>\)p+p2+)\+)\2),
PANAW)]_y, € ca( N7 = AV 3w + [w] o + INAV + X201V )
(AT (p+ A)2+ p% + A+ A?),

IA

/\

IA

where we used that |V[ysr is bounded uniformly for 0 < A < Ag. From
(3.50) we thus conclude

[ Fa(u)]zer < ca(]1f +NA(u)Hq + ATAP(f + Na(u))] )
<es((1+ A7 )e + (A7 + A7 ) (p+ A)2 + A7 (p+ A)p
+ (1+)\‘m)(p +)\+)\2))

366((1+)\_%)(€+p2+/\+)\2) ()\ n+1 + A" Ari[:{] + A\ n+1)(p—|—)\) )

Similarly, for u;,us € A, we obtain

| Fx(ur) = Fa(uz)| zor
< c7(|m<u1> —M(uQ)nq + ATw [P (N (ur) = Na(uz))]_y )

_M+n
<cs(1+)\ R £ TR 4 AT 4\ n+1)

x (Hulllzw + Juzl zgr + AV agr) un = ua] zg-

M+n

<co(l+A° T+ AT 4 AR +)\‘T+1)(p+)\)|\u1—u2||zg,r.

Lemma 3.3.7 implies max{6,{, M +n} <n+1-M, so that we can consider
~v € R with

< n+1 < n+1
“Shei-Mm max{6,(, M +n}

(3.61)
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3.3 Solutions to the Navier—Stokes Equations

Now we choose € = p7 = A < A\g < 1. Then the above estimates reduce to

| Fa(u)] 2o
M+
<eo((1+p Tt ) (p7 + p? +p27) +(p” T +p e 4 n+1)(p+pv) ),
_ M _a8 _~ M+ 1-28
SCll(/ﬂ +p7 g +p o +p A 4 p n+1)p

and

|Fr(ur) = Fa(uz) | zar
<ern(14 pToT + prmst 4 gt + p Y ) (pt p7) g = un | zae

17'\/79 17"/7( 1- M 1- 'YA +n
< 013(p+p ntl + 07 ntl 4+ 07wt + 0 n+1 )Hul u2||zg\,r'

By (3.61), we can choose Ag > 0 so small that

_ M 6 M+ (
C]_]_(p’y 1+p’Y st 1+p1 n+1 +p1 n+l +p ) < 1
_ab _a¢ _aM _Min 1
Crg(p+ p7aeT 4 pl T+ pl T+ ) <

for all p < A, Y7 This ensures that FyA, - A, is a contractive self-
mapping for all A€ (0,\]. The contraction mapping principle thus yields
the existence of a fixed point u of F,, that is, of u € Z]"(Q) that satisfies
(3.51). Exactly as in the proof of Theorem 3.3.4, we finally see that there
exists a pressure field p such that v :=u—- AV and p form a solution to the
original problem (3.48) with the asserted properties. [

Remark 3.3.9. Note that the conditions (3.52), (3.53) and (3.60) contain
implicit assumptions on the permitted range of ¢q aside from ”*2 <g<n+l.
In particular, the lower bound on r from (3.60) leads to

1 nend ifn=3.4, 1_[52 =34,
¢ |=L  ifn>5, ¢ |2 ifnzs,

when combined with (3.52) and (3.53), respectively. However, by a simple
calculation one verifies that this is a new condition only in the case n = 3.
In summary, Theorem 3.3.8 provides existence of a solution (v, p) to (3.47)
with v € WL24(T x Q)" for g € (£,4] if n = 3, and for ¢ € [%2, n+1] if
n>4.
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Subject of this chapter is the investigation of the fluid flow around a
rigid body B that moves through an infinite three-dimensional container
of liquid. The velocity field that describes the rigid motion of the body
shall be given by

V(t,x) =€) +nn(x-zc(t))

with respect to its center of mass xc. As customary, t € R and x € R3
denote time and spatial variables, respectively. The quantities & := %xc
and 7 are the translational velocity and the angular velocity of B with
respect to its center of mass. We assume that the translational velocity
¢ is periodic of some prescribed period 7T, so that we can interpret it as
a function &T — R3 for the torus group T = R/TZ. We consider the
case where the axes of translation and rotation of the prescribed time-
periodic motion of B are constant in time and parallel, and without loss
of generality, both are directed along the x;-axis such that

() =a(t)er, n=we

73



4 Flow Past a Rotating Body

for a function a: T — R and a constant w € R. Under these conditions the
time-periodic motion of an incompressible Navier—Stokes fluid around B
that adheres to B at the boundary is governed by the equations

Ou+w(egAu—e Az-Vu) —adiu+u-Vu=f+Au-Vp in T x

divu=0 in T x Q,
u=ae+we; Ar on T x 0f2,
lim u(t,z) =0 for teT,

|| =00

where T = R/TZ represents the time axis and € = R3 \ B corresponds to
the exterior domain filled by the fluid flow. The functions u: Tx{2 - R3 and
p: T x Q) - R are time-periodic velocity and pressure fields of the fluid. For
the sake of generality, in the formulation of (4.1) we additionally consider
a time-periodic external force f:T x Q — R3 that affects the liquid. As
explained in the introduction, motivated by physical observations and our
mathematical approach, we only consider the configuration when the mean
translational velocity is non-zero, that is,

A= fa(t) dt # 0,
T

and when the mean rotational velocity w coincides with the angular fre-
quency 27/T of the time-periodic data, that is,

w=27/T.

In order to capture the latter condition directly in the equations, we per-
form a time scale t - wt that yields the nonlinear system

w(Ou+eAu—e Az -Vu) —adiu+u-Vu=f+Au-vVp in T x,

divu =0 in T x 2,
u=ae;+we; Ar on T x 0L,
Il‘im u(t,z) =0 for t e T.
(4.1)

Now all involved functions are 27-time periodic, and T denotes the asso-
ciated torus group T = R/27Z.
In order to show existence of a solution to (4.1), we study the linear
time-periodic problem
w(Ou+e Au—e; Az-Vu) —Au—-Nou+Vp=f inTxQ,
divu=0 in T x€Q, (4.2)
u=0 on T x0S,
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4.1 The Resolvent Problem

and establish well-posedness in a suitable functional framework. To this
end, we first investigate the corresponding resolvent problem

sv+w(egArv—eAT-Vv)—Av-Adv+Vp=F inQ,
divv=0 in €, (4.3)
v=0 on 0.

As was found out by FARWIG and NEUSTUPA (31, 32], this resolvent prob-
lem is not well posed in a classical setting of W24 spaces for the resolvent
parameters s = iwk € C, k € Z, which are relevant for our approach. There-
fore, we have to work in a different framework of homogeneous Sobolev
spaces, where we establish an existence result and a suitable resolvent
estimate below. Moreover, as it turns out, for each resolvent parameter
s =iwk, k € Z, we obtain a different solution space. We combine these
spaces to deduce well-posedness of the time-periodic problem (4.2) in a
framework of absolutely convergent Fourier series. The main advantage of
this functional framework is that it allows to directly obtain a priori esti-
mates for a solution to (4.2) from the resolvent estimates for (4.3). Since a
generalization of classical inequalities from the theory of Lebesgue spaces
to this functional setting is straightforward, we can then show existence
of a solution to the nonlinear problem (4.1).

In Section 4.1, we examine the resolvent problem (4.3). While in the
whole space a well-posedness result can be obtained by a suitable change
of coordinates, in an exterior domain we use cut-off techniques and a
Galerkin approach. In Section 4.2, we introduce the framework of func-
tions with absolutely convergent Fourier series, in which we then establish
well-posedness for the time-periodic problem. In Section 4.3, we reformu-
late (4.1) as a fixed-point equation and employ the contraction mapping
principle, which finally shows existence of a time-periodic solution to the
nonlinear problem (4.1).

4.1 The Resolvent Problem

In order to find a solution to the nonlinear problem (4.1), in this section
we investigate the resolvent problem

w(tkv+e; Av—egAx-Vv) —Av-Adv+Vp=F in Q,
dive=0 in Q, (4.4)
v=0 on Jf)
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4 Flow Past a Rotating Body

for k € Z. At first, we examine this problem together with the time-
periodic problem (4.2) in the whole space Q2 = R", where we employ a
suitable coordinate transform, which reduces (4.2) to a time-periodic Os-
een problem without rotation terms. Subsequently, we proceed with the
study of the resolvent problem (4.4) in an exterior domain, and establish a
uniqueness result and suitable a priori estimates. After showing existence
of a solution in an L2 framework, we combine the previous results and
show well-posedness of problem (4.4).

4.1.1 Well-Posedness in the Whole Space

Before studying problems (4.2) and (4.4) in an exterior domain, we first
consider the case 2 = R3. This setting has the advantage that one can
change coordinates back to the non-rotating inertial frame, which reduces
the study of (4.2) to an investigation of the time-periodic Oseen problem
without rotation terms, which has been examined in Section 3.2. For the
rest of this section, we set

2q
S1 = —

. 4q 8q
_2_q7 2

“i-g¢ PRy

for appropriately fixed ¢g. These numbers will occur frequently. Recall

that throughout this chapter, we consider the torus group T = R/27Z.
The following theorem is concerned with well-posedness of the time-

periodic Oseen problem in the whole space. Observe that the constants

appearing in the a priori estimates can be chosen independently of A and

w as long as the ratio A?/w is bounded by some prescribed constant 6 > 0.

Theorem 4.1.1. Let g € (1,2) and \, w, 0 > 0 with \? < fw. For every
feLa(T xR3)3 there exists a solution (u,p) € .#'(T x R3)3*1 to

{w@tu—Au—)@lu+Vp =f inTxR3

4.5
divu=0 in T xR?, (45)

with Oyu, V2u, Vp € LI(T x R3), and constants C3; = C31(q) >0 and Csq =
C32(q,0) >0 such that

[V*Puly + MorPuly + A2 Pull,
AV Puls, + [VPpy < Car|[Pfllg,

and

W[ Prulq + [V*Puuly+ MorPoulg + [VPplg < Csa PLf - (4.7)
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Additionally, if (w,q) € /(T x R3)3*! 4s another solution to (4.5), then
P.u="P,w, and Pu—Pw is a polynomial in each component, and p—q = po,
where po(t,-) is a polynomial for each t € T.

Proof. We decompose (4.5) into a steady-state and a purely periodic prob-
lem by splitting v = ug + u, and p = po +p, with

ug = Pu, po="Pp, uy ="Pu, pL="P.p.
For the steady-state part (ug, po) we obtain the steady-state Oseen system

-Aug - )\81U0 + Vo = Pf in RB,
divug =0 in R3.

The existence of a time-independent solution (ug,po) satisfying estimate
(4.6) follows from [42, Theorem VII.4.1]. The remaining purely periodic
part (u,,p,) must solve (4.5), but with purely periodic right-hand side
P.f. We define

U(t,z) = u, (t,w 1),
B(t,z) =wp, (t,w ),
F(t,z) =w P, f(t,w 1),

which leads to the system

U -AU - XU +vP=F inTxR?,
divU =0 in T x R3,

where A = A\w~!/2. From Theorem 5.2.6 in the following chapter, we con-
clude the existence of a unique solution (U,) that satisfies the estimate

[8:U 1, + 192Uy + AU + VBl < PO F L,

where P:R — R is a polynomial in X and can thus be bounded uniformly in
X € (0,4/0]. Estimate (4.7) with the asserted dependency of the constant
(U5, follows after reversing the applied scaling. The remaining uniqueness
statement is a direct consequence of Lemma 5.2.5, which is established in
the next chapter. O

Remark 4.1.2. In the setting of Theorem 4.1.1 we can write the estimate
for the steady-state part (ug,po) = (Pu, Pp) and the purely periodic part

77



4 Flow Past a Rotating Body

(uy,pr) = (Pou,Pp) in a more condensed way: From the embeddings
established in Theorem 2.3.9 we deduce

w1/4Hul Ls2 (T;Ls1 (RS)) + w1/8HVuL L3 (T;L52 (R3))
< 033(WHatulHLq(’]I‘xR3) + ’|v2uJ_HL‘1(’]I‘><R3))-
Recalling Remark 2.3.10, we see that (4.6) and (4.7) can be formulated as

wldpuly + [V2uly + Morul + A2 u

+ A4 vu

Le2(T;Lo1 (R?))
Los (o2 (R3)) + | VP < Caal flg

(4.8)

for a constant Csy = C34(q,0) as long as A% < fw.

With Theorem 4.1.1 we now solve the linear problem (4.2) for Q = R3
and f € LI(T x R3)3 by a suitable change of coordinates.

Theorem 4.1.3. Let g € (1,2) and A\, w, 0 > 0 with \? < Qw. For every
feLi(T xR3)3 there exists a solution (u,p) € .#'(T x R3)3*1 to

w(Ou + e Au—ep AT -Vu) — Au—Noyu+ Vp = f in T x R3, (4.9)
divu=0 in TxR3, '
with
Oyu+ ey Au—e; AT - Vu, Viu, Oju, VpeLI(T xR3).

Moreover, there exists a constant Css = Cs5(q,0) >0 such that

w0y + €1 AU — ey A - Vu||L‘1('JI‘><R3) + ||V2u||Lq(TxR3)

Ls2 (T;le (RS)) + )\1/4HV/U/ Ls3 (T;LSQ (R3)) (410)
+ | V[ Laerxrs) € Css flra(rxrs)-
Additionally, if (w,q) € (T x R?)3* is another solution to (4.9) with

w e L7 (T xR3) for some r € [1,00), then u = w, and p —q = qo for some
spatially constant function qo: T — R.

Proof. Let

+ )‘||alu||L9(TxR3) + >\1/2HU

1 0 0

Q(t) =10 cos(t) —sin(t)
0 sin(t) cos(t)

be the matrix corresponding to the rotation with angular velocity e;. De-

fine
U(t,y) = Q)u(t, Q) y),
Bt y) =pt, Q) y),
F(ty)=Q()f(t,Q(1) y)
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4.1 The Resolvent Problem

with the new spatial variable y = Q(¢)x. Then u, p and f satisfy (4.9) if
and only if

wOU =AU = NU +VP=F in TxR3,
divU =0 in T x R3.

A short calculation shows
0 U(t,y) =Q(t)(Owu(t,z) + ey Au(t,x) — ey Az - Vu(t, x)),

and the assertions of Theorem 4.1.3 are now a direct consequence of The-
orem 4.1.1 and estimate (4.8). O

Remark 4.1.4. As for the corresponding steady-state problem (see [42,
Theorem VIIL.8.1] for example), one can extend Theorem 4.1.3 to the
case of an exterior domain €2 for f e LI(T x2). However, it is not clear to
the author whether or not the constant in the resulting a priori estimate
can then be chosen independently of A and w. Observe that such an
independence is obtained in the functional setting of Theorem 4.2.5 below,
where f e A(T;L¢(€2)). Since we solve the nonlinear problem (4.1) via a
fixed-point iteration that requires A and w to be chosen sufficiently small
since they appear as data on the right-hand side, it is crucial to obtain an
estimate where the constant is independent of A\ and w.

From Theorem 4.1.3 we can extract a similar result for the resolvent
problem (4.4) in the whole space. For this, we identify solutions to the
resolvent problem with Fourier modes of time-periodic solutions.

Theorem 4.1.5. Let g € (1,2), k€ Z and \, w, 6 >0 with \> < fw. For
every F e L4(R3)3 there exists a solution (v,p) € #'(R3)3*1 to

w(ikv+e  Av—ej Az - V) = Av-ANdw+Vp=F inR3 (411)
divv=0 inR3, '
and a constant Csg = C36(q,0) > 0 with
it + e o= - ol + |92l + Aol (112)

+ M2y, + XV, + [ VPl < Caol Fllg-

Additionally, if (w,q) € #(R3)3* is another solution to (4.5) with w €
L"(Q) for some r € [1,00), then v =w, and p-q is constant.
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4 Flow Past a Rotating Body

Proof. First consider a solution (v, p) in the described function class. Then
the fields

u(t,z) =e™o(z),  plta)=e*plz),  f(t,z)=e"F(a),

satisfy (4.9). Therefore, uniqueness of the pair (v, Vp) follows from the
uniqueness statement in Theorem 4.1.3. To show existence, let F' € L4(R3)
and define f € L4(T x R3) as above. Theorem 4.1.3 yields the existence of
a pair (u,p) that solves (4.9). Then the k-th Fourier coefficients v(x) =
Fr[u(-,x)](k) and p(x) = Fr[p(-,z)](k) satisfy (4.11) and belong to the
correct function classes. Moreover, estimate (4.12) is a direct consequence
of (4.10). 0

4.1.2 Uniqueness for the Resolvent Problem

Now we begin with the investigation of the resolvent problem (4.4) in an
exterior domain €. To show a uniqueness result, we multiply (4.4); with
the considered velocity field and employ integration by parts. To justify
the integration, we first have to obtain better regularity of the solution.
To this end, we use a cut-off procedure to decompose the solution into one
part in a bounded domain and a second part in the whole space, where
the necessary regularity results are available.

Lemma 4.1.6. Let A >0, w >0, k € Z, and let (v,p) be a distributional
solution to (4.4) with F' =0 and V*v, 01v, Vp € LI(Q) for some q € (1, 00)
and v € L3(Q) for some s € (1,00). Then v =0 and p is constant.

Proof. Consider the case A > 0 at first. Fix a radius R > 0 such that
0Bg c Q, and define a cut-off function xo € CF(R3) with xo(z) =1 for
|z] < 2R and xo(z) =0 for |z| > 4R. Set

w = xov = B(v- Vxo), q = XoP (4.13)
where B denotes the Bogovskii operator from Theorem 2.4.2. Then
-Aw+Vq=h in Qyp,

divw=0 in Q4R,

w=0 on g,

with
h = Xo( —w(tkv+ey Av—e AT -VV) - AOlv)

-2V X0 Vv = Axov + Vxop + AB(Vxo - v).
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4.1 The Resolvent Problem

From the assumptions, we obtain v € W24(€yr) and p e Whe(Qyr). Clas-
sical Sobolev embeddings imply v, Vv, p € L%q(Q4 r). Taking into account
the mapping properties of 8 from Theorem 2.4.2; this implies h € L"(Qyr)
for all 1 < r < 3g. From Theorem 2.4.5 we obtain w € W27 (Qyz) and
VqeL"(Q4r). Since v =w and p = q on (g, this yields

(v,p) € W27 (Qar) x WH(Qar) (4.14)

forall 1<r< %q.
Next consider another cut-off function x; € C*(R3) with y;(x) =1 for
|z| > 2R and xi(z) =0 for |z| < R. As above, we define

u=x10-B-Vxi),  P=xp, (4.15)
which satisfy the system

{w(iku te Au—e AT-Vu) - Au-Aou+Vp=f inR3 (4.16)

divu=0 in R3,
with
f=wlerAz-Vx1)v-2Vx; - Vv
— Ax1v + A1 x10 + Vx1p+ AB(v- V1) + A\ B(v- V1)
—w(ik%(v'VXl)Jrel AB(v-Vxi) —er /\x~V%(v-VX1)).

As above, we see f € L"(R3) for all 1 < r < 3¢. Since we also have
u € L¥(R3), Theorem 4.1.5 implies

iku + e Au— e AT - Vu, VZu, Oyu, Vp e L(R?),
Y € L4r/(4—r) (RS), ue L2r/(2—r) (RS)

if additionally r < 2. Due to v =u and p = p on B2%, we have

ikv +e; AV — e AT - Vo, V2, Ov, Vp € LT(B*),

Vo € L4r/(4—r)(B2R)’ V€ L2r/(2—r)(B2R) (417)

for 1<r£%qwithr<2.
We combine (4.14) and (4.17) to deduce

ikv +e1 AV — e AT - VU, V20, O1v, Vp € L7(Q),
Vo € L4r/(4—r)(Q)’ Ve LZT/(Z—T)(Q)
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4 Flow Past a Rotating Body

for 1<r< %q with r < 2. After repeating the above argument a sufficient
number of times, we obtain

Vre(1,2): ikv+eAv—ey Az - Vo, V20, Ov, Vp e L7(Q) (4.18)

and, by a combination with the Sobolev inequality,
3
Vre(§,6): Vv e L"(Q), Vre(2,00): vel"(Q). (4.19)

In particular, using the divergence theorem and v = 0 on 92 we obtain

Ref(el Az -Vv)-v*dr = / %div [(el /\:v)|v|2] dz
Qg

Qr
1 1
= / §(e1 Az -nfv)* dS = / 5(61 nx) - xR of*dS =0
8QR 8BR

for any R >0 with 0By c €. Passing to the limit R - oo, we obtain
Re[(el Ax-Vv)-v*de =0. (4.20)
)

Next consider a family of cut-off functions x, € C5°(R3) with x,(z) =1
for |z| < p and xo(z) = 0 for |z| > 2p such that 0 < x, <1 and |Vx,| < co/p.
Let p > 0(€¢). From (4.18) and (4.19) we deduce 0yv-v* € LY(€2), and
integration by parts and Hoélder’s inequality imply

|Refxp81v v dx |f Xp31|v| dx f@lxp|v| dx

15
&] _
([ ras) polge sl

Bop\B),

Due to (4.19), the right-hand side is finite, and by passing to the limit
p — oo, we obtain

Ref@lv-v* dz = 0. (4.21)

By (4.18) and (4.19), we can further multiply (4.4); by v* and integrate
over €. Utilizing the identities (4.20), (4.21) and Re(e; Av-v*) = 0 and
integrating by parts, we conclude

O:Re[(w(ikv+e1/\v—e1/\x-Vv)—Av+)\8w+Vp)-v*dx
Q

:Re[iwk]v|2+|Vv]2dx=[|Vv]2d:c.
0 Q
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4.1 The Resolvent Problem

This implies Vv = 0, and the imposed boundary conditions yield v = 0.
Finally, (4.4); leads to Vp = 0. This completes the proof in the case A > 0.
The proof for A =0 can be shown in a similar way. 0

4.1.3 Resolvent Estimates

Next we establish an a priori estimate for the solution to the resolvent
problem (4.4). The following lemma is the first step into this direction.
Observe that the right-hand side of estimate (4.23) below still contains
lower order terms. For its derivation, we use a cut-off argument as in the
proof of Lemma 4.1.6. Note that, as explained above, we have to keep
record on the influence of the parameters A and w.

Lemma 4.1.7. Let g€ (1,2), k€ Z and \, w, 0 > 0 with \> < 6w. More-
over, let F e L4(Q)3 and R > (). Let (v,p) € L} (Q)3*! with

ikv +e; AV —e; Az - Vv, V20, O1v, Vp € L4(Q),

vels(Q),  Vvel®(Q) (4.22)

be a solution to (4.4). Then there is a constant Cs; = C37(€2,¢q,0,R) > 0
such that

wlikv + e Av — ey Az V|, + [V,
+ Mol + A2 o], + X Vlls, + | VDl (4.23)
< C(37(||F||q +(L+ A+ W)H“”Lq;ﬂm + wlk| ”U”—l,q;ﬂm + ||qu;Q4R)'

Proof. Let xo, x1 be the cut-off functions from the proof of Lemma 4.1.6.
Define w = xov and q = xop. Then w e W24(Qyr), g € Wh4(Qy) and

thww—-Aw+Vq=nh in Qyg,
divw =g in Qyg,

w=0 on I g
with
h = (F —w(e; Av—eg AT -VV) — /\(911)))(0 —2Vxo0 - Vv —Axov + VXop,
g=uv-Vx.

Therefore, (w,q) satisfies a Stokes resolvent problem in the bounded do-
main {24, and Theorem 2.4.5 implies

HwHQ,CI;Qz;R + ||vq||Q;Q4R < CO(||h||Q;Q4R + ” Vqu;Qm + w|kg|i1,q;Q4R)7
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where |-|7; o is defined in (2.11). By Hélder’s inequality and Proposi-
tion 2.4.3, we obtain

HhHQ§Q4R + va |Q;Q4R < c1(”P’”q + (1 + A+ w)”U”Lq;QzLR + Hp||q;Q4R)7
|g|j1,q;Q4R < CQHUH—LQ;Q4R'

Since v =w and p = q on {2y, we thus conclude

[vll2g:00r + VPl g:0r (4.24)

< C3(HFHq + (1 + A +w)|vllg0.r + 1Pl g + @Ikl Hvufl,q;ﬂm)'

Next define (u,p) as in (4.15), which satisfies the system

w(iku+e  Au—ej Az -Vu) - Au-Aou+vVp=f in R
{ divu=0 in R3,
with
f=x1F -w(eiAx-Vx1)v—2Vx1 - Vu - Axiv + A0 x1v
+Vx1p - AB(v-Vx1) + A1 B(v- Vi)
+w(ikB(v- V1) +ei AB(v-Vx1) - e Az VB(v-Vxi)),

where B is the Bogovskii operator; see Theorem 2.4.2. Theorem 4.1.5 and
the mapping properties of the Bogovskii operator from Theorem 2.4.2 and
Corollary 2.4.4 lead to the estimate

wliku + ey Au— ey Az Vul, + || V|,
+ Al + N VUl + A ulls, + |90,
<c[Fllg+ @+ A+ ) [vlg0u + [Plg0an + Wlkl|v]-160.0)-
Due to v =u and p = p on Q2F, this implies
wlikv + e Av = €1 AT - VU pqzr + | V20 o2r
o Xorwl g + ATy + A2 o]+ [Tplor
<os(|Fllg+ (1+ X +w)|v]

Lg;Qer T HpHQ;QQR + w|k|”v||—17¢I;Q2R)‘

Combining this estimate with (4.24), we conclude (4.23). O

In the next step we improve estimate (4.23) by showing that the lower-
order terms on the right-hand side can be omitted. This leads to the
desired a priori estimate, where only the data F' appear on the right-
hand side. For the proof we use a classical contradiction argument. Note
that, because we need a constant that is independent of the parameters
k, A and w, this argument is more involved than in the classical case.
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4.1 The Resolvent Problem

Lemma 4.1.8. Let g € (1,2), k € Z and \,w > 0, and let F € Li(Q2)3.
Let (v,p) e L} _(2)3*! be a solution to (4.4) in the class (4.22). Then the
estimate

wlikv +e1 Av—eg Az - Vo, + HVQUHq +A|ovv],

(4.25)
+ X2 o]lg + X V0], + | VPl < Cas| F g

holds for a constant Csg = C3s(,¢, \,w) >0. Ifge(1,2) and N2 <w < B
then this constant can be chosen independently of A and w such that Csg =

C3S(Qa q, 97 B)

Proof. We prove the lemma by a contradiction argument. At first, con-
sider the case ¢ € (1,2) and assume that (4.25) is not valid for a con-
stant Csg = C33(€2,¢,6, B). Then there exist sequences of numbers (\;) c
(0,v/B], (w;) c (0,B/0] with A? < fw;, and (k;) c Z, and of functions
(v), (p;), (F;) that satisty

lim | £, 0. (4.26)

Wy Hik’j’Uj + €1 /\Uj — €1 AT - VU]' ”q + HVQUJ' ”q (4 27)
1/2 1/4 '
#0005 g + A2 os s + A Vg, + |95, = 1,

and
w;(tkjv; + ey Avj — ey AT - V;) — Avj — N\jO1v; + Vpj = F; in ,
dive; =0 in €, (4.28)
v; =0 on 01,

for all 7 € N. Furthermore, without loss of generality, we may assume
fQRpj dr = 0 for a radius R > §(€2¢). Then, (\;), (w;) and (k;) contain
convergent subsequences with limits A € [0,+/B], w € [0,B/#] and k €
Z u {+oo}, respectively, such that A2 < fw. For simplicity, we identify
selected subsequences with the actual sequences for the rest of the proof.

For the moment, fix a radius p > R. By equation (4.27), the sequence
(v;) is bounded in D*4(€2,). Due to (4.28)3 and the generalized Poincaré
inequality from Proposition 2.3.3, the sequence (v;) is also bounded in
W24(2,). Moreover, this fact and the estimate

liw;kivilga, < w;likjv;+ e rvy — e Az Vg ga, + cowi (1 +p)|vi] 10,

together with (4.27) show that the sequence (iw;k;v;) is bounded in the
space L4(2,). Furthermore, by (4.27) and Poincaré’s inequality, the se-
quence (p;) is bounded in W14(€,). In summary, we conclude that
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U; = (iwjk;vj,v;,p;) is bounded in L9(€,) x W24(Q,) x WLe(Q,) for
any p > R. Hence, by a Cantor diagonalization argument, there ex-
ists U = (w,v,p) such that a subsequence of (U;) converges weakly in
L1(,) x W24(Q,) x Wh4(Q,) to U for each p > R. Consequently, passing
to the limit j - oo in (4.28) and using (4.26), we obtain
w+w(egAv—e  Ax- Vo) —Av - v+ Vp=0 in Q,
dive=0 1in Q, (4.29)
v=0 on ON.

Moreover, by the compact embeddings
W29(Qur) & WH(Qug) < LI(Qur) = WH(Qur),

we deduce that U is the strong limit of (U;) in the topology of the space
W-L4(Qyr) x Whi(Qyr) x LI(Qyr). By Lemma 4.1.7, we conclude
willik;u; + e Avj —er Az Vgl + [ VP
1/2 1/4
+ 2101031+ A2 s sy + A 1V05 s, + |95
< Car(IF5 1o + L+ + w0 [vil1.g90n + @l 051 -1000m + [Pl g0un)-

Passing to the limit j — oo in this estimate, we conclude in virtue of (4.26)
and (4.27) that

1< Cyr((1+ A+ w)[vgoin + 1wl -1g0.m + [Plogin)- (4.30)
Moreover, this implies

w + w(es av ;- F0) |, + V20, + Alrell,

4.31
+ Aol + AV 0]y, + VPl < 0o, 3

Now we distinguish between several cases:

i. If wik; > s e R and w =0, then A =0 and w = isv, so that (4.29)
reduces to a Stokes resolvent problem. If s # 0, we also have v ¢
L4(€2) and we conclude v = Vp = 0 from a well-known uniqueness

3

result; see for example [33]. If s = 0, we utilize that ¢ < 5 and

vj € L51(Q2), Vu; € L2(Q), so that Sobolev’s inequality implies

|05ll30/(3-29) < 11 VV; |3g1(3-q) < 2| V754

and thus v € L39/(3-20)(Q). Now v = Vp = 0 follows from Lemma
3.1.3.
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ii. If wjk; > seR and w# 0 but A =0, then k; - k € Z and w = iwkv,
so that (4.29) reduces to the resolvent problem (4.4) with A = 0.
As above, we deduce v € L3/(-29)(Q), and from Lemma 4.1.6 we
conclude v = Vp = 0.

iii. If wjk; >seRand w# 0 and A #0, then k; - k € Z and w = iwkv,
so that (v, p) satisfies the resolvent problem (4.4). Since A # 0, from
(4.31) we obtain v € L51(€2). Lemma 4.1.6 thus implies v = Vp = 0.

iv. If w;|k;| - oo, we recall (4.27) and estimate

wjlkjllvjl g0, < wjllikjv; +ex Avj —er Az - Vvs]g0, + cslvillige, <,

for any p > R, where the constants c3 and ¢4 depend on p but are
independent of v;. Passing to the limit j — oo, we thus obtain v =0
on Q, for each p > R. Therefore, v = 0 on 2, and (4.29); reduces
to w+ Vp = 0. Clearly, we also have divw = 0 and w|sq = 0, so
that w+ Vp = 0 corresponds to the Helmholtz decomposition of 0 in
L4(£2). Since this decomposition is unique, we conclude w = Vp = 0.

Consequently, all four cases lead to w = v = Vp = 0, which contradicts
(4.30). This completes the proof in the case 1< ¢ < 3.

In the more general case ¢ € (1,2), where we do not assert the constant
(U35 to be independent of A and w, these parameters remain fixed in the
contradiction argument. Consequently, only the last two cases above have
to be considered. Since the conclusion in both of these cases is valid for
all g € (1,2), we conclude the lemma. O

4.1.4 Existence of a Solution

After having established a uniqueness statement and suitable estimates,
it remains to show existence of a solution to the resolvent problem (4.4).
To this end, we employ a Galerkin approach combined with an “invading
domains” technique to obtain a solution in an L? framework.

More precisely, we proceed as follows. We intersect the exterior domain
Q) with balls of radius Bg. On the resulting bounded domain 2z, we can
select eigenfunctions to the Stokes operator, which we take as a basis for a
Galerkin approximation and lead to a strong solution in 2z. Subsequently,
we pass to the limit R — oo, which finally yields a solution in the exterior
domain ). Observe that in order for this approach to work, we need
to derive suitable a priori estimates that are valid independently of R.
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However, in contrast to Lemma 4.1.8, here it is not necessary to examine
the dependencies on k, A and w.
During our approach we make use of the following identity.

Lemma 4.1.9. Let Q c R” be an exterior domain of class C?, and let
R>6(Q¢). Let ueL2(Qr)nWg*(Qr) nW22(QR) with complex conjugate
u*. Then e; Au—ep Ax-Vu e L2(Qg) and

f(el AU — e AT - Vu) - PgAu® dx
Qr

1
:[§|Vu|2(el/\x)-n—n-Vu*-(el/\:c-Vu)dS—fV(el/\u):Vu*d;c,
oN Qg

Proof. This was proved in [52, Lemma 3] for real-valued functions u and
simply carries over to complex-valued functions by a decomposition into
real and imaginary parts. [

Next we introduce a basis of functions suitable for our Galerkin method.

Lemma 4.1.10. Let D be a bounded domain of class C?. There is a
sequence of (real-valued) eigenfunctions (v;);en of the Stokes operator A,

defined in (2.16), and a sequence (p;)jen € (0, 00) of eigenvalues such that
(¥j)jen constitutes a basis of both dom(A) and L2(D) and

Hj f 1/}]' : 1[)3 dz = 5jg. (432)
D

Proof. Since A is a positive self-adjoint and invertible operator, the exis-
tence of positive eigenvalues and corresponding eigenfunctions that con-
stitute a basis of dom(A) and an orthonormal basis of L2(D) follows from
classical spectral theory; see [100, Theorem VI.5.1] for example. Finally,
by a renormalization we conclude (4.32). O

Remark 4.1.11. Observe that (4.32) means that () ;ey is an orthonormal
set in Wy*(D)" equipped with the homogeneous norm | -], 5 since

uj/¢j-¢gdx=—fPHA¢j-¢gdx=fV?,Dj:V@/Jgdx.
D D D

Making use of this basis, we next show existence of a solution to system
(4.4) by means of a Galerkin method. Note that a basis of eigenfunctions
as in Lemma 4.1.10 does not exist in an exterior domain. Therefore, we
consider (4.4) in a suitable bounded domain at first.
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Lemma 4.1.12. Let Q c R3 be an exterior domain of class C3. Let
ANw>0, keZ, and let F € L2(Q)3nLS/5(Q)3. For each R, Ry > 0 with
R > Ry > 6(82°), there exists a solution (v®,p®) = (v,p) to
w(itkv+e Av—e AT -Vv) —Av - v+ Vp=F in Qpg,
divo=0 in Qg, (4.33)
v=0 on Qg
satisfying
|vl6.05 + [VOl20, + HV2U”2;QR +wllikv +e1 Av — e Az - VU 20,
< Coo([| Flojsion + 1 Fl2:05)
for a constant Csg = C39(n,Q, k, N\, w, Ry) > 0 that is independent of R.

Proof. Let (1;) en and (f15) jen € (0, 00) be as in Lemma 4.1.10 for D = Qp,
and consider the set X, = span(c{wj ‘ Jg=1,... ,n}. At first, we construct
a function u = u, € X,, satisfying

(4.34)

/[w(z’ku+e1Au—e1/\:c-Vu)—Au—/\Glu]-z/zjdx:fF-z/dex (4.35)
Qgr

Qr

for all j € {1,...,n}. Note that these are linear equations in the finite-
dimensional vector space X,,. Since u € X,,, there exist £ := (&;,...,&,) € C
such that .
u=Y &y
=1

Observe that the orthogonality relation (4.32) and v; € L2({2g) yield

[ -avevido= [ -Pussvevyde= [ e vyde = b
QR QR QR

Therefore, with the above representation of wu, the system of equations
(4.35) reduces to the algebraic equation
(I+iM)E=b (4.36)

with M = (M;;) e C»" and b = (b;) € C" defined by

Myj = _/ (whipy —iw(e1 Mbe — €1 Az - Viby) + i1ty ) - ¥ da,
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4 Flow Past a Rotating Body

Employing the vector identities

€1 /\wg'iﬁj =—€ A¢j'¢g, (S31 /\x-VweZdiV [@D@@(Ql /\.I'):I

and integration by parts, we see that M is a self-adjoint matrix and thus
possesses only real eigenvalues. Since equation (4.36) is equivalent to
(=il + M) = —ib, we thus obtain a unique solution & € R™, which leads to
existence of a unique solution u = u,, € X,, to (4.35).

Next we derive suitable estimates for u = w,. Multiplication of both
sides of (4.35) by the complex conjugate coefficient §; and summation
over j=1,...,n yields

HVuH%Jrf(w(iku+e1Au—e1Am'Vu)—A@lu)‘u*dxzfF~u*dx.
QR QR

Employing the above vector identities again, we see that the integral term
on the left-hand side is purely imaginary. Taking the real part of this
equation thus leads to the estimate

[Vul3 < [ Fllosluls.

Recalling the Sobolev inequality |ul¢ < cof V|2, we obtain the estimate
[Vul2 < co| Flless and conclude

lule + [Vul2 < c1|Fless, (4.37)

where ¢ is independent of R. When we multiply both sides of (4.35) by
ujf; and sum over j =1,...,n, we obtain

|PaAu|3 = f [F - w(iku+ e ru—e Az Vu) + Aiu] - PaAu® da.
Qg
Taking the real parts of both sides, observing that
Re/ iku-PyAu* dz = - Re (ik|Vul3) = 0,
Qr
and using Hoélder’s inequality, we conclude the estimate
[Palull3 <(1F]2 + Movul2) [ PrAul
+Re f w(er Au—ey Az - Vu) - PgAu* dz. (4.38)

Qr
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In view of the identity from Lemma 4.1.9, we can estimate the remaining
integral on the right-hand side to obtain

Re f w(ep Au—ep Az - Vu) - PpAu* dx < CQ(HVUHg;ag +|Vul3q,)
Qg
with ¢y independent of R. Employing the trace inequality from Theorem
2.3.2 on the domain g, we further estimate
Re [ w(er Au— ey Az - Vu) - Puldu* do < cs|| Va3, + €| Vul3.q,
Qr

for c3 dependent on € > 0 but independent of R. We estimate the second
term on the right-hand side with the help of Lemma 2.4.7 and deduce

Re f w(er Au—ey Az - Vu) - PgAu* dz
Qgr
< (e3+ )| Vul3.q, +cca| Pulul3g,

with a constant ¢4 > 0 independent of R and €. Combining this estimate
with (4.38) and choosing ¢ sufficiently small, we obtain

|PrelAul3 < es(|F ]2 + [ Vul2) | Puldulz + e Vul 3.
Employing Young’s inequality and estimate (4.37), we arrive at
|Pudulaqy, < cr(|1F ]2+ [Flos)-

Using Lemma 2.4.7 and estimate (4.37) once again and restoring the orig-
inal notation, we end up with

| V02 < es(1F 2+ | F leys) (4.39)

with ¢g independent of R.

In particular, we see from (4.37), (4.39) and Poincaré’s inequality that
(uy,) is uniformly bounded in W22(€2g) and thus contains a subsequence
that converges weakly to some function v € L2(Qz)nWy*(Q2r)nW22(QR),
which obeys the estimate

1205 < co(IFoss + [ Fl2) (4.40)

with ¢g independent of R. Moreover, since (1);) is a basis of L2(€2z) and
v satisfies (4.35) for all j € N, we obtain the identity

[ol60n + Vo

PH(w(z'kv +e AU —e; AT - V) — Av — )\811)) = PyF.
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4 Flow Past a Rotating Body

By the Helmholtz—Weyl decomposition (Theorem 2.4.1), there exists p €
W12(Qp) such that

w(ikv+e Av—e Az -Vv)—Av—-Aov+Vp=F in Qp.

In particular, since v € L2(Qz) n Wy (2g), the functions v and p satisfy
(4.33). Since e; Av—e; Az-Vv € L2(§2g) by Lemma 4.1.9, from this equation
and (4.40) we further deduce the estimate

wlikv +e; Av =1 Az Vs = w|Pr(ikv + e Av—e /\:B'V’U)H2
<[ PuF 2+ |Pulvls + A[Pudivls < cro(I1F loss + | F|l2)

by continuity of the Helmholtz projector. Combining this estimate with
(4.40), we conclude (4.34). O

In order to obtain a solution to the resolvent problem (4.4) in an exterior
domain, the idea is to pass to the limit R — oo in Lemma 4.1.12. To make
this approach rigorous, we first have to employ a suitable cut-off argument.

Lemma 4.1.13. Let Q, A\, w, k, F' be as in Lemma 4.1.12. Then there
exists a solution (v,p) to (4.4) with

ikv +ej AV —e; AT - Vv, Vo, V2, VpeL*(Q), veL5(Q).

Proof. Consider a standard cut-off function x € C3*(R; [0,1]) with x(s) =
1 for |s| < 1/2 and x(s) =0 for |s| > 3/4. For m € N with 2m > §(€2¢) define
Xm € CF(R™) by xm(z) = x(|z|/m). Then we have

3
Xon(@) = Lfor Jo] € 2, x() = 0 for [a] > =2,

C C

where the last estimate follows from supp Vx,, ¢ A, = By, N Byyjo. Define
w™ = x,,v™, where v™ = v® is the velocity field from Lemma 4.1.12 with
R =m. Then w™ is an element of W22(Q), and |w™|s < |v™ 6. Holder’s
inequality further yields

[vw™ 2 < ea(Ivo™ ol xlleo + 0™ 6]V X0 3:4.,)
<es([[vomz + [o™]s),

[V2w™ 2 < ca(19*0™ |2l Ximlloo + IV 0™ |20V X oo + 0™ |6V Xom 1 3:4.,0)

<es([V2om 2 + [Vo™fz + 0™ o).
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4.1 The Resolvent Problem

Moreover, by Vxm(z) = x'(|z|/m) we have

_x
mlz|’
e AL - VW™ =ey Ax - VU X + €1 AT - VXm0 = €1 AT - VU X,
from which we conclude
[ikw™ + ey Aw™ — ey Az - VW™ o < |[ikv™ + 1 AU™ — ey AT - VO™ 2.
Combining the above estimates with (4.34), we deduce

[w™|6 + [Vw™ |2 + | V2™ | + w|ikw™ + e; Aw™ - €1 Az - V™o

<cs(1Fless + 1F12)

with cg independent of m. This implies the existence of a subsequence of
(w™), still denoted by (w™), that converges in the sense of distributions
to some function v € Wfoi(Q) that satisfies

[olls + [Vvll2 + [V20]2 + wlikv + ey Av —er Az Volla < Cag(1F los + |1 F2)-

Moreover, v]|sq = 0. Let ¢ € C(2) and choose mg € N such that supp ¢ is
contained in €2, 5. For m > mg we have w™ = v™ on €, > and thus

[wm-Vgodx:/vm-VQdezO
9) Q

by (4.33)5. Passing to the limit m — oo, we conclude dive = 0. Now let
) € Cgf’a(Q) and choose mg such that suppv c €2,,,2. With the same
argument as above, for m > mg we obtain from (4.33); that

f(w(z'k:wm+el AW™ — e /\x'Vwm)—Awm—Aalwm—F)~¢dx

Q

=f(w(ikvm+el AU — ey /\x~VUm)—Avm—)\alvm—F)'wdx=O.
Q

Therefore, by passing to the limit m — co, we see

f(w(z’kv+e1/\v—e1/\x-w})—Av—/\ﬁlv—F)-wd:c:O
Q

for all ¢ € C§°,(€2). Consequently, by the Helmholtz—Weyl decomposition
in L2(Q2), there exists a function p € D2(Q) such that (v, p) is a solution
to (4.4). This completes the proof. O

93



4 Flow Past a Rotating Body

4.1.5 Well-Posedness

Combining Lemma 4.1.6, Lemma 4.1.8 and Lemma 4.1.13, we conclude
the following well-posedness result for the resolvent problem (4.4). For
the proof we first consider smooth data F', for which we obtain a solution
in an L? framework by Lemma 4.1.13. Subsequently, we show by another
cut-off argument that this solution belongs to the function space defined
by the left-hand side of the resolvent estimate (4.25). Finally, a classical
density argument yields a solution to (4.4) for general data F' € L(Q2). In
total, we obtain the following result.

Theorem 4.1.14. Let Q c R3? be an exterior domain of class C3. Let
qe(1,2), keZ and A\, w, 0, B >0 with \?> < 0w < B. For every F € L4(Q2)3
there exists a solution (v,p) € W24(Q)3x WL4(Q) to the resolvent problem
(4.4) subject to the estimate

wlikv + ey Av — ey Az - Vo, + [V, + A O1v], (4.41)
+ A2 o], + A Vo], + [ VP, < Caol Fl,

for a constant Cyg = Cyo(2,q, A\, w) >0 and s1=2q/(2-q), s2=4q/(4-q).
Additionally, if (w,q) is another solution to (4.4) in the function class
defined by the norms on the left-hand side of (4.41), then v =w, and p—q
15 a constant.
Moreover, ifq € (1, %), then the constant Cyg can be chosen independently

of A and w such that Cyy = Cyo(£2,q,0, B).

Proof. The uniqueness statement is an immediate consequence of Lemma
4.1.6, and estimate (4.41) has been proved in Lemma 4.1.8. It thus remains
to show existence of a solution for F' € L4(£2).

At first, let F'e C(€2), and let (v, p) be the corresponding solution to
(4.4) that exists by Lemma 4.1.13. We first show that then (v, p) belongs
to the correct function class. By Holder’s inequality, we directly find that

veW(Q,),  peWhi(Q,) (4.42)

for any p > Rand all ¢ € [1,2]. Repeating the cut-off argument from (4.15),
we obtain a solution (u,p) to (4.16) for some function f € L2(R3) with
compact support. In particular, this implies f € L¢(R3) for all ¢ € (1,2).
Theorem 4.1.5 yields existence of a solution to (4.16) satisfying (4.12).
Since u € L6(R3), Theorem 4.1.5 further ensures that (u,p) coincides with
this solution up to an additive constant for p. We thus have

iku +e; Au— e AT - Vu, VZu, Oyu, Vp € LI(R?),
u e L2/ (R3), vVu € L4/G-0(R3),
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4.2 The Time-Periodic Linear Problem

Since v = v and p = p on B?E, the integrability properties above in com-
bination with (4.42) show that v and p belong to the correct function
spaces.

Now consider general F' e L(€2) and a sequence (F;) c CF(2) that
converges to F' in L7(€). As seen above, for each j € N there exists
a solution (v,p) = (v;,p;) to (4.4) with F' = F};, which obeys estimate
(4.41). Additionally, this implies that (v, Vp;) is a Cauchy sequence in
the function space defined by the norm on the left-hand side of (4.41), and
thus possesses a limit (v, Vp), which satisfies the resolvent problem (4.4)
and the resolvent estimate (4.41). O

Remark 4.1.15. Note that for k£ = 0 we recover the well-known L4 theory
for the corresponding stationary problem; see [42, Theorem VIIIL.8.1] for
example.

Remark 4.1.16. In the classical study of resolvent problems, one considers
an operator A in a Banach space X and investigates solvability of the
equation su — Au = f for s € C together with a corresponding resolvent
estimate of the form

sl [l + [ Aulx < Can | fx-

In particular, if s # 0, the solution u belongs to the same space X as the
data f. In contrast, the solution theory established in Theorem 4.1.14
does not fit into this setting, and we do not obtain a classical resolvent
estimate.

4.2 The Time-Periodic Linear Problem

After having established well-posedness of the resolvent problem in The-
orem 4.1.14, we now turn to the time-periodic problem

w(Ou+e Au—er Az -Vu) - Au—-Aou+Vp=f inTxQQ,
divu=0 in T x €2, (4.43)
u=0 on T x 0,

where T = R/27Z. In order to transfer the properties of the resolvent
problem to the time-periodic case, we work in a framework of absolutely
convergent Fourier series. Besides uniqueness and existence of a solution,
this allows to obtain a corresponding a priori estimate with the same
constant as in the resolvent estimate (4.41). In conclusion, we obtain
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4 Flow Past a Rotating Body

conditions when the constant is independent of A and w, which is crucial
for the fixed-point argument employed to solve the nonlinear problem
(4.1).

We first introduce the spaces of absolutely convergent Fourier series
and provide some inequalities necessary for the treatment of the nonlin-
ear problem (4.1). Afterwards, we establish well-posedness of the time-
periodic problem (4.43) in these function spaces.

4.2.1 The Functional Framework

Here we introduce the functional framework where we carry out the anal-
ysis of the time-periodic problem (4.1). For simplicity, we restrict to the
case of 2m-periodic functions, that is, to the torus group T = R/27Z.

Let X be a semi-normed vector space with semi-norm |-|x. To any
sequence (fx)rez € X we can formally associate a Fourier series

F@)=>" fue. (4.44)

keZ

This series converges pointwise if the sequence of norms (| fx|lx)rez 18
an element of 1(Z;R), which means (fx)rez € ¢*(Z; X). Recalling the
inverse Fourier transformation .%:* on T, the equation (4.44) can thus
be expressed as f = .Zr'[(fi)kez], so that f is an absolutely convergent
Fourier series. Clearly, these objects constitute a function space defined
by

A(T; X) = {f=T—>X F@) =2 fee™, (fe)rez ¢ X, Z|fk|X<°°}a

keZ keZ

the space of functions on T with absolutely convergent Fourier series,
which we equip with the semi-norm

[ lacrx = 2 1 filx-

keZ

Then A(T; X') coincides with the space ffq{l[ﬁ(Z; X)], which embeds into
the space C(T; X) of X-valued continuous functions on T. This property
also justifies the pointwise definition in (4.44).
Observe that if X is a normed space, then A(T;X) is also a normed
space, and if X is a Banach space, then A(T; X)) is also a Banach space.
It is well known that the scalar-valued space A(T;R) is a Banach algebra
with respect to pointwise multiplication, the so-called Wiener algebra.

96



4.2 The Time-Periodic Linear Problem

One can generalize this property and derive estimates in the X-valued
case. For example, one readily shows the following correspondency of
Holder’s inequality.

Proposition 4.2.1. Let D c R*, n € N, be an open set and p,q,r € [1,00]
such that 1/p+1/q = 1/r, whereby 1/oo =0 as customary. Moreover, let
f e A(T;LP(D)) and g € A(T;L4(D)). Then their product fg satisfies
fge A(T;L"(D)) and

| falacrroy) < [ fllacree o) 9l acriapy)- (4.45)

Proof. By assumption we have f = Z:'[(fx)] and g = Z7'[(gx)] for el-
ements (fy) € (1(Z;LP(D)) and (gx) € ¢*(Z;L4(D)). Therefore, we have
fg=%; 1[( fr) *z ( gk)] Then the classical Holder inequality implies

1f9lacrirpy) = ZHZ fegk—z” <3N fegh-elir oy

keZ' ve. L"(D) ez tez

< > > M el lgr-elLepy = 1 flacrr oy 9l acrLany)-
keZ LeZ

This completes the proof. [

Remark 4.2.2. Here we single out the special case when one of the functions
involved in Proposition 4.2.1 only depends on time. Let f € A(T;R) and
g€ A(T;Le(€2)). Then, the function f can also be regarded as an element
of A(T;L>(D)). Consequently, (4.45) implies fg e A(T;L4(D)) and

I fallacracoyy < I flacrm gl acrany)-

Similarly to Proposition 4.2.1, we transfer the classical interpolation
inequality for Lebesgue spaces to the framework of the spaces A(T; X).

Proposition 4.2.3. Let D cR", n e N, be an open set and p,q,r € [1, 0]

such that
1-6 0 1

- 4+ —=—
p q T

for some 0 € [0,1], whereby 1/oo =0 as customary. Then every function

feA(T;Lr(D)) n A(T;L4(D)) satisfies f € A(T;L"(D)) and

“f”A(T;LT(D)) < Hf“}x_(?ﬂ‘;Lp(D))||f||i(T;LQ(D))' (4.46)
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Proof. By assumption, we have the identity f = .Z:'[(fi)] for an element
(fx) € 1(Z;LP(D) nL4(D)). The classical interpolation inequality for
Lebesgue spaces together with an application of Holder’s inequality on Z
yields

| flacearoy = 21 feliroy < N felintoyl Fellfac oy
keZ keZ

-0 0
< ”f”}X(T;LP(D))”f”A(']T;L‘Z(D))'

This completes the proof. O

Observe that one can directly generalize Proposition 4.2.1 and Propo-
sition 4.2.3 to general measure spaces. For the sake of simplicity, we have
restricted ourselves to the Lebesgue measure here.

Remark 4.2.4. Note that we can easily transfer embedding properties to
the framework of these spaces. Let X and Y be two semi-normed spaces,
equipped with the semi-norms |-|x and ||y, such that X < Y, that is, X
is continuously embedded in Y. This directly implies A(T; X) - A(T;Y")
since for f e A(T; X) with Fourier coefficients (fx)kez € £*(Z; X) one has

D1 filly < Caa 3o frllx = Caall flacrxy,
keZ keZ
where Cy is the embedding constant of the embedding X < Y.

The main advantage of the space A(T; X) is that we can directly trans-
fer a priori estimates for a resolvent problem to a priori estimates for the
corresponding time-periodic problem. Recall that in general this is not
possible in a classical Lebesgue framework of spaces of the form L4(T; X)
as we pointed out before.

4.2.2 Well-Posedness

Now we show the existence of a solution to the time-periodic problem
(4.43) by reducing it to the resolvent problem (4.4) treated in Theorem
4.1.14.

Theorem 4.2.5. Let Q ¢ R3 be an exterior domain of class C3. Let
qe(1,2) and \, w, 0, B >0 with \2 < 6w < B. For every f e A(T;L4(82))3
there exists a solution (u,p) to (4.43) subject to the estimate
w[[Opu + ey Au = eq Az Vulamiae)) + [V amioe)
+ Movulacwa) + A ulacreas @) + A Vulaae@y — (447)
+ [ Velaws) < CaslfllacrLoy
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for a constant Cyz = Cy3(2,q, \,w) >0 and s1 =2q/(2-q), s2=4q/(4-q).
Additionally, if (w,q) is another solution to (4.43) in the function class
defined by the norms on the left-hand side of (4.47), then u = w and
p=q+qo for some (spatially constant) function qo: T — R.
Moreover, if q € (1, %), then the constant Cy3 can be chosen independently
of A and w such that Cy3 = Cy3(82,q,0, B).

Proof. If (u,p) is a solution to (4.43), in the above function class, then
the k-th Fourier coefficients v = Z;'[u](k) and p = Z;'[p](k) satisfy
the resolvent problem (4.4) with right-hand side F' = Z;'[f](k). The
uniqueness statement of Theorem 4.2.5 is thus a direct consequence of the
uniqueness statement of Theorem 4.1.14.

To show existence of a solution satisfying (4.47), consider a function

feA(T;La(2)). Then
flt,x) = Z fr(x) et

keZ
with f € L4(Q) for k € Z. Let (ug,pr) = (v,p) be a solution to the
resolvent problem (4.4) with right-hand side F' = f; that exists due to
Theorem 4.1.14. We define
u(t,x) = up(z)e™, p(t,x) = pr(z)e™.
keZ keZ

By (4.41), u and p are well defined and satisfy problem (4.43). We directly
conclude estimate (4.47) from estimate (4.41) with coincident constants

Remark 4.2.6. Recall that the constant Cy in the resolvent estimate (4.41)
was independent of the actual resolvent parameter k € Z. Therefore, as
shown in the previous proof, it coincides with the constant Cy3 in the
a priori estimate (4.47) for the time-periodic problem. In particular, we
can thus choose the constant Cyy3 independently of A and w if 1 < ¢ < 3/2,
which will be crucial to show existence of a solution to (4.1) in the next
section.

4.3 The Nonlinear Problem

Now we begin with the study of the nonlinear problem (4.1). First of all,
we formulate it as a problem with homogeneous boundary conditions and
derive suitable nonlinear estimates. We then apply the linear theory es-
tablished in Theorem 4.2.5 to show existence of a solution to the nonlinear
system by the contraction mapping principle.
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4.3.1 Reformulation of the Problem

In order to show existence of a solution to (4.1), we transform it to a
problem with homogeneous boundary conditions. To this end, we use the
following simple lemma that is an analogue of Lemma 3.3.1.

Lemma 4.3.1. Let Q c R™ be an exterior domain and R > 0(2¢). Then
there exists a function W e CZ(R™)™ with suppW c Bg, diviV =0 and
W|6Q = €1 A\T.

Proof. The proof is analogous to that of Lemma 3.3.1. Consider a second
radius Ry > 0 with 6(€Q¢) < Ry < R, and let ¢ € C°(R") with ¢ =1 on Bp,
and ¢ =0 on B, We define the function W:R” - R” by

1
W(x) = -3 curl [ e; |a:|2g0($)]
Then W e CF(R™)", supp W c By and
, 1. 2
divW(z) = 5 diveurl [ e; |2[*p(2)] =0
Moreover, for x € 92 we have |z| < Ry, and therefore
1
W(zx) = 5 curl [61 |m|2] = eq AL.

This completes the proof. [

For fixed R > §(€2¢), consider the functions V' and W from Lemma 3.3.1
and Lemma 4.3.1 and define

U:T xR* > R3, U(t,z) =a(t)V +wW. (4.48)

Then U(t,-) € C°(R3) for all t € T, and the time regularity of U coincides
with that of a. Below we will assume a,%a € A(T;R), so that U e

CHT x R3). Now define v :=u—U and p:=p. Then (u,p) solves (4.1) if
and only if (v,p) solves

w(Ow+eAv—eg Az-Vv) = Av-Adv+Vp=f+N(v) inTxQQ,

dive =0 in T x 2,
v=0 on T x 012,
Il‘im v(t,z) =0 for t € T,
(4.49)
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where

N (W) = (P.a)dv—-w(OU +e, AU —e; Az -VU)

4.50
+ AU +00U-v-Vo-U-Vvo-v-VU-U-VU. ( )

Recall that P, = o — A. It thus remains to show existence of a solution
to the nonlinear system (4.49).

4.3.2 Existence of a Solution

To show existence of a solution to (4.49), we first set up the functional
framework. For the sake of clarity, we introduce the abbreviations

lafa = [alacrr), I flas = 1 flacris))

for s € (1,00). For A\, w>0 and ¢ € (1,2) we define the function space
X! (TxQ)={vel,

L(Tx ) | [olag <00},
where

HUHX;JM = w||Oyv + e AV — ey AT - VU aa
As2

+[V20] a0 + MOrv]as + A2 o] aon + A w0

with s; = 2¢/(2 - q) and sy = 4¢/(4 - q¢). We establish the following
estimates of the nonlinear term N (v) from (4.50) under the assumption

that the (time-dependent) translation velocity « satisfies a, S € A(T;R).

Lemma 4.3.2. Let g € [g,%], 0< A< A and 0 <w < wy. Let vy, vy €
X;’M(T x Q). There exists a constant Cyy = C14(€2,q, No,wo) >0 such that

[N (01) ] aa
< Cu(X Paalafonlag + X O3, wsy)
(A rw [Prala) @+ [Puala+ [ gala+ ol ),
[NV (01) = N (02)] ae
<Cu(MNHPiafa + A +w+ |Pafa (4.52)

+ Ao+ vzl ) o1 = ool
Proof. Let veX{ (T xQ). In view of Remark 4.2.2, we have

[(PLa)drvac < [PrafalOrv]as < [Prafad~ o] ag -

101



4 Flow Past a Rotating Body

By the definition of U in (4.48) and the decomposition a = A + P, «r, we
further have

w]OU +e1 AU — ey Az - VU | as < cow (|| Eafa|V]as + [U]aa + [ VU | aq)

< clw(H%aHA FA+w+ ||73la||A).
Similarly, we obtain

[AU | aq < 02()\ +w+ ||73La||A),
[adiUas < es(A+[Prafa)(A+w +[Piala).
Additionally using Proposition 4.2.1, the Sobolev inequality and Remark
4.2.4, we further have
|U-Vo+v-VU+U-VU | aq
< ca([[v] asoso20 [VU [ as2 + U a3 | V0] asars-or + |U | aza | VU | p24)

<es(A+w [Prafa) (v, +A+w+[Puals).

Finally, let us treat the critical term v+ Vo. Since the assumption g € [£, 4]

implies L -<2< 3‘7 , we can employ estimates (4.45) and (4.46) to obtain

[0 Vollas < [Vl azae-o [Vollaz < cslvl azae-o | VOl o V0] w60

with 6 = 122 gq By the Sobolev inequality and Remark 4.2.4, we deduce
Jo-Folae € X M0D o220 [T20], < coh D2,

Collecting the above estimates and using A < Ao and w < wy, we obtain
(4.51). Estimate (4.52) follows in the same way. O

After these preparations, we can now show the existence of a solution
to the nonlinear problem (4.1) by reformulating (4.49) as a fixed-point
equation by means of the solution theory to the time-periodic problem
established in Theorem 4.2.5. We then establish existence of a solution to
the resulting fixed-point equation by the contraction mapping principle.

Theorem 4.3.3. Let Q2 c R3 be an exterior domain of class C3, and let
qe€ [5, 3] Let f e A(T;L4(Q))? and a € A(T;R) such that $a € A(T;R)

and define
A= f a(t) dt.
T
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4.3 The Nonlinear Problem

For all p € (3‘17_3, 1) and 6 > 0 there are constants k>0 and Ao > 0 such
that for all

2
Ae (0], we [%,mp] (4.53)

there exists € >0 such that if

la=Aacr + [ fla@iao) <&,
then there is a solution (u,p) to (4.1) with
we A(T; L2/C-0(Q))3,
Vu e A(T; L4Q/(4_Q)(Q))3X3,

V2u e A(T; L(2))333]
Owu + e Au — ey AT - Vu, Oyu, Vp e A(T;LI(Q))3.

Proof. In order to obtain a solution to (4.49) by a fixed-point argument,
we consider the problem

w(Ow +e; Aw —eg Az - Vw) — Aw - Adw +Vq=f+N(v) inTxQQ,

divw =0 in T x €,
w=0 on T x 09,
(4.54)

for given v € XY (T x Q). Since Lemma 4.3.2 ensures that N(v) e
A(T;Le(£2)), Theorem 4.2.5 shows the existence of a unique velocity field
we XY (TxQ)and a pressure field q with vq € A(T;L¢($2))? that satisfy
(4.54). We thereby obtain a solution map Sy: Xy — XY | v~ w. More-
over, Theorem 4.2.5 (where we can set B =1) and Lemma 4.3.2 yield the
estimate

[Sxe (@) 25 < Cao(llflaa + [N (v)]as)
< co(s +ext HU”XL + \~(Ba=3)/a ”U”?\ffw

s rwre)(I+et | Salamm + ol )

with ¢y = Cyo(1 + Cyy) independent of A and w. Therefore, Sy, is a self-
mapping on the closed subset

Ms={ved], | |vlx <6}
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4 Flow Past a Rotating Body

of XY (T x ) provided
co(e+eX 1o+ A B2 (N rw+e)(L+e+|Lafamr)+6)) <5 (4.55)

For p € (%, 1) we choose 0 = \?. Moreover, let ¢ = A2 and w < k0 for
some k> 0. Then (4.55) holds if

co(AZP+ X+ NG (NP4 g+ ATP) (1 4+ A2+ | Sy rm) + A7) < 1

This condition is satisfied for all A < \q if we choose )y and x sufficiently
small. Similarly, for vy, v € My we have

[Sx0(01) = Sxo(v2) [ aa < Cao |V (01) = N (02) | s

< 040044(8)\_1 +A+tw+e+ 2)\—(3(1—3)/(15) HU1 — U2 ”X;\l .

With the same choices of parameters as above, this yields that S, is a
contraction on the set M; if

CioCua(2X + KNP + N2 + 2\~ (a-3)/1) < %

which holds if A < A\g and Ag is sufficiently small. In total, we thus ob-
tain that, under the above choice of parameters, the solution map Sy,
is a contractive self-mapping. Finally, the contraction mapping principle
yields the existence of a fixed point v € &Y of Sy, and hence of a solution
(v,p) to (4.49). Consequently, (u,p) = (v+U,p) is a solution to (4.1) in
the asserted function space. [

Remark 4.3.4. The lower bound %ﬁ < w on the angular velocity in (4.53)
may seem strange since, from a physical point of view, the limit w — 0,
which corresponds to the case of a non-rotating body, seems uncritical.
The lower bound on w in the condition (4.53) is an artifact of the change
of coordinates into the rotating frame of reference employed in the math-
ematical analysis of the linear problem, which leads to a priori estimates
with constants that exhibit a singular behavior as w - 0. As a con-
sequence, a lower bound on w is necessary in Theorem 4.3.3 to obtain
existence of a solution via a fixed-point iteration. A similar observation
was made in the investigation of a steady flow past a rotating and trans-
lating body carried out in [30]. From a mathematical point of view, it is
therefore not surprising that the same effect appears in the more general
time-periodic case investigated here.
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A classical concept in the theory of partial differential equations is
the notion of fundamental solutions. Fundamental solutions to both the
steady-state and the initial-value linearized Navier—Stokes equations have
been studied for many decades, initiated by LORENTZ [80] and OSEEN
[85]. In contrast, a fundamental solution to the time-periodic Stokes sys-
tem was introduced just recently by KYED [76]. In this chapter, we extend
this latter result in various directions. Firstly, we derive a time-periodic
fundamental solution to the general linearized Navier—Stokes equations in
both the Stokes and the Oseen case in dimension n > 2. The correspond-
ing results were published in [21]. Secondly, we introduce a time-periodic
fundamental solution for the vorticity field associated with a solution to
the linearized Navier—Stokes equations in three dimensions.
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5 Time-Periodic Fundamental Solutions

These time-periodic fundamental solutions always consist of two parts:
A steady-state part that coincides with the fundamental solution to the
steady-state problem, and a second purely periodic part. While integra-
bility properties and pointwise estimates of the former are well known
from the theory of steady-state problems, we establish corresponding re-
sults for the purely periodic parts. These properties enable us to identify
the fundamental solutions as regular distributions on a Schwartz-Bruhat
space and express convolutions with the fundamental solutions in terms
of classical integrals. Moreover, they facilitate the investigation of spatial
decay of time-periodic solutions to both the linearized and the nonlinear
Navier—Stokes equations. While the study of the first is straightforward,
the latter is more involved and will be the topic of Chapter 6.

In Section 5.1 we recall the fundamental solutions to the steady-state
Stokes and Oseen equations and we examine a fundamental solution to
a Helmholtz equation with a drift term. Based on these steady-state
fundamental solutions, we introduce time-periodic fundamental solutions
to the Stokes and Oseen equations in Section 5.2 and establish point-
wise estimates and integrability properties. In Section 5.3 we introduce
and investigate a fundamental solution for the vorticity field in the three-
dimensional case.

5.1 Classical Fundamental Solutions

In this section, we consider several steady-state problems. After recalling
the fundamental solutions to the Laplace equation as well as to the steady-
state Stokes and Oseen equations, we introduce a fundamental solution to
a Helmholtz equation with a drift term. We subsequently derive estimates
of the convolution of this fundamental solution with the Laplace funda-
mental solution, which is a preparation for the study of the time-periodic
fundamental solutions in Section 5.2. At the end of this section, we collect
specific results in the three-dimensional case.

5.1.1 The Stokes and Oseen Equations

Here we recall fundamental solutions to several time-independent prob-
lems and the basic concept of fundamental solutions. To begin with, we
consider the Laplace equation

-Au=f inR" (5.1)
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5.1 Classical Fundamental Solutions

for n > 2. A fundamental solution to this equation is the well-known
Laplace fundamental solution given by

1
—2—10g|w| ifn=2,
n m
I:R*"~ {0} > R, TIi(x):= 1 ) (5.2)
——|z|7" ifn>2,
(n-2)w,

where w,, denotes the surface area of the (n — 1)-dimensional unit sphere
in R*. Then 7, ¢ &'(R") is a solution to —AIl}, = dg» in the sense of
distributions. Due to this property, for f ¢ #(R") a solution u to (5.1)
can be computed explicitly by the convolution

w=Ty * f. (5.3)

Since I, is not only an abstract distribution in .#/(R™) but represented
by the function (5.2), this convolution is a classical integral. This fact can
be exploited to derive properties of the solution u from properties of the
fundamental solution and the right-hand side f, which can be seen as the
main advantage of this kind of representation formula.

Of course, this approach was also applied in the theory of Navier—Stokes
equations. We consider the stationary linearized Navier—Stokes equations

{—Av -Aov+Vp=[f inR" (5.4)

dive=0 in R"

for a parameter A € R. For A = 0 this system is called the steady-state
Stokes system, and for A # 0 it is called the steady-state Oseen system.
Here, f:R™® - R™ is a given right-hand side, and the solution consists of
a velocity field v:R® — R" and a pressure field p:R"” — R. By analogy to
(5.3), a fundamental solution ®, to (5.4) is a distribution such that we
can express the solution (v,p) to (5.4) as

(p) = O * f. (5.5)

Therefore, the fundamental solution @ is a tensor field

Ity o Igy,
- : r(mn)(n+l)xn
@0 Fo):nl o Fo):nn € r.y (R ) . (5-6)
Y01 oo Yo
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5 Time-Periodic Fundamental Solutions

Then, the fundamental solution consists of the velocity fundamental solu-
tion 1§ = (13,)},., and the pressure fundamental solution 7o = (70,7)}-y,
which leads to the representation formulas

U:FO)\*Lﬂ p:’Yo*f'

The components of @ satisfy the distributional equations

—AFO/\,]'E - A@lf(iﬂ + 8]"707( = 5jg5Rn, (5 7)
8hr&h£ = O ‘
forall 7,0 =1,...,n, where we employ the Einstein summation convention

in the second line. The fundamental solution to this problem is well known,
but it heavily depends on whether A = 0 or A # 0. In the Stokes case (A = 0),
a velocity fundamental solution I = I'S:R*\ {0} — R™" to (5.7) is given
by

1 .
2—(—6jg10g|$|+%) ifn:2,
S . Wn x

o

2-n .
—|d—— + == fn>3;
2w, \ T n -2 = || ) nn

see [42, Section IV.2] for example. In the Oseen case (A # 0), a velocity
fundamental solution I = I'° to (5.7) is given by

FO:R"~ {0} > R™™, TQ(x) = [0;0A - 0;0,] ¥ (x) (5.9)

with
17
Uo(x) = X f [FL(T, To, ..., Ty) —2(T,2a, . .. ,xn)] dr
0
1
+—f(T+JZ2)KO(>\|T|)dT
47
0
if n =2, and

17 _
\Ilé(x):X—/[FL(T,xz,...,xn)—:(T,arg,...,xn)]dr

if n > 3, where I, is the Laplace fundamental solution defined in (5.2) and

1{ A \7 A\
= — Kn—2 - BPEEE
() 2r (47r|x|) 2 (2|x|)e ’

(11
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5.1 Classical Fundamental Solutions

see [42; Section VIIL.3| for example. Here, K, denotes the modified Bessel
function of the second kind; see Section A.1.1. In both the Stokes and the
Oseen case, a pressure fundamental solution is given by

1y

Yo: R* N {0} = R™, 7 (x) = = 0;11(x). (5.10)

w |z

Finally, Iy and 7o constitute a fundamental solution in the form (5.6) to
the steady-state linearized Navier—Stokes equations (5.4).

5.1.2 The Helmholtz Equation with a Drift Term

Next we study a fundamental solution to the equation
inv—Av-X\owv=f in R" (5.11)

for given parameters A € R and n € R~ {0}. Note that for A = 0 this is
the classical Helmholtz equation. First of all, let us treat this special case
and consider the function

n-2

TERIA(0) > C, (o) = (ﬁ) A (k)

for p € C~R. Here ngl) denotes the Hankel function of the first kind
(see Subsection A.1.1) and /z is the square root of z with nonnegative
imaginary part. Then [} is a fundamental solution to the Helmholtz
equation

,uF“ AF“ 5Rn

see [98, Chapter 5.8] for example. We shall use this fact to find a fun-
damental solution to (5.11). For A € R and 7 # 0, we define the function
IR~ {0} - C by

’rL

1) = D) e 3 = —(ﬂ) HO( et (512

4\ 27|z

with g = u(n,\) = (A/2)? +in € CNR. In order to see that I7 is a
fundamental solution to (5.11), we further analyze the term /=g in the
following lemma. Its proof mainly relies on an explicit computation of
this quantity.
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5 Time-Periodic Fundamental Solutions

Lemma 5.1.1. Let ng > 0 and XA € R. Then there exists a constant
Cys = Cys(N,1m0) > 0 such that

A 1
t(y/) - ) 2 Gl (5.13)

for all n e R with |n| > ny and p=(A\/2)? +in.

Proof. For A = 0 the statement follows directly with Cys = 1/+/2. If we
assume A # 0, then

V== ((A2)+ 7;2)i exp (%(ﬂ' +arctan(4nA2))).

Using the identity 2cos?(x) = 1 + cos(2x), we thus obtain

IS

sin (%(7? +arctan(4n\~?)))

N

Im(v/=p) = ((\/2)" +17°)
= (()\/2)4 + ,,72) coS (% arctan(4n)\‘2))
1

((A2)* + 1) —(1 + cos ( arctan(477)\’2)))%.

V2

We employ the identity cos(arctan(x)) = (1 + 22)~1/2 to further deduce

PN

(/) = (O ) {1 (e )

1 1
2 \2 3
:mi((1+ 1 4) +1) .
2V2A0 ()
Consequently, we have Im(y/=p) —|A|/2 > 0 for n # 0, and

(/T -2
im : =—.
In|—oco In|? V2

This implies the assertion since |n| > no. O

With the help of the previous lemma and the results on Hankel functions
from Subsection A.1.1 and the estimates from Subsection A.1.2, we can
now establish the following pointwise estimates of I} g”\ and its derivatives.
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5.1 Classical Fundamental Solutions

Lemma 5.1.2. Foralle, ng >0, A€ R and m € Ny, there exists a constant
Cus = Cus(n,e, A\, mo) > 0 such that

A n 50 Cusl|2a
[T ()] < Caglu| * |z > e”Cusimizl, (5.14)
VT ()] < Caglnl ™ || ™7 e Csbillel/2 (5.15)

for all x € R™ with |x| > € and all n € R with |n| > no. Here, Cy5 is the
constant from Lemma 5.1.1.

Proof. Recalling the definition of FIZ”\ in (5.12) and estimate (A.67) for
the Hankel functions, we obtain

7\ n-2 2-n
[T ()] < colul || 2

1 ALy,
H%( /—_M.|x|)|egl |
<oy T la] 7 e Ml Bllel

Estimating now the exponential function with the help of (5.13), we im-
mediately arrive at (5.14). Another elementary estimate implies
B

n+l 1 1
1 @) < ol el ™ (nfal) = €O < oy faf " o

which is (5.15) for m = 0. To derive (5.15) for general m € Ny, we compute
the derivatives of Fg”\. By the Leibniz rule, for a € Nj we have

DINa) = —(ﬂ) S e D (1] % 3 Do 10 () ).

4\ 27 <o

Estimates of the derivatives appearing on the right-hand side can be found
in Lemma A.1.5 and Lemma A.1.3. We thus deduce

2la-8|-1
4

DT ()| < calpal T 3 e @3 |y o 2 o Im(/ e

B<a

n+2|al-3

<elp|TE o T e (vl Blal,

where we used |u| > |n| > n9. By employing Lemma 5.1.1 and the inequality
|| < es|n| with ¢s = c5(X\, o) > 0, we arrive at

n+2|al+1

— —(n+|a 1 - 5 lil,‘
(D @) < ol el P (2 a]) % et

1
1|x|—(N+IaD o~Cuslnl? \:f:|/27

< cqln|”

which implies (5.15). This completes the proof. N
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5 Time-Periodic Fundamental Solutions

Next we derive an estimate that describes the asymptotic behavior of
I (z) as x| - 0. Tt will be a direct consequence of the according esti-
mates for Hankel functions given in Lemma A.1.1.

Lemma 5.1.3. For all \,7 € R with n # 0 and R € (0,1) there is a
constant Cy7 = Cyz(n, R, \) >0 such that

1T ()] < Cugla| ™2 02 ifn>2, (5.16)
T3 (@) < Cirllog (I * )] €3 ifn=2, (5.17)
for all x € R™ with |,u|%|x| <R.
Proof. From the definition of I}7* in (5.12) we directly conclude
H (¢_|ff|)\e 2"

Now (5.16) and (5.17) are direct consequences of the estimates (A.68) and
(A.69) for Hankel functions. O

T (@) < colpal T [afF

Now we can verify that I] IZ’)‘ is an element of .”/(R") and a fundamental
solution to (5.11), that is, it satisfies the equation

i TPt = AT = XL TP = G (5.18)

The proof will mainly be based on the estimates of I} g”\ derived in the
previous lemmas.

Lemma 5.1.4. For all A € R and n € R~ {0}, the function I} is a
fundamental solution in #'(R™) to (5.18), it is an element of LY(R™) and
satisfies

1
= ﬁ‘%[—]. 5.19
B CRY NS o1

Proof. From Lemma 5.1.2 and Lemma 5.1.3, we immediately conclude
I e LY(R") ¢.#/(R™). Now, a short computation leads to

[in - A-xo |
. A2 A2 2
=il - ALL + No T — ZF“ NI + Efg e 2™
= ( —AFI’;Jr,uFI’{‘) e 3% = G,

Therefore, 77" is a fundamental solution to (5.18). Applying the Fourier
transform to this identity, we obtain (i + |€]> — i\ ) Fra [[17*] = 1. Due
to  # 0, this implies (5.19) and completes the proof. O
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5.1 Classical Fundamental Solutions

5.1.3 A Convolution Estimate

Here we consider the convolution of I g”\ with the Laplace fundamental
solution I7, defined in (5.2). The presented result will be the key to derive
pointwise estimates of the time-periodic fundamental solution later. The
proof is based on the estimates of I IZ’)‘ from Lemma 5.1.2 and Lemma
5.1.3. Moreover, for m > 1 we frequently use the estimate

|VmFL($)| < 048|x|2—n—m7 (520)
which is a direct consequence of (5.2).

Lemma 5.1.5. Let A€ R and ne R~ {0}. Then the convolution integral

[Fx @) = [ Tl =) T () dy (5.21)

exists for all x e RM~ {0} and I, + I e LL_(R"). Moreover, Iy, * [} €

Co (R~ {0}) nWEL(R) for all k € Ny, and for all 8 € N7 with || > 1 and

all £,m9 > 0 there exists a constant Cyg = Cyo(n, A, 10, 8,€) > 0 such that
DALy * T ()] < Cao gl [ (5.22)
for all m e R with |n| >ny and all x € R™ with |z| > €.

Proof. In virtue of Lemma A.2.1, the estimates from Lemma 5.1.2 and
Lemma 5.1.3 together with (5.20) imply that the right-hand side of (5.21)
is well defined for z # 0 and that I7, * I[P e LL_(R") n C1(R™ \ {0}) with

loc

oI+ TN = [ ;- ) TP () dy, (5.23)
R
Now fix £ > 0 and consider some z € R* with |z| > . Put R = 2. Let

5 -

X € CF(R;R) be a cut-off function with
. . 1
x(r)y=1 if1<|r|<3, x(r)=0 1f0§|r|£§or|r|24,
and define yg: R® > R by xg(y) = X(Pf1|y|). We decompose (5.23) as

;[ 11, * FIZ/\](x) =1 (z) + I(x) + I3(x)
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5 Time-Periodic Fundamental Solutions

where

Ii(x) = f O, (x - y) I (y) (1 - xa(y)) dy,

B(@) = [ 0T - 9) T W) (1= xa()) dy,

B3R
@)= [ o= ) () dy.
B4R\BR/2

We consider each term separately. In virtue of the decay properties of I,
from (5.20) and the estimates of I7"* in Lemma 5.1.3 and Lemma 5.1.2,
we see that I € C(R" ~ {0}) nWI!(R") for all k € Ny by Lemma A.2.1.

loc

Since |y| < R implies |z - y| > |z| - |y| > R/2, estimate (5.20) yields

DI ()| = ‘f 0,0 I (x - y) T (y) (1= xa(y)) dy|

<co f 0,0 I1.( = )| 15 ()] dy

Br
<c [ Rl |F£A(y)‘ dy.
R’ﬂ

We split this integral at a radius J = %|u|_%. With (5.14) we obtain

A ns Lo Cuslnl3
1T ()| dy < eolul T [ [y 2 e @il qy
Bd B¢

_ 1-n o1 _ 1-n _
<cu™ [ 1'% e ay <o [y ay < el
Bl/2 B1/2

Similarly, from Lemma 5.1.3 we deduce

[P @)ldy <o [ 1o i ay
Bs

Bs
1
<erl™ [l e R dy < eyl
Bio
in the case n > 2, and

[ wldy <o [ og(luyhle dy

Bs Bs

_ N ] _
<ealil™ [ loa(uDle Hn dy < el
Bi/2
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1
in the case n = 2, where we used |A|/2 < |u|? in both cases. Collecting
these estimates, we conclude

D11 ()| < caalp " R,

Now let us turn to I. As above, Lemma A.2.1 implies I € C*(R?\{0})n
WEL(RR) for all k € Ng. In order to estimate DIy, we utilize (5.20) and

Lemma 5.1.2 again. Since |y| > 3R > 3¢/2 implies |,u|%|y| > 3npe/2, we can
employ estimate (5.15) with m = 0, which directly yields

L) <ers [ 10,0 TL( -yl (v)] dy

B3R

<eu [ o=yl gl dy

B3R

< C15 |T]|_1 Rl—n—\a|‘

Furthermore, from the decay estimate of I} g’A from (5.15) we conclude
Iy € C (R~ {0}) n WL (Rn) for all k € Ny by Lemma A.2.1, and we have

loc

Dh(@)= [ 9Ti(e-y) DI xal () dy.

Bar~Bg/2

1
Since |y| > R/2 > /4 implies |u|%|y| > ngef4, inequality (5.15) and the
Leibniz rule lead to the estimate

|o
Dly@)<es [ -yl X 7 T R ay
Byr Br/2 h=0
< eyl R f o =yl " dy < eas ||t BRI,

Ber(z)

In total, we have shown I7, + 7 € C= (R~ {0}) n WL (R") for all k € N,

and since |z| = 2R, we finally conclude (5.22) with 5 = a+¢; by collecting
the estimates for DIy, DI, and D%I3. l

5.1.4 The Three-Dimensional Case

One of the main goals in Chapter 6 is to derive spatial decay estimates
for the solution to the Navier-Stokes equations. These estimates mainly
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5 Time-Periodic Fundamental Solutions

rely on a representation of the solution via the fundamental solution. For
the derivation of pointwise information, we need pointwise properties of
the fundamental solution. We restrict ourselves to the Oseen case A # 0
in the following. Then the steady-state velocity fundamental solution is
given by the three-dimensional Oseen fundamental solution I} = I'C. The
function ¥} in formula (5.9) can then be simplified since the associated
modified Bessel function K/, is given by

[ T
Kl/Q(Z) = Ee_z.

s(Az)/2

We thus obtain

1 -e7
F()):]f(x) = m[(sng_ajag] -

dr, (5.24)

where
s(x) = |x| + 1.

One can derive the following estimates.

Theorem 5.1.6. Let n =3 and A € R\ {0}. For all m € Ny and ¢ >0
there exists a constant Csy > 0 such that

o3

Vig|>e: [V ()] < Crolf2](1+s(Ax))] (5.25)

Proof. We refer to [26, Lemma 3.2]. O

Observe that the appearance of the term s(Az) in (5.24) and (5.25)
results in an anisotropic behavior of I\(z) as |z| > oo. More precisely, if
we consider A =1 for the moment, in all directions except of the negative
x7 axis, that is, on sets of the form

{zxeR"| 21 =alz|} = {zeR" | s(z) = (1+a)|z]}, ae(-1,1],

the fundamental solution I} decays like || . However, the above estimate
merely yields decay of order |:1c|_1 on parabola-like wake regions of the form

{zeR" o ~af+282, < B2} = {z e R" | s(x) < B}, B>0.

As mentioned before, the strength of a fundamental solution is that
it yields a solution formula via convolution. In order to exploit the full
potential of the anisotropic decay properties of Iy from Theorem 5.1.6,
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5.1 Classical Fundamental Solutions

one thus has to control convolutions with functions satisfying similar esti-
mates. The careful study of such kind of convolutions is an involved task,
which was carried out by FARWIG [26, 27] in dimension n = 3, and later by
KRACMAR, NOVOTNY and POKORNY [71] in the general n-dimensional
case. We collect some of their results in the following theorem, which gives
estimates of convolutions with I} and VI3

Theorem 5.1.7. Letn=3, A€ [2,00) and B €[0,00), and let g € L= (R3)
such that g(x) < M(1+ |z])=2(1 + s(z))~B. Then there exists a constant
Cs1 = C51(A, B, X\) >0 with the following properties:

1. If A+ min{l, B} > 3, then
113 * g(2)| < Csr M[(1+ J) (1+ s(Ax))]

2. If A+ min{1,B} >3 and A+ B >7/2, then

VI3 % g(x)| < Coa M[(1+ [2]) (1 + s(Ax))] ™%
3. If A+ B<3, then
VI % g(x)| € Cor M(1+ [a])"A+B2(1 + s(Az)) 4PV,
Proof. These are special cases of [71, Theorems 3.1 and 3.2]. O

One can also show the following integrability properties of I'y.

Theorem 5.1.8. Let n=3 and A e R~ {0}. Then

Vgell,3): Iy e Ll (R%)>, (5.26)
Vqe(2,00): Iy e LY(BR)>3, (5.27)
Vqell,3/2): 0, e LL (R3)*, (5.28)
Vqe (4/3,00): 0,y e L4(BR)><3 (5.29)

forany R>0 and 5 =1,2,3.

Proof. Properties (5.26) and (5.28) follow from the estimates |I)'(z)| <
colz|™ and VI (z)| € e1]a| ? for 0 < |z| < & (see [26, Lemma 3.2]), and from
(5.25). For (5.27) and (5.29) we refer to [42, (VIL.3.28) and (VIIL.3.33)]. O
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5 Time-Periodic Fundamental Solutions

Similarly to the steady-state Oseen fundamental solution Iy considered
above, the fundamental solution I IZ’/\ to the Helmholtz equation with drift
term, defined in (5.12), can be simplified in the case of dimension n = 3.

Because the Hankel function H" for v = % is given by

we have

1 .
TNRIN{0} > C, I () = | |e’ﬁxl-3m (5.30)
™X

with p = (A/2)? +in as above. The following global pointwise estimates
are now a direct consequence of Lemma 5.1.1.

Lemma 5.1.9. Let n=3, 19 >0 and A € R. Then
1
[T (2)] < Coala| ™ e Casll?lal, (5.31)
1 1
z)| L 05 - 2|p| ) e CaslnlZ el .
VI ()] < Coa(J] ™ + [l ) e stz (5.32)

for all n e R with |n| >ny and x e R3~ {0}. Here, Cys5 is the constant from
Lemma 5.1.1, and Csy = Cs2(\,1m0) > 0.

Proof. By Lemma 5.1.1 we have

A 1
< o~ m(/ Wlel+ Blial ¢ o~Cuslnl?|a|

: A
el /=plz|=5 1

Therefore, we directly conclude (5.31) from (5.30). Computing derivatives
of (5.30) and employing this estimate again, we further deduce

1
IV IEA ()] < co|2 + |2 (v/=p] + | N])) e~ Cosll?lal,

which implies (5.32) by using |A| < 2|\/=p| < cl|77|% for |n| > no. ]

5.2 Time-Periodic Fundamental Solutions

As mentioned before, the idea to use the concept of time-periodic fun-
damental solutions in the framework of the Navier—Stokes equations is
quite new and goes back to [76, 21]. Since a time-periodic problem in the
n-dimensional whole space R™ can be seen as a problem on the locally

118



5.2 Time-Periodic Fundamental Solutions

compact abelian group G = T x R®, where a convolution is available, it
seems natural to search for a solution formula analogue to (5.3) or (5.5)
and thus for a fundamental solution in the time-periodic setting. The in-
troduction of such a time-periodic fundamental solution to the linearized
Navier—Stokes equations

{@u—Au—)@lu +.Vp =f %n T x R, (5.33)

divu=0 in T xR"

is the first goal of this chapter. Again we let A\ € R, that is, we consider
both the Stokes case (A = 0) and the Oseen case (A # 0) simultaneously.
For the rest of this chapter, the time period T > 0 defining the considered
torus group T = R/7Z remains fixed.

As in the steady-state case, the fundamental solution will be a tensor-
valued distribution that decomposes into a velocity fundamental solution
and a pressure fundamental solution. While the pressure fundamental
solution will more or less be given as in the steady-state case (defined in
(5.10)), the velocity fundamental solution will decompose into two parts:
A steady-state part that coincides with the velocity fundamental solution
of the steady-state problem (5.4), and a second purely periodic part, which
will be defined by means of the Fourier transform on the group G = TxR".
After having found suitable representation formulas for the time-periodic
fundamental solutions, we further analyze their purely periodic parts and
show how they provide a priori estimates. At the end of the section, we
have a closer look at the three-dimensional case.

5.2.1 The Time-Periodic Stokes and Oseen
Fundamental Solutions
In the following, we introduce a time-periodic fundamental solution to the

linearized Navier—Stokes equations (5.33). By analogy to (5.6) and (5.7),
a fundamental solution ® to (5.33) is a tensor field

..
b = F:ﬁ o | e @) (5.34)
M o e

that satisfies

N (539

8}1]—}?@:0

119



5 Time-Periodic Fundamental Solutions

in the sense of ./(G) distributions for 7,/ = 1,...,n. A solution to the
time-periodic system (5.33) is then given by

(Z) =dxf (5.36)

provided f € #(G), where the componentwise convolution is taken over
the group G. As in the stationary case considered in Section 5.1, the
fundamental solution ® consists of two parts: The welocity fundamental
solution I' = (Z}@)ZH(V’(G)”X” and the pressure fundamental solution
v =(v)}, € 7'(G)" such that

w=I"5f,  p=ylf.

In the following, we shall identify a fundamental solution ® to (5.33)
as the sum of a fundamental solution to the corresponding steady-state
system (5.4) and a second purely periodic fundamental solution, which we
introduce by means of the Fourier transform .# on the group G = T x R”".
More specifically, this fundamental solution is given as the inverse Fourier
transform of a function on G = Z x R”. Recall the definition of I'S, I'©
and o from (5.8), (5.9) and (5.10), respectively.

Theorem 5.2.1. Letn>2 and A e R. Put

{FS if A\=0 (Stokes case),

Iy =
0 I'° ifAx+0 (Oseen case).

Then the elements of /'(G) given by

M=rgely+Iy, (5.37)
v = ® O, (538)
with
_ 1-0z(k) ( f®f)]
=75 I- e S(G)y”" (5.39)
R VT C Y A 13

define a fundamental solution ® € #'(G)"*Dxn to (5.35) of the form
(5.34).

Proof. At first, note that the function
1 -dz(k)
2 . (on
€] +Z(2?k7 - )\fl)

M:G—>C, M(k¢):= (5.40)
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5.2 Time-Periodic Fundamental Solutions

is an element of L>(G). Therefore, I'* is a well-defined tempered distri-
bution in .#’(G)™". Due to the identity Fgn[7] = —i#, we obtain

T[] = Fan[V0] ® Fu[br] = % g
By (5.7) we also have
(62 iAe1) Zan [12] = Fn [~A-ARITR] = Fien [0 = V0] = (I— ﬂ;’f )

Since k.Z[17](k) = kdz(k) =0, we deduce

2m

T

(|f|2 +1 ]f—i/\&)fe[ﬂ? ®1r] = (I—§®£)5Z(k;).

€

This finally leads us to

2T
T
An application of inverse Fourier transform to this equality and the fact

that div Iy = divI} = 0 let us conclude that (I™,7) is a fundamental
solution to (5.35). O

(6 +i%2k = iX&) T[T + Fa[vA] = T

5.2.2 Pointwise Estimates and Integrability

Since properties of the steady-state fundamental solution ® = (I'g, 7o)
are well known (see Section 5.1), the analysis of the fundamental so-
lution ® = (I',v) from Theorem 5.2.1 reduces to the investigation of
the purely periodic part I'} of the velocity fundamental solution given in
(5.39). Therefore, we establish decay estimates and integrability proper-
ties of I') in the following. These results are new and were published in
[21].

Let us begin with the spatial decay estimate of the fundamental solution.
The idea is to express ') as a Fourier series on T and to identify the Fourier
coefficients as convolutions in R” of the type studied in Lemma 5.1.5.

Theorem 5.2.2. Let n > 2, A€ R and r € [1,00). For all m € Ny and
e >0, there exists a constant Cs3(n, \,r,m,e) >0 such that

V|z|>e: ||VmF£\(-7$)||L7‘(']I‘) < Chgla[ ™. (5.41)
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5 Time-Periodic Fundamental Solutions

27
Proof. Recall I7, defined in (5.2) and F;k’)\ defined in (5.12) (with n =

2
Zk). Since 0;0,[I1, » I3 k’A} is locally integrable by Lemma 5.1.5 and
satisfies the decay estimate (5.22), it is a tempered distribution on R™.
Therefore, we may apply the Fourier transform to this distribution. Then
identity (5.19) yields

& 1
17 1) +i( £k - A\&)

T | 0;00[ I, * Fli%k’/\ﬂ(f) =

and, in particular,
1

6 +i(3Fh - 2&)
Hence the definition of I'} in (5.39) yields

Fa[ AL+ I )(6) =

DI, = Z (1= 05(k))[056A - 0,0, D[ 11, + 7 ™). (5.42)

1,50 —
This representation allows us to derive (5.41) from Lemma 5.1.5. Clearly,
since T is a finite measure space, it suffices to consider r € [2,00). Then the
Holder conjugate r' = r/(r—1) satisfies r’ < 2. Hence the Hausdorff-Young
inequality in combination with estimate (5.22) yields

DT () [ my

U=

< ( 5 11 = 8200))[856 - 0,0, D[ I = rl?’“’*](x)\ﬂ)T
keZ

S CO|$|_n_a|( Z |k:|_,,,l)7“ '

keZ~{0}

Since 7’ > 1, the remaining series converges and we arrive at (5.41). O]

Next, we derive integrability properties of the purely periodic fundamen-
tal solution I'}. For this, we express it as a Fourier multiplier operator
applied to a function in an appropriate L? space. In order to show that
these multipliers are in fact LI(G) multipliers, we employ the Transference
Principle (Theorem 2.2.2) to connect them to the multipliers considered
in Lemma A.3.7 in the Euclidean setting.

Theorem 5.2.3. Letn>2 and A e R. Then

2
qu(l,n+ ): e Li(G)y™™, (5.43)
2
vqell,"il): 0,1 e LUGY™ (j=1,....n). (5.44)
n
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5.2 Time-Periodic Fundamental Solutions

Proof. We start with the derivation of (5.43). A reformulation of equation
(5.39) leads to the representation

_ Emém fj&) 1-9z(k)
F/\~ = gZ ! (Sj -
wate e [( TP 1P P iR -2

]
=[ - 6;0(RnRn) + RN ] o yéllMO %[ﬁ-l(/c)]],

where QR; denotes the Riesz transform (compare (A.81)), and we have set

a. _ (L= da(R)Ikl2 (1 +[¢) 7
My:G > C, My(k,&) = e + 15 26) (5.45)

and
~ _2 n
K:G—C, K(k,€) = (1= dz(k)) k2 (L+ [€]) 7. (5.46)
By Proposition A.3.4, we have R; € L(L"(G)) for all 7 € (1, 00). Moreover,
we obtain My = my|zxgs with mg defined in (A.83), where § = -25. Since

my is a continuous L (R x R*) multiplier by Lemma A.3.7, an application
of the Transference Principle (Theorem 2.2.2) implies that M, is an L7 (G)
multiplier for all r € (1, 00). Hence we conclude I} € LI(G) if Z;1(K) €
L¢(G). Since we have Z5H(K) = ¢, ® g with o = 25 and 3 = 2%, and
o and g defined in (A.78) and (A.79), respectively, Proposition A.3.1
and Proposition A.3.2 imply Z5'(K) € L"(G) for all r € (1,22), and we
have verified (5.43).

In order to show (5.44), we proceed in a similar way. As above, we

obtain the identity

L0 = [ = 00(RnPR) + RN ] 0 F5! th 90@5@)]]

for h=1,...,n, where
_ 1— 85(k)) k|7 (1 + [€[?) 2 i
My:G > C, Mh(k,g):z( d )2| i (L[ef) ™™ iy (5.47)
13 +@(2?ﬁk—)\§1)
and
J:G~C, J(h€) = (1- oMK T2 (1+|f) . (5.48)
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5 Time-Periodic Fundamental Solutions

Then we have M), = my|zxge with my, defined in (A.84), where 0 = ?
Using the Transference Principle (Theorem 2.2.2) and Lemma A.3.7 again,
we conclude that M), is an L7(G) multiplier for all r € (1,00). Moreover,
we see F [T = pa ® g with @ = =5 and 3 = 5. Arguing as above,
we conclude .Z;'[J] € L4(G) and thus 9,1} € L¢(G) for all ¢ € (1, ”ﬁ)
In particular, this yields 0,17 € Ll (G). Together with the asymptotic
behavior from (5.41) for m = 1, this leads to 9,1 € LY(G). In total, we

have thus also shown (5.44) and completed the proof. O

5.2.3 A priori Estimates

In the following, we demonstrate how to employ the fundamental solution
in order to derive L estimates. We further derive unique existence of a
solution to (5.33) in the associated functional framework. For the deduc-
tion of a priori estimates, we employ the Transference Principle (Theorem
2.2.2), which leads to the following result.

Lemma 5.2.4. If f € Z(G)" and q € (1,00), then I'* + f € WH*9(G)n
and there exists a polynomial P:R — R, which only depends on n and q,
such that

[0 % Pl + V2L * Pllg < POPT)| fg- (5.49)

Proof. By the definition of I'} in (5.39), the convolution I'} * f can be
expressed in terms of a Fourier multiplier

(1 f), - ﬁal[M(k,@(aﬂ fffﬁ)fcm]]
= [ = 0je(RmPn) + RN ] 0 FG [MZG[ 1],

with M given by (5.40). The property M (0,£) = 0 leads to the identity
P+ f) = FG[02Fc[I) + f]] = 0. Next let us show that I') » f €
W1L24(T x R*). We have

0,04(I0 * )y = [ = 5u(RaBn) + Ry ] o R R, 0 F5! [ M, Tl o],
B (I % 1) = [ = 0je(RnBm) + R;R] 0 Ry 0 F5' [ M, F[ £]]

for r,s=1,...,n, where

Ma(h€) = €f MUs), Mok, ) = =Tk M(k,€)
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and R, and R denote Riesz transforms defined in (A.81) and (2.2), re-
spectively. Let k = 2?” Then we have M, = M, \|zxg for 6 = 0 and
M; = =, \|zxgn for 6 = 1 with M, \ defined in (A.87). By the Transfer-
ence Principle (Theorem 2.2.2) and Lemma A.3.10, we thus conclude that
M, and M, are L4(G) multipliers for any ¢ € (1,00). Together with the
continuity of the Riesz transforms by Proposition A.3.4 and Proposition
2.2.4, this implies 0,0,(I'}* f), 0,(I'} * f) € L4(G) and the estimate (5.49)
due to estimate (A.90). By P(I'} * f) = 0 and Poincaré’s inequality, this
further yields I'* » f € L9(G) and consequently I'* + f e W9(G). O

In order to show that I} » f is the unique solution to (5.33) for purely
periodic f, we utilize the following uniqueness statement, which is proved
by an application of the Fourier transform on G.

Lemma 5.2.5. Let (u,p) € &' (G)"*! be a solution to (5.33) for the right-
hand side f =0. Then, Pu is a polynomial in each component, P,u =0,
and p e Lt (G) such that p(t,-) is a polynomial for almost each t € T.

loc
Proof. An application of the Fourier transform on G to (5.33); yields

(7

with @ = Zg[u] and p = Fg[p]. Multiplying this equation with i and
using divu = 0, we obtain —|¢[°F = 0, so that suppP ¢ Z x {0}. Then, the
above equation yields

k+ €] —iNe T +i€p =0

supp [(22?7% + \£|2 - i)\&)i[] = supp [ - z{ﬁ] c Z x {0}.

Because the only zero of (k,&) » (i3Fk + €7 = iréy) is (K, €) = (0,0), we
conclude supp@ c {(0,0)}. Thus we obtain P,u = 0 and that Pu is a
polynomial in each component. Now (5.33); leads to p € LL (G). As

above, this implies supp Fr=[p(t,-)] c {0}, so that p(t,-) is a polynomial
for almost all ¢ € T. [

Now we show existence of a unique solution to (5.33) when the right-
hand side f € LI(G)" is purely periodic. We first obtain a solution for
f e Z(G)" by means of the fundamental solution. Due to the a pri-
ori estimate from Lemma 5.2.4, we can then employ a standard density
argument to extend this to general f e L4(G)™ with Pf =0.
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5 Time-Periodic Fundamental Solutions

Theorem 5.2.6. Let g€ (1,00), AeR and f € LI(G). Then there erists
a solution (u,p) to (5.33) such that u € W,4(G)3, vp € LYG), which

satisfies

|0vullq + [V2ulg + [ A01ulq + [Vpllg < POT)| fllg: (5.50)
|ul1,2,4 + VPl < Csal g (5.51)

for a polynomial P:R — R, which only depends on n and q, and some
constant Csy = Cs4(n,q, \, T) > 0. If (ug,p1) € L (G)? x L'(G) is another
solution to (5.33) with Puy =0, then u=wuy, and Vp = Vp;.

Proof. This theorem was originally proved in [74]. We give a slightly
different proof here. At first, consider f € . (G)™ with Pf =0, and define
w:=T*xf as well as p == f, where I'* and v were defined in (5.37) and
(5.38). Then (u,p) is a solution to (5.33) due to Theorem 5.2.1. Since
Pf =0, we conclude (I} ®1) % f =0, so that u = '} f and u € W}9(G)"
by Lemma 5.2.4. The identity

&
€

implies Vp € LI(G)™ by Proposition A.3.4 and |Vp|, < ¢l fl,, where ¢
is independent of A and 7. Due to this estimate, (5.49) and the identity
Aoju = Qyu — Au + Vp — f, we now conclude (5.50). Since Pu = 0, we
further conclude (5.51) by Poincaré’s inequality. Moreover, Pu = 0 implies
PvVp =0, so that (u,p) is a solution with the desired properties.

Now let f € LI(G)". Then there exists a sequence (f;) ¢ .(G)" with
P f; =0 that converges to f in L9(G)". By the above argument, for each
j € N there exists a solution (u;,p;) with u; € W*4(G)" and Vp; € LI(G)"
to (5.33) with right-hand side f;, and satisfying (5.50) and (5.51). Since
(f;) is a Cauchy sequence in L?(G)", estimate (5.51) implies that (u;)
and (Vp;) are Cauchy sequences in W >(G) and LY(G) and therefore
possess limits u and Vp in the respective spaces. Then (u,p) is a solution
to (5.33) with right-hand side f that satisfies (5.50) and (5.51).

For the uniqueness statement, it suffices to consider a solution (u,p)
to (5.33) for right-hand side f = 0 such that Pu = 0. Then Lemma 5.2.5
implies u = P,u = 0, and from (5.33); we conclude Vp = 0. This shows the
uniqueness statement. L]

Oip = T (yﬂan[aﬂo,e]@egzirwz])gzc:[fe]‘l = «9251[ 96‘[]”13]] =-R,;NRe f

Remark 5.2.7. Note that Theorem 5.2.6 coincides with Theorem 3.2.1 in
the case of the whole space (2 = R". Moreover, Theorem 5.2.6 can be used
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as the starting point of a proof of Theorem 3.2.1, where €2 c R” is an
exterior domain, by means of a localization procedure. This approach was
carried out in [50] to prove Theorem 3.2.1 in the case n = 3.

As we have seen in Subsection 3.2.2, Theorem 5.2.6 can be combined
with a well-posedness result for the steady-state Stokes or Oseen problem
(5.4) in order to omit the condition Pf = 0. In this way, one can show
existence of a time-periodic solution for general time-periodic right-hand
sides f € L4(T x R") together with an a priori estimate.

5.2.4 The Three-Dimensional Case

Again, in view of our later application to the time-periodic Navier—Stokes
equations in three dimensions, let us single out the case n = 3 in the
following. In order to derive pointwise decay estimates of the velocity
field, we shall represent it via a convolution with integral kernel I'*, the
time-periodic velocity fundamental solution. Due to the representation
(5.37) of I'*, this convolution is the sum of a convolution with the steady-
state part [} and a convolution with the purely periodic part I'}. While
convolutions of the former type were subject of Theorem 5.1.7, here we
investigate convolutions with I}

Theorem 5.2.8. Let n=3 and A€ (0,00) with A+ 3. Let g€ L>°(TxR3)
such that g(t,z) < M(1+ |z|)=4, and let € > 0. Then for any 6 > 0 there
exists a constant Css = Cs5(A, N\, T,e,8) >0 such that

(1+|z))3  if A>3,
V|z|>e: r t,z)| < Css M 5.52
olzei % o(t2)| < o {(1+|x|>_A+5 facs, %
Vlg|>e: ||V} ¢ g(t,2)| < Oss M (1 + |z])mintA4, (5.53)

Proof. Let x € R3, |z| > € and set R = |z|/2. Using the estimate for g, we

have
“FN *G 9(75735)‘ SM(I + 1+ 13)

where

L= [ [Ir = se-pl 1+ gl dyds,
T

Br

L= [ [Ir-sa-yl+ly) - ayds,
B4R\BR T

ty= [ [Ir =50 -yl (+ Iyl dyds.
B4R T
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We estimate these terms separately. Since |y| < R implies |z —y| > |z|-|y| >
|z|/2 = R > ¢/2, we can use (5.41) to estimate

hsCq/ww—m%CPHMYAdyéﬁﬂré/kl+w0“dyé®wfg
Br R3
if A>3, and

Lises [ oy (el dy < cia [ 1ol dy < cofol ™
BR BR

if A <3. To estimate I, we employ Holder’s inequality with ¢ € (1,3) and
q' = q/(q—-1), which yields

[2S|x|A(f / 1dyds)1/q/(f / |Fl’\(t—s,a:—y)|qdyds)

T Busr\Bgr T B4r“Br

1/q

- 3
< ol Ml 0 | T racrses)-

If A>3, we choose g € (1,2) so small that —A + 3 —% <-3. If A<3,

we choose ¢ € (1,3) so small that —A+3 -2 < -A+4. In virtue of

') e La(T x R™) (by (5.43)), this implies

[ if A>3,
hg”]ﬂ*” if A<3

For I3 we note that |y| > 4R implies |z —y| > |y| - |z| > |y| - |y|/2 = y|/2 >
2R > €. Therefore, (5.41) yields

Ises [ o=y A+l dy<e [ ol dy < el ™
B4R BAR

Collecting the estimates of I;, I, and I3, we obtain (5.52).
A proof of (5.53) can be given in a similar but simpler way. For the
sake of completeness, we sketch it here. We have

IV *c g(t, )| < M(Jy + Ja)
where

h= [ [ E-se -yl dsdy,
BR T

ho= [ [10R = s,z -yl (1+ ]y dsdy.
T

BR
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Employing (5.41), we estimate

h<en [le=y Q) dy <cnll™ [ (1),
Br Br

With the same argument as above, this yields

[ if A>3,
D AT Ay

Since VI € LY(T x R3) by (5.44), we further obtain

o < crala] VI L oersy < exslal™
Collecting the estimates of J; and Jo, we conclude (5.53). O

Note that in the case A = 3 it is possible to derive an estimate that
contains logarithmic terms. Since we shall not need this case, we excluded
it here for the sake of simplicity.

Furthermore, in the case A <3 the convolution |I"}| * g shows a slightly
worse decay rate than the optimal one (1 +|z|)~4. Comparing the proofs
of (5.52) and (5.53), one sees that this occurs since we do not have I') €
LY(T x R"). However, even if one could improve this estimate and omit 4,
this would not affect the results for the Navier—Stokes equations derived
in Chapter 6.

5.3 The Vorticity Fundamental Solution

In Chaper 6, one of our goals is to analyze the asymptotic behavior of the
vorticity associated to the time-periodic flow around a body. As mentioned
beforehand, such estimates can be derived if an integral representation for
the vorticity is available. Therefore, our first task in this section shall be
to derive such a representation in terms of a fundamental solution. Again,
the corresponding integral kernel will consist of two parts: A first part
that is the vorticity fundamental solution to the corresponding steady-
state problem, and a second, purely periodic part. Afterwards, we derive
decay estimates and integrability properties of this fundamental solution.
Note that, in the whole section, we will only consider the case n = 3,
though, similar results can also be derived in the case of dimension n = 2.
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5 Time-Periodic Fundamental Solutions

5.3.1 The Vorticity Fundamental Solution

Let (u,p) be a solution to the time-periodic problem (5.33) for a given
right-hand side f:T x R? - R3. In the following we focus on the velocity
field u, and we want to obtain an integral formula for the associated vortic-
ity curlu similar to the representation u = I'* » f derived previously. Using
this formula, for m = 1,2, 3 we formally obtain, using Einstein summation
convention,

(curlw)m = EmniOn( L7y + fo) = €mni (OnI})) * fo-
In virtue of (5.24), (5.42) and (5.37), we can express ™" as
I} = [6;00 = 9;0,] 0
with ¥* = U} ® 17 + U}, where
s(Az)/2

1 —-eT
) = 1 ;
0

dr,

WAt x) = Zi' [k o (L= 02(R)) [T+ Ty ()] ().
We thus conclude
(curl u)m = Emhj([éjgahA - 0h6j6g]\1ﬂ) * fg = 6mhg8hA\I//\ * fz.

Setting ¢* := AUA, we thus obtain the equation

curlu(t,z) = / Vot —-s,x—y) A f(s,y)d(s,y). (5.54)
G

This is the desired integral representation formula for the vorticity curlu,
and we call ¢* the vorticity fundamental solution. Note that this is a slight
abuse of notation because (5.54) is not a standard convolution with the
kernel ¢*. Nevertheless, we continue to use this name in the following.
Moreover, using the identity

Nz 2 AN Nz 2\ s\
\v[s(m)]f:]%mm] =9\ + Az _ 2\ls(Ar) (5.55)

|| |

one shows by a direct computation that

¢ = ¢y ® 1 + ¢ (5.56)
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5.3 The Vorticity Fundamental Solution

with
Aa) = B v, (5.57)
oN(t, 1) =Py [k; = (1- 5Z(k)) (x)](t) (5.58)

By (5.19) we also have the identity

Ao | 1-da(k) ]
e [|&| "N + i (5.59)

Though the integral in (5.54) is not a classical convolution due to the
appearing vector product, estimates can be derived in the very same way.
In particular, spatial decay estimates of curlu given by (5.54) are available
if we have sufficient pointwise information on V¢*. These will be derived
in the following.

5.3.2 Pointwise Estimates and Integrability

After having introduced the vorticity fundamental solution ¢*, we now
derive corresponding integrability properties and decay estimates similar
to those from Subsection 5.2.2. We begin with recalling the following
pointwise estimates of the steady-state vorticity fundamental solution ¢}
defined in (5.57). The proof is a straightforward calculation.

Theorem 5.3.1. Let A\ € R~ {0}. There exists Css = Cs6(\) > 0 such
that for all x € R3~ {0} the steady-state vorticity fundamental solution ¢
satisfies

|63 ()] < Crgla| ™ e=sO/2, (5.60)
V) ()] < Cog (|2 + |2 *Ps(Aa) /2) ems )12, (5.61)

Proof. Estimate (5.60) is indeed trivial and follows directly from (5.57).
For estimate (5.61) we take derivatives in (5.57) and obtain

Vo) ()| < co(|yc|_2 + |w|_1‘v[s()\x)]|) e 25(0)
Now (5.61) follows from the identity (5.55) and the proof is complete. [

Next we show analogous estimates of the purely periodic part ¢} defined
n (5.58). For this purpose, we first study the following Fourier multiplier.
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5 Time-Periodic Fundamental Solutions

Let x € C*(R), 0 < x <1, with x() =0 for |n| < % and x(n) = 1 for |n| > 1.
For o € N} with | <1, v € (0,1) and = € R~ {0} define the function

2n
Mo s R>R, mas(n) = x()'DI " (x), (5.62)
where I g”\ is defined in (5.30). Employing the pointwise estimates of I} 17{7”\

established in Lemma 5.1.9, we show that m,, is an L9(R) multiplier.

Lemma 5.3.2. Let A€ R and T > 0. Let a € N} with |a] < 1, v € (0,1)
and x € R3x\{0}. Then my, . is an LI(R) multiplier for any q € (1,00), and
there exist constants Csy = Cs7 (N, T,q,,7) >0 and Csg = Csg(N\,T) > 0

such that

HopR[ma,x] ||£(L<I(R)) < C57|£L‘|717‘a|727 e—Cssm .

Proof. We show the statement by an application of the Marcinkiewicz
Multiplier Theorem (Theorem A.3.3). For this, we need to derive suitable
estimates of mq . and n0,Mmq 4

At first, let @ = 0. From (5.31) we conclude

o ()] < cox ()l e Ot E el < o412 o CuslZEni? el

for |n| > 5. Moreover, differentiating I} j " with respect to 1, we obtain
0,5 " ()] < caldg/rllal |1 @) < colal el 1" (),
so that (5.31) yields
[nOymo. (1)
< @I L @)+ el T @)+ el 0,100 (@)
< eu(lel ™+ ) e olBEoiie g gofaf 12 el

for |n| > 3. Collecting these estimates and utilizing mqg,(n) =0 for |n| < 1
we have

[mo.e(m)] + [9ymo e ()] < cla| ™7 ek (5.63)

with Csg = /7T Cy5/2 for all n e R.

Next consider the case |a| = 1, that is, a = ¢; for some j € {1,2,3}. Then
(5.32) leads to

_ [ .
maa ()] < erx ()l (]2 + [l o] ) e-Coln e

1
2.9y _ 3
< cslz|” 2y C45|7—TI\ |xl/2
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5.3 The Vorticity Fundamental Solution

for |n| > % Moreover, a straightforward calculation yields

0,0, " @) < o2 + 2)) 17 " @)] < el F + 12|17 " (),

so that we can employ Lemma 5.1.9 to estimate

2n A 2m A
10,0, (m] < X (M) 0,1 "™ (@) + XA 9,17 ™ ()]
ELITD
+ ()" 0,0, " ()]
1
<en (a2 + [ 2l + [p[) e Cosl F ol

1
—-2-2 Oy |27 2
< 612|x| 'Ye Cas 7*77| ‘$|/2

for |n| > 3. Collecting these estimates and utilizing mq (1) = 0 for |n| < 1,
we have

M ()] + 18y m0,0 ()] < 1] > el (5.64)

with Csg =/7/T Cy5/2 as above.
By the Marcinkiewicz Multiplier Theorem (Theorem A.3.3), the asser-
tion is a direct consequence of (5.63) and (5.64). O

To establish pointwise estimates of ¢}, we express it by means of a
Fourier multiplier that can be controlled with the previous lemma and the
Transference Principle (Theorem 2.2.2).

Theorem 5.3.3. For all v € (0,1), q € [1,&) and x € R3\ {0} the
time-periodic vorticity fundamental solution satisfies the estimates

[62(,2) [1acry < Crola] +27) Coslel, (5.65)
IVer (- @) |ragry < 059|x|—(2+2v) o Csslzl (5.66)
for constants Csg = Cs9(N\, T,q,7) >0 and Csg = Csg(N\, T) > 0.

Proof. First of all, note that it suffices to consider the case ¢ > 1 since T
is a finite measure space. We fix € R3, 2 # 0. Due to formula (5.58), we
have

D¢} (-, @) = Fr' [ MawFr[04]] (5.67)

with )
My (k) = (1 - z(k))RDI,T ()
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5 Time-Periodic Fundamental Solutions

and ¢, = ﬁfl[k‘ > (1 - 5Z(k))|k|_7]. First, note that M, , = mq .|z for
Ma, defined in (5.62). Since m, . is continuous and an L4(R) multiplier
by Lemma 5.3.2, the Tansference Principle (Theorem 2.2.2) implies that
M, , is an L4(T) multiplier for any ¢ € (1, 00) and

Jopr[Max ]l quoery) < o] 71727 e Coslel.
Moreover, Proposition A.3.1 yields ¢, € L¢(T) provided ¢ < 1/(1 - 7).
Finally, representation formula (5.67) leads to

D6}, ) |Lacry < lopr[Mae] | cuacry) [0 ILacry < exa] 71727 eCoslel,

which finishes the proof. ]

Analogously to the proof of Theorem 5.2.3, we can establish the follow-
ing integrability properties by using the representation formula (5.59).

Theorem 5.3.4. Let A e R. Then

Vg e l1§) & e LI(G), (5.68)
Vqe l1,§): Vol e LI(G)3. (5.69)
Proof. Reformulating (5.59), we obtain
5= %GI[MO %[%1(16)]], 0.0% = ﬁ[M %[%%J)}]

for h =1,2,3, where My, K, M}, and J are defined in (5.45), (5.46), (5.47)
and (5.48), respectively. As shown in the proof of Theorem 5.2.3, M, and
M), are L"(G) multipliers for all r € (1,00). Moreover, Z5'(K] € L4(G)
for ¢ € (1,2) and .Z5[J] € L4(G) for ¢ € (1,3). Therefore, the above
representations yield (5.68) and (5.69) except for the case ¢ = 1. However,
these integrability properties yield ¢}, d,¢? € Ll (G), and the case ¢ = 1
follows from the pointwise estimates established in Theorem 5.3.3. [

Remark 5.3.5. Observe that in Theorem 5.3.3 and Theorem 5.3.4 the case
A = 0 is not excluded. Therefore, these results also applicable in the
analysis of time-periodic Stokes flow.

Now we have completed the study of fundamental solutions for our
purposes. In the next chapter we apply the presented results in order
to analyze the spatially asymptotic behavior of the velocity and vorticity
fields associated to a time-periodic Navier—Stokes flow.
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In this chapter, we study the asymptotic behavior of a time-periodic
Navier—Stokes flow past a body. More precisely, we derive spatial decay
estimates of solutions (u,p) to the time-periodic Navier—Stokes equations

Ou—Au—-ANou+u-Vu+Vp=f in TxQ,
divu=0 in T xQ, (6.1)
lim u(t,z)=0 forteT

|| =00

in a three-dimensional exterior domain €2 c¢ R3 with Reynolds number
A # 0 and a given right-hand side f. Note that it is not necessary to specify
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6 Spatial Decay of Time-Periodic Solutions

the boundary values of u at 9€) in this framework since we study spatial
asymptotic properties of solutions that exist by assumption. Clearly, to
ensure existence of a time-periodic solution, one would have to choose
appropriate boundary values. In the following, our main interest lies in
the spatial decay of the velocity v and the associated vorticity curlu.

A classical approach is to derive such properties with the help of funda-
mental solutions. For this purpose, we consider the problem in the whole
space 2 = R3, move the nonlinear terms to the right-hand side, and regard
(u,p) as a solution to the linear time-periodic Oseen problem

Ou—Au—-Nou+vp=F inTxQQ,
divu=0 in T x €,
lim u(t,z)=0 forteT,

|| =00

with f:: f—wu-Vu. We then can express the solution by means of the
time-periodic fundamental solutions introduced in Chapter 5 and obtain
the identities

u(t,x) = I % f(t,z),
curlu(t,x) = / VoMt —s,x—y) A f(s,y)d(s,y).

TxR3

The behavior of the velocity field of a time-periodic Navier—Stokes flow
was already studied by GALDI and KYED [51], who established an asymp-
totic expansion for u. With the help of this expansion and the previous
formula for u, we establish pointwise estimates of v and Vu. By an itera-
tive procedure, we improve the decay rates step by step until we arrive at
an optimal rate that coincides with the decay of the corresponding funda-
mental solution I'* and VI, respectively. As it turns out, this method
cannot be applied directly to derive the optimal decay rate for curlu.
Instead, we follow an idea used by DEURING and GALDI [17] to regard
the above formula as a fixed-point equation for the velocity field u. A
suitable reformulation allows us to show existence of a fixed point z in a
function class such that curl z has the expected decay properties and that
2(t,x) = u(t,z) for |x| sufficiently large. Consequently, the decay rates of
curlu and curl z coincide, which then concludes the proof.

One major discovery in Chapter 5 was that the properties of the steady-
state part and the purely periodic part of the considered time-periodic
fundamental solutions differ substantially. In view of this observation,
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6.1 The Velocity Field in the Whole Space

we derive pointwise estimates for the steady-state part and the purely
periodic part of u separately. In the end, we see that this difference in
the decay rates also appears for both the velocity field and the vorticity
field of a time-periodic Navier—Stokes flow, and that the respective purely
periodic parts decay faster than the steady-state parts.

Observe that, from now on, when we give an estimate of the solution,
then the constant in that estimate usually depends on the considered
solution and thus on all other variables appearing in the system (6.1). For
this reason, we now refrain from writing down the exact dependencies of
the constants.

In Section 6.1 we derive pointwise estimates of v and Vu. We express u
by means of the time-periodic velocity fundamental solution and employ
an iterative procedure to improve the decay estimates step by step. In
Section 6.2 we investigate spatial decay of the vorticity curl u. We express
curlu via the time-periodic vorticity fundamental solution, and we derive
decay estimates via a fixed-point argument. In Section 6.3 we apply our
findings to Navier—Stokes flows in exterior domains.

6.1 The Velocity Field in the Whole Space

In the following, we consider the time-periodic Navier—Stokes equations
in the three-dimensional whole space

Ou—Au-Noyu+u-Vu+Vp=f inTxR3, (6.2)
dive=0 in T xR3, '

for a Reynolds number A >0 and a fixed time period 7 > 0, which defines
the torus group T = R/TZ. Throughout this chapter, we always consider
weak solutions to (6.2) in the following sense.

Definition 6.1.1. Let f e L} (T xR?)3. A function u € L} (T x R3)3 is
called weak solution to (6.2) if

i. weL2(T; Dé:i(Ri”)),
ii. PoueLe(T;L2(R3))3,
iii. the identity

/ [—u~8tg0+Vu:Vgo—)@lu-ngr(u-Vu)-go]d(t,x): /f-god(t,a:)

TxR3 TxR3

holds for all test functions ¢ € Cg, (T x R?).
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6 Spatial Decay of Time-Periodic Solutions

Remark 6.1.2. The existence of a weak solution with the above properties
has been shown in [72, Theorem 6.3.1] for any f e L2(T;Dy"*(R3))3.
Therefore, this class seems to be a natural outset for further investigation.
Nevertheless, at first glance, instead of ii. one would expect the condition
u € L(T;L2(R3))3 instead, which naturally appears for weak solutions
to the Navier—Stokes initial-value problem. From a physical perspective,
this would mean that the flow has finite kinetic energy. However, this
property cannot be expected for general time-periodic data f. As was
shown by KYED [72, Theorem 5.2.4], for smooth data f ¢ CF(T x R3)3
one has u € L*(T; L?(R3))3 if and only if [}, gs fd(z,t) =0. An analogous
property was established by FINN [35] for the corresponding steady-state
problem.

6.1.1 An Asymptotic Expansion

The asymptotic behavior of the solution to the time-periodic Navier—
Stokes equations (6.2) was studied by GALDI and KYED in [51], who
established an asymptotic expansion for the velocity field. Their main
result reads as follows. For its statement, recall the steady-state Oseen
fundamental solution I'y = I'© given in (5.9).

Theorem 6.1.3. Let A #0 and f e CP(T xR3)3. If u is a weak solution
to (6.2) in the sense of Definition 6.1.1 such that

Ire(h,00): Puel’(TxR), (6.3)

then

/ £(t,2)d(t, w)) L A7) (6.4)

xIR3

u(t,z) = I(x)- (‘T

for all (t,z) € T xR3, where Z satisfies
¥e>03Ce0 >0 Vx> 1, teT: |B(t,x)] < Coola] 2™ (6.5)

Proof. See [51]. O

Remark 6.1.4. As pointed out in [51], the assumption (6.3) merely appears
for technical reasons. It ensures additional local regularity, but it does not
improve spatial decay of the solution as |z| - co. For simplicity, one could
thus always assume (u,p) € C=(T x R3)3*! instead of (6.3) and obtain the
same results.
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6.1 The Velocity Field in the Whole Space

The leading term of the asymptotic expansion (6.4) is given by the
steady-state Oseen fundamental solution I'. Further note that the above
expansion is in accordance with the asymptotic expansion for the steady-
state velocity field; see [42, Theorem X.8.2]. Note that the steady-state
flow is a special case of time-periodic flow. Moreover, from Theorem 6.1.3
we immediately conclude the following decay estimates for the velocity
field w.

Corollary 6.1.5. Let u be as in Theorem 6.1.3. Then for all € >0 there
exists Cg1 > 0 such that for all |x| > 1 and t € T it holds

[Pu(@)| < Corla] ™ (1 + s(A\x)) 727, (6.6)
[Pu(t,)] < Coale| 2, (6.7)
where s(x) = |z|+ 1.

Proof. From Theorem 6.1.3 we directly obtain
T
[Pu()] < col I ()] + [PZ ()] < ex([lal (1 + s(Ax))] ™ + 2 727),

where we used estimate (5.25) for m = 0. Now the elementary estimate
1+ s(Ax) < (1+2|\)|z] yields (6.6). Moreover, due to P, I} =0, we have
P.u=P,Z, which directly implies (6.7). O]

Remark 6.1.6. From the proof of Theorem 6.1.3 in [51], one can extract

13
the much better decay estimate [P u(t,z)| < Ceolz| > for the purely
periodic part. However, the above result will be enough for our purposes,
and we later derive an improved estimate anyway.

As we shall see in Theorem 6.1.9 below, the decay results of Corollary
6.1.5 are not optimal, which mainly has two reasons: Firstly, Theorem
6.1.3 does not treat the purely periodic part P,u separately, so that its
decay properties can merely be extracted from the remainder term & as
we did in the previous proof. Secondly, the proof of Theorem 6.1.3 in [51]
does not exploit the anisotropic decay estimate (5.25) and only makes use
of the isotropic estimate [I}(z)] < Ceslz|™". If the argument in [51] had
instead been based on estimate (5.25) in [51], then one could derive an
improved (anisotropic) decay estimate of the remainder term Z%.

Furthermore, from Theorem 6.1.9 we cannot extract information on the
gradient Vu of the velocity field, for which we also establish a decay result
below. Besides being interesting in its own right, spatial estimates of
Vu are exploited in Section 6.2, where we derive decay properties of the
vorticity field curlu.
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6 Spatial Decay of Time-Periodic Solutions

6.1.2 Representation Formulas

Our approach for the derivation of pointwise estimates of the velocity
field uw is based on a representation via the time-periodic fundamental
solution ' introduced in (5.37). More precisely, we utilize the identity
w=1**(f-wu-Vu). In order to show this representation formula in a
rigorous way, we employ the following regularity result.

Lemma 6.1.7. Let A # 0 and f € CP(T x R3)3, and let u be a weak
solution to (6.2) in the sense of Definition 6.1.1, which satisfies (6.3).
Then u e C(T xR3)3 and

Vge(1,2),re(l,00): PueX{(R*)nD>"(R*)?,
Vge(l,00): Poue WHA(T x R3)3,

where X{(R?) was introduced in (3.2). Moreover, there is a pressure
function p e C(T x R3) such that (6.2) is satisfied pointwise and

Vge(1,3), se(l,00): peld(T;L4(Q))nLs(T; D™ (Q)).
Proof. This result was shown in [51, Lemma 5.1]. O

Now we can derive the desired representation formula. We decompose
it into formulas for the steady-state and the purely periodic part of the
velocity, which are given by convolution with I') = I'C and I} defined in
(5.9) and (5.39), respectively.

Proposition 6.1.8. Let A # 0 and f € CF(T xR3)3, and let u be a weak
solution to (6.2) in the sense of Definition 6.1.1, which satisfies (6.3).
Then

D% = DT % [f —u - Vu] (6.8)

for all a € N} with || < 1. In particular, the steady-state part v ="Pu and
the purely periodic part w =P, u satisfy

D2v=DSIy * [Pf-v-vu-P(w-vw)], (6.9)
Dew=DST* [Pof—v-Vw-w-Vv-P (w Vw)]. (6.10)

Moreover, we have!

u=I*%f-vI* s (u®u) (6.11)

"Here we set (VI # U); = 7 ey Om L5y * Ujp for an R¥®-valued function U.
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and

v=Ig+Pf-VIg*[vev+P(wew), (6.12)
w=I} P f-VI}+[vew+wev+P (wew)] (6.13)

Proof. From Lemma 6.1.7 we obtain u € L"(T x R3?) for all r € (2,00)
and Vu € Ls(T x R3) for all s € (3, 00), so that u- Vu € LI(T x R3) for all
q€(1,00). Since I'* = I} ®@1p+ 1), the function U = I * (f—u-Vu) is well
defined as a classical convolution integral by Theorem 5.1.8 and Theorem
5.2.3. With the same argument and the dominated convergence theorem,
we further obtain 0;U = 0,1 % (f —u - Vu) for j = 1,2,3. Moreover, we
have

PU = (I3 ®1p) * [f—u-Vu] = I3 * [P(f —u-Vu)]
=TI+ [Pf-v-Vo-P(w-vw)],

PLU:Ff‘*[f—u-Vu]=Fl’\>e[73l(f—u-Vu)]
=+ [Pf-v-Vw-w-Vv-P(w-Vw)].

Therefore, (6.8), (6.9) and (6.10) follow if U = u. Since both U and w
satisfy the time-periodic Oseen system (5.33) for suitable pressure func-
tions p, the uniqueness statement from Lemma 5.2.5 implies P,u = P, U
and that Pu — PU is a polynomial in each component. With Young’s
inequality we obtain

IPUlls < 13 125 1P (f = - Vu) iz < 00

since Iy € L'2/5(R?) by Theorem 5.1.8. Therefore, Pu — PU € LS(R?),
which implies Pu = PU. In total, we thus have u=U =T % (f —u- Vu).
The remaining formulas (6.11), (6.12) and (6.13) now follow from the
identity u - Vu = div(u ® u) due to divu = 0. O

6.1.3 Spatial Decay Estimates

Now we employ the representation formulas (6.8) and (6.11) in order to
derive a decay estimate of u and Vu. The proof is based on an iterative
procedure: For u we already have a pointwise estimate by Corollary 6.1.5.
This immediately yields a (faster) decay rate of u®u, which we can use to
obtain a new estimate of u via (6.11). Repeating this argument, we can
improve the estimate of u iteratively. These new estimates lead to an even
better estimate of u® u. Employing (6.11) again, we then deduce another
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6 Spatial Decay of Time-Periodic Solutions

estimate of u. Note that, since f € CF(T x R?), we directly conclude an
estimate of the term ' * f from Theorem 5.1.7 and Theorem 5.2.8. Since
this term appears in each step of the above iteration, we cannot improve
the decay estimate of u beyond that of I'* * f, which coincides with the
decay rate of I'.

The proof for the decay rate of Vu works slightly different. In this case,
we do not have a decay rate initially, which is why we use integrability
results from Lemma 6.1.7 in order to deduce a first spatial estimate of Vu
from the representation (6.8). While this will not be optimal, we can then
employ the above iteration scheme again until we arrive at the decay rate
of V(I'* » f), which coincides with that of VI

As the purely periodic part decays faster than the steady-state part of
the fundamental solution (compare Theorem 5.1.7 with Theorem 5.2.8),
one can also expect that the purely periodic part of the velocity field decays
faster than its steady-state part. We therefore establish separate spatial
decay estimates of both parts of v and Vu by exploiting the decomposed
representation formulas from Proposition 6.1.8.

Note that the constant appearing in the estimates for u depends on the
solution w itself.

Theorem 6.1.9. Let A # 0 and f € C3(TxR3)3, and let u be a weak time-
periodic solution to (6.2) in the sense of Definition 6.1.1, which satisfies
(6.3). Then there is Cgq > 0 such that for allt € T and x € R? the function
u satisfies

[Pu(z)| < Coa[ (1 +12])(1+s(\x) )] : (6.14)
VPu(x)] < Coa[ (1 +a]) (1 + s(Ax))] 7, (6.15)
PLu(t,z)] < Coa(1+|2]) (6.16)
VP u(t,z)| < Coa(1+]a]) " (6.17)

Proof. We split u = v + w into a steady-state part v := Pu and a purely
periodic part w = P u. By Lemma 6.1.7 we have u € C*(T x R?)3, and
thus

lv(x)] + |Vo(z)|+ |w(t, )|+ |[Vw(t,z)] < ¢ (6.18)

for all ¢ € T and |z| < 1. Combining (6.18) with Corollary 6.1.5 (with
e =1/4), we conclude

()| < e (1+|2)) 7 (1+s(x)) (6.19)
lw(t, )| < co(1 + |2])~5/* (6.20)
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6.1 The Velocity Field in the Whole Space

for all t € T and x € R3. This implies

‘v ®v+Plwe® w]‘(m) < 03((1 +z) 21+ s(\x)) 2+ (1 + |x|)_5/2)
< ea(1+]z))2(1 + s(\x)) V2,

and the representation formula (6.12) in combination with Pf e Cg*(R?)
and Theorem 5.1.7 yields

lv(z)| < ‘FO)‘ * Pf‘(x) + ‘VFO’\ * [U ® v+ Plw ®w]]|(:c)
<os([(1+ ) (1 + sQa))] ™+ (1 2) 241+ s(ha)) ™)
<cs[(1+|2)(1+sOx))]

which is the desired estimate (6.14).
Now (6.14) together with (6.20) leads to

vew+wev+P [wew]|(t,z)<cr((1+]z]) 7+ (1+|z])?)

6.21
< cg(1+|x]) = (6.21)

Therefore, the representation formula (6.13) in combination with P, f €
Cy (T xR3) and Theorem 5.2.8 implies

lw(t,z)| <[ Pf|(t,2) + |V * [vew+wev+P,[wew]](t )
< cg((l +a))2+ (1 + |:L*|)’9/4) < cyo(1 + |z]) =,

Using this estimate and (6.14) again, we conclude

|v QW+wev+ P [w ®w]|(t,x) < 011((1 + |x|)_13/4 +(1+ |:1c|)_9/2)

6.22
3012(1+|l’|)_13/4. ( )

Repeating the above argument with (6.22) instead of (6.21), we end up
with (6.16).

Now let us turn to the estimates of Vu. Due to (6.18), the estimates
(6.15) and (6.17) hold for all ¢ € T and |z| < 2, and it suffices to consider
|z| > 2 in the following. Let R := |z|/2 > 1. By Proposition 6.1.8, for
j€{1,2,3} we have

Oju(z) = I1(z) + I (x) + I3(x),
Jjw(t,x) = Ji(t,x) + Jo(t,x) + J5(t,z) + Ju(t, x)
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6 Spatial Decay of Time-Periodic Solutions

with
Il::ajFOA*Pf, lezajff*Plf,
Iz:zajpo)\*[_v'vv]? J2::8jrf\*[_v'vw]’
L= 000 + [~ Plw-vwl],  Jy=d [ -w-vol,

Jy= 0,0+ [ =P [w- vuw]].

We estimate these terms separately. Since f e C(R3), an application of
Theorem 5.1.7 leads to

()] < eas[(1+ [2)) (1 + s(Ax))] . (6.23)

We decompose I and estimate |I5| < Iy + Io with
La(@) = [ 10,5 = lle()[Vo(y)ldy,
Br

Ia(@) = [ 10,13 = )o@ Ive ()l dy.

BR

Since |y| < R implies |z —y| > |z|/2 = R > 1, the pointwise estimate (5.25)
yields

-3/2
In(z) < [ [tz =y (L +s(z-y)] " lolIVe(y)|dy
Br
< cra(1+|2]) 2 |ols|vols < eis (1 +[a]) 2
because v € L3(R3) and Vv € L3/2(R3) by Lemma 6.1.7. Moreover, we
have 9,13 € L1"/12(R?) and Vv € L'7/(R?) due to estimates (5.28) and
(5.29) and Lemma 6.1.7, which leads to

Iy(x) < 16013 | 12 [Vl iz [0y < ea7(1+ [2]) 7!

by (6.14). For I3 we proceed similarly. We estimate |I3| < I3; + I35, where
In(2) = [ 10,13 - I[P (w- vw) ()] dy.
Br

()= [ 1,5 (@=p)|[P(w- Tw)(y)|dy.
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6.1 The Velocity Field in the Whole Space

Arguing as for I5; and I3, we obtain

In(@) < e [ [(Lelo =y +s@=-y)]™ [ wty)Ive(ty)dedy

Br
<crg(L+|2)) 2wl [Vals < cao (1 +[a]) ™

and
Is(z) < C21HajFoAHg ||Vw||L1(T;L%(R3)) Jw]l Lo (mepry < co2(1+J2]) ™2,
Collecting the above estimates, we thus conclude
|Vo(2)] < cas(1 +|x|)™? (6.24)

for |z| > 2. By (6.18), this estimates also holds for |z| < 2 and thus for all
xz € R3. In order to improve the estimate, we next consider d;w. From
feCP(T xR?) and Theorem 5.2.8, we directly deduce

|J1(t, )| < coa(1 +]z|)~% (6.25)

We decompose Jo and estimate |J3| < Jop + Jog with

Ity [ L1002 5,2 ) lo@Ivets,p)l dyds,
Br

T

Iata)= [ [ 10,50 5,2 = ) [o@ITeis,y)ldyds,

BR

By Holder’s inequality in space and time, from (5.41) we obtain
1
3

mattea) ([ [0 pf asds) Tl
Br T

1
2
T A
Br

< cagfe] " RE o 4| Vel < earla ™
since v € L4(R3) and Vw € L*(T x R3) by Lemma 6.1.7. Another applica-
tion of Holder’s inequality and the decay estimate (6.14) yield

Jgg(t,x)sff\ajfj\(t—s,x—y)]dyds sup  |v(y) - Vw(s,y)|

R
T BR (s,y)eTxB

< o8| 05 7M1 0| e By | Va0 oo < a0l ™
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6 Spatial Decay of Time-Periodic Solutions

because VI € LY(T x R3) by (5.44) and Vw € L>(T x R3) by Lemma
6.1.7 and Sobolev embeddings. In a similar fashion, we can use (6.16) to
estimate J; and J; and obtain

[Ja(t @) < csolal 2 [wllal Vola + o] 18,7 o[ Tolo) < eailal 2,
Ja(t,2)] < exa (el 2 [wla| Vwlla + 210N | Vel < essle] 2.
Collecting the above estimates, we end up with
[Vw(t,z)| < czq(1+]2])7? (6.26)

for |z| > 2. Again, (6.18) implies that this estimate also holds for |z| < 2,
and thus for all (f,2) € T x R3.

With (6.26) at hand, we can now improve (6.24) by a bootstrap argu-
ment. By (6.14), (6.24), (6.16) and (6.26), we have

v(z) - Vo(z) + Plw - Vw](z)|
<egs((L+ )21+ s(x)) "+ (1+|2)7)
< ese(1+|z])72(1 + s(Ax)) V2,

so that Theorem 5.1.7 implies
Iy (z) + Is(2)| < es7 (1 +|2|) 241 + s(\x)) =34
Together with (6.23) we thus obtain
IVo(z)] < ess(1+|2)) 241 + s(\x)) =34,
so that from (6.14), (6.16) and (6.26) we deduce

|v(x) -vou(z) + Plw- Vw](a:)‘
<cgo((L+ ) (14 s(Ax)) ™+ (14 [2])7)
< ego( 1+ |z]) (1 + s(Ax)) 774
Another application of Theorem 5.1.7 now leads to

La(@) + Is(2)] < ean[(1+[2]) (1 + s(Aa))] 7,

and by a combination with (6.23) we arrive at (6.15).
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6.2 The Vorticity Field in the Whole Space

For the derivation of (6.17) we employ a similar bootstrap argument.
Now from (6.14), (6.15), (6.16) and (6.26) we deduce

N(t,z) =|v(z)  Vw(t,z) + w(t,z) - Vo(z) + P w(t,z) - Vu(t,z)]|
<cp((T+[) 2+ (1 +|2]) 72 + (L +]2)) ™) < cas(L +|a]) 2,

so that Theorem 5.2.8 implies

J(t,x) = |Jo(t,x) + J3(t,2) + Ju(t, )| < caa(1 +|2|) 2.
Combining this with (6.25), we conclude

[Vw(t,z)| < cas(1 +|x|) 72, (6.27)
which we use together with (6.14), (6.15) and (6.16) to deduce
N(t,7) < cas(1+ |2]) 7 < cqr(1 + |]) 2.

This results in J(¢,2) < cs8(1 + |2|)~5/2 by Theorem 5.2.8, and from (6.25)
we conclude
IVw(t, x)| < cao(1 + |2]) 772,

A combination of this estimate with (6.14), (6.15), (6.16) leads to N(t,z) <
cso(1 + |z|)~"/2. Hence, J(t,z) < c51(1 + |x|)~"/? by Theorem 5.2.8, and
together with (6.25) we have

|Vw(t,x)| < eso(1+ |x|)_7/2.

In combination with (6.14), (6.15) and (6.16), this implies the estimate
N(t,x) < es3(1+]z])~972, and thus J(t, ) < c54(1+]x|)~*. Exploiting (6.25)
again, we finally conclude the remaining estimate (6.17). [

6.2 The Vorticity Field in the Whole Space

After the deduction of spatial decay estimates of u and Vu in Theorem
6.1.9, this section is dedicated to the deduction of analogous estimates
of the vorticity curlu. In virtue of the proof of Theorem 6.1.9, it seems
natural to exploit properties of the vorticity fundamental solution ¢* in-
troduced in (5.56).

By Theorem 6.1.9 we already have a decay estimate for the vorticiy
curlu, namely

_3
2

P curlu(z)| < Cos|VPu(x)] < Cog[ (1 + |2]) (L + s(Az))] 2,
P, curlu(t, z)| < Cor| VP u(t, x)| < Cos(1 + |ZL‘|)74.
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6 Spatial Decay of Time-Periodic Solutions

However, comparing these decay rates to those of the vorticity fundamen-
tal solution ¢* = ¢} ® 11 + ¢} given in Theorem 5.3.1 and Theorem 5.3.3,
they seem not to be optimal since one would also expect some kind of
exponential decay (at least outside of the wake region). Note that steady
state solutions (6.2) show this behavior; see [14, 6]. Indeed, this is the
case as we shall see in the following.

Starting from the above decay rates for curlwu, one could think of pro-
ceeding as in the proof of Theorem 6.1.9 and successively increasing the
decay rate of curl u with the help of an appropriate representation formula
by a bootstrap argument. Indeed, an according formula is available as we
shall see in Section 6.2.1. However, starting from the above polynomial
decay rate, this iteration would only result in polynomial decay rates and
thus cannot capture the expected decay of exponential type, which is sug-
gested by the decay estimates of ¢*. Therefore, we employ a different
approach: We express u as a fixed point of a certain mapping Fs and
show that the fixed-point equation z = Fg(z) has a solution in a certain
class of functions z such that curl z has the expected exponential decay
rate. Afterwards, we show uniqueness of the solution to this fixed-point
equation, but in the larger class of functions that merely share the decay
rate of u established in Theorem 6.1.9. This implies u = z and results in
the desired estimates for curl u.

Since the representation formula we derive for curl u is of the form (5.54),
the final decay rate will be governed by that of V¢*. However, while the
steady-state part of curl u has the same decay rate as the steady-state part
V@), the purely periodic part of curlu decays slower than V¢? and also
exhibits a wake-like behavior. This phenomenon is due to the interaction
of the nonlinear terms and is further explained in Remark 6.2.2 below.

6.2.1 Representation Formulas

In order to derive a decay estimate for the vorticity curlu from the prop-
erties of the vorticity fundamental solution ¢*, we need to connect these
objects in an appropriate way as we already did in Subsection 6.1.2 for
the velocity. A simple application of curl to both sides of (6.8) and a
computation as at the beginning of Subsection 5.3.1 would lead to the
formula

curlu(t, x) = f VoMt —s,2—y) A [f—U'VU](S,?/) d(s,y),
G
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6.2 The Vorticity Field in the Whole Space

where we recall the abbreviation G = T xR3. However, this representation
cannot yield decay of exponential type since Theorem 6.1.9 merely gives a
polynomial decay rate of u-Vu. Therefore, we need different representation
formulas, which we introduce in the next proposition.

Proposition 6.2.1. Let A # 0 and f e CF(T xR3)3, and let u be a weak
solution to (6.2) in the sense of Definition 6.1.1, which satisfies (6.3).
Then

Doy = DT % [ f - curlu A u) (6.28)

for all o € N} with || < 1. In particular, the steady-state part v ="Pu and
the purely periodic part w =P, u satisfy

D%y = DT » [Pf—curlv/\v—P(curlw/\w)], (6.29)
Dew = DI+ [P f - cwrlv aw — curlw A v+ Py (curlw Aw) ] (6.30)

Moreover, we have
curlu(t,z) = f VoMt —s,x—y) A [f —curlu A u](s, y)d(s,y), (6.31)
G

and

curlv(z) = fqué(a:—y)/\[Pf—curlv/\v—P(curlw/\w)](y) dy, (6.32)
R3

as well as

curlw(t, x) = / Vot —s,x—y) A[Pf—curloAw
& (6.33)

—curlw A v =P, (curlw A w)](s,y) d(s,y).

Proof. A straightforward calculation shows that
1 2
u-Vu = §V(|u| ) +curlu A

Since ' * V(|u|2) = div (17 # |u|2) =0 due to (5.35)s, the equations (6.28),
(6.29) and (6.30) are direct consequences of (6.8). Repeating now the
computations from the beginning of Subsection 5.3.1 with f replaced with
f —curlu A u, we conclude the remaining identities. O
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6 Spatial Decay of Time-Periodic Solutions

Remark 6.2.2. Let us have a closer look at the formulas (6.32) and (6.33)
and the decay rates we can expect to derive for curlv and curlw. As we
see below, curlv obeys the estimate

lcurl v(z)| < Cgola| */? e~ Cros(h) (6.34)

for |z| sufficiently large. This means that the decay rate of the steady-
state part curlv of the vorticity coincides with the associated integral
kernel V¢;, which is the best we can expect for general f e C(G). This
is the same phenomenon we discovered for the steady-state and purely
periodic parts of v and Vu. In contrast, we find

lcurlw(t, z)| < Cry |gg|*9/2 o-Cr2s(Az)

for |z| sufficiently large. This decay is not as fast as that of V¢?, which

decays exponentially in every direction; see (5.66). This discrepancy is

due to the term curlv A w appearing in (6.33). Assuming the optimal

decay rates of curlv above and of w from (6.17), we conclude the estimate
lcurlv A w|(t, ) < Cralz| " e~ Crasa),

which cannot be improved. Therefore, this slower decay rate dominates

the spatial decay estimates of curlw. Note that although curlw does not

decay as fast as V¢?, its decay is faster than that of the steady-state part
curlwv.

6.2.2 A Decomposition of the Velocity Field

Here we derive the fixed-point equation our approach is based on. For
this purpose, we express u by means of the representation (6.28), which
we decompose into the sum of two terms.

Let x € C(R; [0, 1]) with x(s) =1 for |s| <5/4 and x(s) =0 for |s| > 7/4.
For S > 0 define the function xg € CF(R3;[0,1]) by xs(z) = x(S7z|).
Consider Sy > 0 such that supp f ¢ T x Bg,. For S € [2S, 00) we express
the representation formula (6.28) as the sum of two terms, namely

w=1"? *[—(1—Xs)curlu/\u] + I % [f—XScurlu/\u].
Due to supp(1 - xs) c B, this yields

ulrups = Fs(ulreps) + Hs, (6.35)
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6.2 The Vorticity Field in the Whole Space

where
Fs(z) = (F’\ * [— (1-xs)curlz A z])|Tst,
Hg = (F’\ * [f - xgcurlu /\u])hprs.

We set
A(z) =-curlz A 2.

Then, with z; =Pz and z, := P,z we have

Ao(2) =PA(z) = —curl zg A 29 = P(curl z, A z,), (6.36)
A (2) =P A(z) =-curlzg Az, —curl 2z, A zg— P (curlz, A zy), (6.37)

and for av € N3 with |a| < 1 we obtain

DYPFs(2)(x) = (DST3 + [(1-x5)Ao(2)]) (@), (6.38)
DeP Fs(2)(t,x) = (D) [(1- xs)AL(2)])(¢, ), (6.39)

curl PFs(2)(x) = f Vo - ) A [(1- vs)Ao(2)] () dy,  (6.40)
curl P, Fs(2)(t, x)
= [ vat-sa-p) A [(1-x)AE] s sy, G4

and
DYPHs(x) = (DSIG * [Pf + xsAo(u)]) (), (6.42)
DeP Hs(t,x) = (DA} + [Pof + xsAL(u)]) (¢, ), (6.43)

curl PHg(x) = f Voo (z—y) A [Pf + XS-AO(U)](y) dy, (6.44)

curl P, Hs(t, )
- [ volt-sa-n) AP s A @] dsy)  (69)

TxR3

for all £ € T and x € R3 with |z| > S.

6.2.3 Function Spaces

We introduce the functional framework. Let ¢ € (0,1) and fix a radius
S > 0. We define the following (semi-)norms, which take into account the
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6 Spatial Decay of Time-Periodic Solutions

different decay rates of the steady-state and the purely periodic parts:

Mg(2) = esssup [|x|<1 +5(2))[Pz(@)] + [|2](1 + s<x>>]3/2|v73z<x>|]

reBS
b esssup [rxﬂm(t,w)r ; |x|4|v7>lz<t,x>|],
(t,x)eTxBS

N%(2) = esssup |z*/? o ts lcurl Pz(z)|
zeBS

+ esssup |x|9/2_5es(11+(§) lcurl P, z(t, x)|,
(t,x)eTxBS

where K := §sgn(\) min{|A|, C5s} with Cjs from Theorem 5.3.3.

We defined Mg(z) in the above way in order to adequately capture the
asymptotic behavior of u and Vu. Recall that we have Mg(u|p,ps) < o0
due to Theorem 6.1.9.

In contrast, the motivation for the definition of N§(2) requires more
explanation. First, let us focus on the exponential term. How the denom-
inator 1+ S comes into play will become clear in Lemma 6.2.4 below. To
explain the choice of the constant K, note that for K >0 we have A > 0
and \ > 4K, so that

1 1
s(Kz) = K(|z]+21) < 1_1)\(|I| +31) = ZS()\JI),
and for K <0 we have A <0 and -\ > -4K, so that
1 1
s(Kz)=-K(|z|-21) < —Z)\(|:c| — 1) = Z—ls()\:z:).

In total, we thus see
1
s(Kx) < Zs()\x).

Additionally, we have
1
s(Kz) <2|Kz| < §C5g|x|.

In virtue of these two inequalities, we deduce

25(K2) ¢ @sO)/2, e25(Kz) ¢ oCoslal (6.46)

for all z € R3. Therefore, the choice of K enables us to relate the above
exponential term with the exponential terms in the decay rates of both
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6.2 The Vorticity Field in the Whole Space

the steady-state and the purely periodic part of the vorticity fundamental
solution; see Theorem 5.3.1 and Theorem 5.3.3.

Another aspect worth a comment is the second term in the definition
of N§(z), which captures the decay of the purely periodic part of curlz
and contains the factor |z””*™ instead of |z[”’>. In the end, this difference
ensures that Fg becomes a contraction in the underlying function space
for large S. However, after having shown N%(u|p.ps) < oo, we can finally
omit € by using representation formula (6.33) again.

We further introduce the function spaces Mg and NF associated to
these (semi-)norms and set

Mg ={ze WEH(T x BY) ‘ Mg(z) < oo},

loc
={2eMsg | Ng(2) < oo}
Next let us show that these are Banach spaces.

Lemma 6.2.3. Let S >0 and ¢ € (0,1/4). Let Mg and Ng be equipped
with the norms |-|mg and |-|as defined by

~z = Mg(z) + Ng(2),

respectively. Then Mg and N& are Banach spaces.

[2lams =Ms(2), 2]

Proof. Clearly, || sy and || define norms on Mg and Ng, respectively.
Let (z;) be a Cauchy sequence in Mg or N&. Then (z;) is also a Cauchy
sequence in Whe (T x BY), and thus possesses a limit z € WL (T x B9).
For j € N define

fi(t,x) = |2|(1+ s(2))Pzi(x) + 2Pz (¢, z),
g;(t,2) = [[2](1 + (@) P2 (2) + | ' VP2 (1, 2)

for (t,z) e T x BS.

If (2;) is a Cauchy sequence in Mg, then (f;) and (g;) are Cauchy se-
quences in L*(TxB?), which possess limits f and g, respectively. Because
(f3)s (g7), (#;) and (Vz;) converge pointwise almost everywhere, we see
that

(@) = [2](1+ s(2))P=(x) + | Po2(t,2),
g(t,2) = [Je|(1+ s(2)]*vP2(2) + 2] VP2(t, 2)

for almost all (¢,2) € TxBS. Now f, g € L>°(T xB¥) implies z € Mg. This
shows completeness of Mg.
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If (2;) is a Cauchy sequence in N, it is a Cauchy sequence in Mg as
well, and we conclude z € Mg as above. We further define
h;(t,x) = |9c|3/2 55 curl Pzi(x) + |x|9/2_5 55 curl Przi(t, ).
Then, (h;) is a Cauchy sequence in L*(T x B) and possesses a limit
h € L>=(T x B%). Because (h;) and (Vz;) converge pointwise almost ev-
erywhere, we conclude

h(t,z) = |gv|3/2 155 curl Pz(x) + |:c|9/2_€ 55 curl Pz(t,x),
and h e L*(T x BY) implies z € N5. Therefore, Ng is complete. O

In the following two sections we give estimates of Fg(z) and Hg with
respect to the above (semi-)norms. In the end, these estimates imply that
2+ Fs(z)+Hs is a contractive self-mapping when we choose S sufficiently
large.

6.2.4 Estimates of #g

Here, we collect estimates of

Hs = (I *[f - xscurluau])|rps = (I * [ f + xsA@W)])lrass-

Before we derive the required estimates, we establish the following lemma.
While its proof is elementary, it leads to the appearance of the term 1+.S
in the definition of N§(z) above.

Lemma 6.2.4. LetaeR, b>0 and S>0. If y e R with y| <2S, then

s(azx)

e_S(a(m_y)) < e4|a‘ e~ 1+S , (647)

ool < 0% o 1V (6.48)

Proof. First note that for |y| < 25 we have

s(ay) _ 2allsl _ 4lalS _
1+5  1+8 " 1+85

Together with s(a(z —y)) > s(ax) — s(ay), this implies

4|al.

s(a(z-y)) s(az) s(ay) s(ax)
e~s(a(z=y)) ¢ o= s <e %5 e 15 < e 148 e4|a|7

Similarly, we have |y|/(1+5) <2S/(1+.S) <2, which for b> 0 implies

et < o < o T eTH <o TS o2
We have thus established (6.47) and (6.48). O
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In the following two lemmas, we show that the norm of Hg in both Mg
and N is bounded by a constant that is independent of S > 2S,. Both
proofs strongly rely on the convolution estimates from Theorem 5.1.7 and
Theorem 5.2.8.

Lemma 6.2.5. There exists a constant Cry5 > 0 such that for all S €
[25p, 00) we have
MS(HS) S 075.

Proof. Clearly, f e C¥(T x R3) implies |f(t,2)| < ¢o for all (¢,z) € T x R3.
Combining this with the decay estimates of v and Vu from Theorem 6.1.9,
we thus obtain

Pf(x) + xs(2) Ao(u) (@) < ca[ 1+ |2 (1 + s@))] ™%, (6.49)
PLf(t,2) + xs(@) A(u)(t,2)] < (1 + |z]) (6.50)

for all (¢,2) € T x R3, where Ay and A, are defined in (6.36) and (6.37).
Exploiting the formulas (6.42) and (6.43) in combination with these esti-
mates, Theorem 5.1.7 and Theorem 5.2.8 directly imply

PHs ()] < es[(1+ 2] (1 + s(z))]
10;PHs(x)] < ea[ (1+ [2]) (1 + s(2))] 7,
P Hs(t, )] < es(1+]a]),

|0;P.Hs(t,z)| < ce(1+ |x|)_4

for all £ € T and |z| > Sp. Collecting these, we arrive at the claimed
estimate. ]

Lemma 6.2.6. There exists a constant Crg > 0 such that for all S €
[2S), ) we have
5(Hs) < Cre.

Proof. At first, consider x € R3 with |x| > 2S. For |y| < 7S/4 we have
v =yl 2 |o| = [yl 2 || - 75/4 2 |2 = 7|[/8 = [«|/8 > 5[4 > So/2.
From (5.61) and Lemma 6.2.4, we then conclude
Vod (z =)l < collz -yl 2 + |z =y *s(Ma - y))V2) ems e/
O (R CYCR)) I P

< 02[(1 +lz—y[)(1+s(A\(x _y)))]fs/z it

IN
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6 Spatial Decay of Time-Periodic Solutions

In virtue of (6.49) and (6.44), we thus obtain

carl PHs(@) = | [ Voi(a=y) a [PS+xsAo(w) | (w) dyf

Brs/4
s(Azx)

<cye 5 [ [(1le=yl) (14 s =) LA (1)) dy

RS

for |z| > 258 > 4Sy. Estimating the remaining integral with the help of
Lemma A.2.2 and employing (6.46), we deduce

s(Kzx) |_3/2

s(Az)
cur s(z)] <y e T || " < esem IS | .
1PH 32 6.51

for |z| > 2S. If x € R3 with S < |z| <25, then Lemma 6.2.5 yields
leurl PH(z)] < ol VPHs(2)] < e[ (1 + [2) (1 + s(2))] ™ < esla] 2.
Since |z| < 25 implies s(Kz)/(1+S5) < 2|Kz|/(1+S) < 4|K|S/(1+S) < 4| K],

we have 1 < e¥lil e=s(K2)/(1+5) g0 that (6.51) also holds for S < |z| < 2S.
Now let us turn to curl P,Hg. From (5.66) and (6.48) we conclude

f Vo (t—s,2—y)|ds < colx — y|_5/2 o~ Csslz-y|
T

_5/2 _ Csglz-yl _ Cssl=|
e

<cplr -y e 201+5)

so that (6.50) and (6.45) lead to

el PHs(t o) <en [ [ [762(E=s.0-9)|[Pef + xsAu(w)|(s,) dsdy
Brsa T
Csgl|

< C12 e 2(1+5) [ |x _ y|—5/2 efc‘ss\xfy|/2(1 4 ‘y|)79/2 dy.
R3

The remaining integral can now be estimated with Lemma A.2.3. Further
using (6.46), we end up with

Csglal (Ka
lcurl P, Hs(t, 2)| < 13 02045 22 < e o~ D) PR

for |z| > S > 2S5, and t € T. A combination of this estimate with (6.51)
finishes the proof. ]
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6.2 The Vorticity Field in the Whole Space

6.2.5 Estimates of Fs(z)

In the following two lemmas, we give estimates of

Fs(z) = (F)‘ * [— (1-xg)curlz A z])|Tst = (F)‘ * [(1 - XS)A(z)])ths,

analogously to those previously established for Hg. In contrast to Hg, the
term F(z) depends on the (unknown) function z, which is why estimates
of differences for distinct arguments are also required for the fixed-point
argument. Note that, in order to eventually obtain a contractive mapping
for large S, we always factor out the term S—=.

Lemma 6.2.7. There exists a constant Cr; > 0 such that for all S €
[250,00) and all 21,2z, € Mg we have

Mg(Fs(21)) < CrrS™Mg(21)?, (6.52)
Ms(Fs(21) = Fs(22)) € C7rS™(Ms(21) + Ms(22) )Mg(z1 - 22).  (6.53)

Proof. Let z € Mg and recall the definition of Ay(z) and A,(z) in (6.36)
and (6.37). We immediately deduce

(1= xs(2)) Ao (2) ()] € oM (2)2(1 = xs(@))[ (1 + [2) (1 + s(2))] "
< 157 Mg(2)2(L+ [a]) P2 (1 + s(2)) 2,
(1= xs(2)) AL (2) (1, 2)]| € eaMs(2)2(1 = xs(2)) (1 + J]) 2
< 38" Mg(2)2(1 + |z])9/2+

for |x] > S. Recalling (6.38) and (6.39), from these estimates, Theorem
5.1.7 and Theorem 5.2.8 we conclude

[PFs(2)()] < eaS M (2)2[(1 + fa) (1 + 5(2))]
0,PFs(2)(@)] < S Ms(2)[(1+ o) (1 + 5())] ",
P Fs(2)(t,x)] < c6S Mg (2)?(1 +|]) 2,
0;P.Fs(2)(t,x)| < 25 Mg(2)(1 + |z]) ™.
Collecting these estimates, we arrive at (6.52). Estimate (6.53) follows in
the same fashion. O]

Lemma 6.2.8. There exists a constant Crg > 0 such that for all S €
[2S50,00) and all z1, 2z, € N§ we have

NG (Fs(z1)) < CrsS™Mg(21)NG(21), (6.54)
Ng(Fs(21) = Fs(22)) < CrsS™(|z1llws + |22llve ) |21 — z2lves - (6.55)

where | 2] nz = Ms(2) + N5 (2).
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6 Spatial Decay of Time-Periodic Solutions

Proof. Let z € Ng. Recalling the definition of ||z, we then have

(1 - xs(2)) Ao(2) ()
< coMs(2)N5(2) (1~ xs(@))|2] (1 + s(2)) e 55 (6.56)
< 15 M(2)Ng (2)]a] (1 + s(2)) e

(1- xs(2)) AL (2) (¢, )]
< M (2)NG(2)(1 - xs ()| 2 o 5" (6.57)

< 03S_EM5(2)N§(2)|x|79/2+5 o5

for |z| > S. From (5.61) we conclude

_s(\(z-y))
4

|z — y|_2 if |z —y| < S,
Vo (z—y)| < e { 32 O
[(L+]z=yl)s(Mz-y))] T iflz—y|> So.

Therefore, exploiting the representation formula (6.40), we can employ
(6.56) to estimate

jeurl PFs (=) () | f VoM (- 9) A [(1= X5 (1) Ao() (1) dy]

< c5S "Ms(2)Ng(2) (L + 1),

where
L= [ =y TR Y s() e gy,
BSHBSO(J?)
3/2 _sO(@-w))
L= [ [le-glsO-g)] e
BSnBS0 ()

s(Ky)

<yl (1 + s(y)) e dy.

To give estimates of these integrals, we first note that by the elementary
estimate s(A(z -y)) > s(Az) — s(A\y) and (6.46), we have

s(A(z-y)) s(Ky) s(Az) s(Ay) s(Ky) s(Kz)
- i e~ 1+g < e 4(1+9) e4(1+5) e~ 1+g < e 1+5 (658)

for all z, y € R3. On the one hand, exploiting this estimate and that
|z —y| < So < |z|/2 implies |y| > |z| - |z — y| > |z| = So > |z|/2, we conclude

-5/2+¢ -3/2
|

]1S066_% |x |x_y|—2dygc7e_% |x|

BSO (I)
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6.2 The Vorticity Field in the Whole Space

for |z| > S > 2Sp. On the other hand, due to (6.58) and the fact that
ly| > S > 25, implies |y| > cs(1 + |y|), we obtain
) ~3/2 _s/ote _
L< e B2 [ [(1r o= yl)s(a - )] Ly + 5() dy

RS

< ¢y T |317|_3/2

by Lemma A.2.2. From the estimates of I; and I, we deduce

leurl PFs(2) ()| < 115 Mg(2)NG(2) e 5 || 7.

Now let us turn to the purely periodic part P, Fg(z). From (5.66) (with
g=1and v =1/4) we conclude

f \Vd)i(t —-s,x—y)|ds < cpalx - y|_5/2 e Csslz=yl
T

With formula (6.41) and estimate (6.57) we thus obtain
lcurl P, Fs(2)(t, z)|
S| [ [ 9022 ) AL - s WAL ()] dus
T g3

s(Ky)

S0135_61\/[5(Z)Nas(z)f|$—y|_5/2e_c"’*‘””_y' [y e dy.
BS

By (6.46) we have

Csglo-yl _ s(Ky) s(Ky) s(K(a—y)) _ s(Ky) s(Kx)
i e e ge_s(K(m_y)) e e <e” e e e <e T1+5 .

(§]
This yields
curl P, Fs(2) (1, )
_s(Kx)

SCMS_‘EMs(Z)Ng(Z)e ﬁf|J;_y|_5/26—w<1+|y|)—9/2+edy.
R3

Employing Lemma A.2.3 to estimate the remaining integral, we end up
with

lcurl P, Fs(2)(t, )| < c155Mg(2)Ng(2) e s |2,

In total, we have thus shown (6.54). Estimate (6.55) is derived in the
same way. ]
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6 Spatial Decay of Time-Periodic Solutions

6.2.6 Spatial Decay Estimates

After the preparatory results from the previous subsection, we now prove
the existence of a function z € N§ satisfying the fixed-point equation

z2=Fs(z)+Hs

provided S > 25 is chosen sufficiently large. Afterwards, we show unique-
ness of this fixed point in the function class Mg. Since ulp,ps is another
solution to this fixed-point equation and belongs to Mg by Theorem 6.1.9,
we then conclude that z coincides with u|p,gs. This yields the desired de-
cay rate of the vorticity field up to a factor |z|° for the purely periodic
part. Returning to the representation formula (6.33), we can finally omit
this factor.
To begin with, for S € [25, 00) consider the closed subset

Bs={z e N§ | |z|nz < Crs + Crg + 1}

of the Banach space N5. Choose S; € [25),00) so large that for all S e
[S1,00) we have

(Crr+ Cr)(Cs + Crg +1)257° < 1,
1

(077 + 078)(075 + 076 + 1)576 < Z

Then we obtain the following.

Corollary 6.2.9. For any S € [S1,00) there is a function zg € Bg with
zZg = .7:5(25) + 7'[5.

Proof. We define the mapping
Fs:Bs — Bs, Fs(2)=Fs(2) + Hs.

By the Lemma 6.2.5, Lemma 6.2.6, Lemma 6.2.7 and Lemma 6.2.8 and
the choice of S;, this is a well-defined contractive self-mapping for any
S > 5. The contraction mapping principle thus implies the existence of
a fixed point zg € Bg of Fyg, that is, of a function zg with the asserted
properties. 0

Next we show that this function zg coincides with u|p,gs for S suffi-
ciently large in order to obtain the following intermediate result.
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6.2 The Vorticity Field in the Whole Space

Lemma 6.2.10. There exists Sy € [S1,00) such that for all S €[Sy, 00)
we have

_ s(Kx)

lcurl Pu(z)| < (Cis + Crg + 1) |2 22 e~ 105,

lcurl PLu(t, z)| < (Crs + Crg + 1)|x|79/2+€ N

for all t € T and x € BS.

Proof. For S > 2S5, we set Us = ulp,ps. By Theorem 6.1.9 we know
US € MS with Ms(U) < 064; and by (635) we have US = fs(Us) + ,HS
for any S > 25y. Now let S > 57 and let zg € Bg be the function from
Corollary 6.2.9. Then Lemma 6.2.7 implies

Ms(zs - Us) = Ms(Fs(zs) - Fs(Us))
< 0775_6(1\/[5(25) + MS(US))Ms(ZS - Us)
< 0778_6(075 + 076 +1+ 064)MS(ZS - US)

Choosing Ss € [S1, 00) such that for all S €[Sy, 00) we have

Crr 57 (Crs + Crg + 1+ Cos) < =,

N | =

we conclude Mg(zs — Ug) < Mg(zs — Ug)/2 and hence Mg(zs — Us) = 0
for all S €[Sy, 00). This implies zg = Ug = ulr.ps. In particular, we have
NS (ulpxps) = Ng(2zg) < Crs + Crg + 1 for all S €[Sy, 00). This completes
the proof. O

Another application of the convolution formula (6.33) enables us to
omit the term ¢ in the estimate of curl P,u. We can thus prove the main
theorem of this chapter.

Theorem 6.2.11. Let A # 0 and f € CF(TxR3)3, and let u be a weak time-
periodic solution to (6.2) in the sense of Definition 6.1.1, which satisfies
(6.3). Then there exist constants Crg and a = (X, T) > 0 such that the
estimates

|lcurl Pu(x)| < Cro(1 + |z])™3/2 ems(A2), (6.59)
lcurl PLu(t, )| < Cro(1 + |z]) ™2 ems(A2) (6.60)

hold for all t € T and x € R3.
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6 Spatial Decay of Time-Periodic Solutions

Proof. We decompose u = v + w into steady-state part v := Pu and purely
periodic part w = P u. By Lemma 6.1.7 we have curlu € C~(T x R3).
Therefore, curl v is bounded on T x Bg, with S5 from Lemma 6.2.10. Since
s(Kz)[(1+5;) <2|Kx|/(1+S2) <2|K]| for |z| < Sy, we conclude
_s(Kaz)
lcurlo(z)] < co(1 + |z]) 32 e 1552

s(Kx)
Sa

lcurlw(t, 2)| < ey (1 + |z]) ™2 e 1+

for |z| < S3. Combining these estimates with those from Lemma 6.2.10
(with S = 55), we deduce

lcurlv(z)] € ea(1 + [z]) 32 ems(2)
lcurlw(t, )| < c5(1 +|z])~9/2+€ =)

for all (¢,2) € TxR3, where a = (A(1+53)) ' K. In particular, this implies
(6.59), and for (6.60) it remains to remove ¢ in the second inequality. Due
to f € C(TxR?) and Theorem 6.1.9, the estimates in (6.61) further yield

(6.61)

P f(5,9) = crlo(y) A w(s,y) - curlw(s,y) A v(y) - Py [eurlw Aw](s,y)]
< a1+ fyl) V)

for all (¢,x) € T x R3. Moreover, by Theorem 5.3.3 we have
f IV (t - 5,2 — y)|ds < el — y| /% e Coslrul
T
Using these estimates in the representation formula (6.33), we conclude
lcurlw(t, z)| < cq f |z — y| % e COsslevl(1 4 [y[) 92 emos (W) gy,
R3
Due to 2s(Kx) < Csslz|, we have

s(Ky) | s(Kw)
1+ SQ 1+ SQ

%C5s|:v—y|+a8(ky) > s(K(z-y))+ = as(Az),

and we can obtain

lcurlw(t, )| < ¢y e @) f |z - y|_5/2 e Cssle=vl2(1 4 |y) 2 dy.
R3

We estimate the remaining integral with Lemma A.2.3, which leads to

lcurlw(t, )| < cs e || /2,

Since w € C=(T x R3), this shows (6.60) and completes the proof. O

162



6.3 Spatial Decay in an Exterior Domain

6.3 Spatial Decay in an Exterior Domain

Here we consider some applications of the previous results to the case of a
Navier—Stokes flow in an exterior domain in two different configurations.
First, we consider a time-periodic flow past a body moving inside a fixed
region. By means of a cut-off procedure, we show that the corresponding
velocity and vorticity fields show the same decay properties as we estab-
lished in Theorem 6.1.9 and Theorem 6.2.11 for a flow in the whole space.
Secondly, we consider the flow past a rotating body, which can be seen
as a special case of the previous problem, but we consider steady-state
solutions in a frame attached to the body. By means of a suitable coor-
dinate transform, we reduce this problem to the previous one and derive
asymptotic properties.

6.3.1 Time-Periodic Flow Past a Moving Body

Here we consider the viscous flow past a body B that moves inside the
three-dimensional whole space. Let €(¢) denote the region occupied by
the fluid at time ¢ € R. The flow past B is then governed by the equations

p(Ow +v-Vv) =pAv-Vp in [ J{t} xQ(1),

teR
dive =0 in U{t} x Q(t), (6.62)
teR
lim v(t,2) = Ve for t e R.

|z[—c0

Here v and p denote velocity field and pressure field, and v, denotes a
constant inflow velocity “at infinity”. Moreover, u and p denote constant
viscosity and density of the fluid. In the following, we only consider the
case Vs # 0 and, by a simple change of coordinates, we may assume that
Voo 1s directed along the negative x; axis, that is, Ve, = —|Ve|€1. Moreover,
we assume that the motion of the body B takes place in a bounded region,
say, inside the ball Bg, for a fixed radius R; > 0, and that the fluid flow
exterior of this region is time periodic, that is,

v(t+T,z)=v(t,x), pt+T,x)=p(tzx) for (t,r) e R x Bf,

For example, this situation occurs when the body B oscillates or rotates
with fixed angular velocity. Observe that we did not specify any boundary
conditions of v at the boundary 9€2(¢), and to ensure existence of a time-
periodic solution (v, p) these would have to be suitably chosen. However,
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6 Spatial Decay of Time-Periodic Solutions

these boundary values are not relevant for the result presented here, and
we restrict our consideration to the functions on the set R x Bt in the
following. Moreover, since v and p are time periodic on this domain, we
can transform the equations into a torus setting.

We introduce non-dimensional coordinates. Let |v.| serve as a char-
acteristic velocity, and let the diameter d of the body B serve as a char-
acteristic length. We define the Reynolds number \ = pd|ve.|/p, and the
non-dimensional space and time variables 2’ = z/d and ¢’ = ut/(pd?). The
corresponding radius and time period are Ry = Ry/d and T' = uT [(pd?).
Recall the quotient mapping m:R — T for T =R/7’Z and the correspond-
ing representation mapping I: T — [0,7"). We introduce the dimension-
less velocity u and pressure p by

u(t',x') = %(U(H(t),x) ~ Vo), p(t',z") = p?cpp(ﬂ(t),x).

for (t',2") € T x Bfo. Omitting the primes, from (6.62) we then obtain

Ou—ANou+u-Vu=Au-vp in T x Bfo,
divu =0 in T x Bfo, (6.63)
lim u(t,z) =0 for teT.

|| =00

Clearly, spatially asymptotic properties of u are equally valid for v. We
thus restrict our investigation to (6.63), for which we obtain the following
theorem.

Theorem 6.3.1. Let A # 0 and let (u,p) be a solution to (6.63), and
assume that there exists R > Ry such that (u,p) € C(T x BR)3*1 and

we LA(T;D*2(BR))3, PueLlS(BR)®, PueL>(T;L*(BR))>.

Then there exists a constant Cgg >0 and o >0 such that

-1 .
[Pu(x)| < Csof2|(1 + s(Ax))] PLu(t, )| < Csolz| >,
[VPu(z)| < CsofJzl(L +s(Az))] 2, [VPuu(t,z)| < Col| ™,
lcurl Pu(z)| < Cyola]| /% e leurl PLu(t, )| < Cyola| % e )

for allt €T and x € BE,
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6.3 Spatial Decay in an Exterior Domain

Proof. Clearly, the asserted estimates hold for t € T and R < |z| < 3R
since u is smooth. Let x € C3(R3) be a cut-off function with y(z) =1 for
|z] < 2R and x(z) =0 for |z| > 3R. We set

w=(1-x)u+B(u-Vy), q:=(1-x)p,

where 8 denotes the Bogovskil operator from Theorem 2.4.2. From the
regularity assumptions on (u,p) we conclude (w,q) € C(T x R3)3*! and

we L2(T; DY2(R?))3,  PweLS(R?)3, P,weL>(T;L*(R3))3.
Moreover, (w,q) satisfies

Ow - Noyw +w-Vw =Aw -vq+ f in T xR3,
divw =0 in T x R?,
|l‘im w(t,z) =0 forteT
for a function f e CF(T x R3). In view of Remark 6.1.4, w satisfies the
assumptions of Theorem 6.1.9 and Theorem 6.2.11 and is therefore subject

to the pointwise estimates given there. Since u = w for |z| > 3R, this shows
the asserted estimates for u and completes the proof. [

6.3.2 Steady-State Flow Around a Rotating Body

As a consequence of Theorem 6.3.1 we can derive decay properties of the
solutions to the equations

wlerAu—e Az -Vu) - Au+u-Vu=Au-Vp in Q,
divu =0 in €, (6.64)
|l‘im u(x) =0,

which describe the steady flow of a Navier—Stokes fluid around a body
that translates with constant velocity Ae;, A > 0, and rotates about the
translation axis with angular velocity w > 0. Here €2 is the exterior domain
occupied by the fluid flow. The functions u: €2 — R3 and p: 2 > R describe
corresponding steady-state velocity and pressure fields. We conclude the

following theorem that establishes pointwise estimates of weak solutions
to (6.64).
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6 Spatial Decay of Time-Periodic Solutions

Theorem 6.3.2. Let (u,p) € (L(Q)3nD12(Q)3) x L2 (Q) be a distribu-
tional solution to (6.64), that is, (u,p) satisfies divu =0 and

0= f [Vu:V;/)Jr(w(el/\u—el/\x-Vu)—/\81u+u-Vu)-¢—pdiv1/J]dx
)
for all € CF(Q)3. Further assume ey Au—ey Ax-Vu e L2(Q)3. For every
R > §(82¢) there exists a constant Cg; >0 such that
-1
[u(2)] < Caa[[2](1 + s(Aa))]
|Vu(z)| < C’sl[|x|(1 + s(/\x))]_ ,

lcurlu(z)] < Cy |z /2 s O)

ol

for all x € BE.

Proof. Let R> Ry > d§(92¢) and let

1 0 0
Qu(t) = (O cos(wt) sin(wt))

0 sin(wt) cos(wt)

be the matrix corresponding to the rotation with angular velocity we;.
Define the new variable y = @, (t)z and set

U(t,y) = Qu(t)u(Qu(t)"y), B(t,y) =p(Qu(t)"y)

for all ¢t € R and |y| > Ry. Then U and ‘B are time periodic with period
T = 2r/w, and we can identify them with functions on T x Bfo  where
T = R/TZ denotes the corresponding torus group. By the regularity result
[42, Theorem XI.1.2], we have (u,p) € C=(Q)3*!, which implies (U,B) €
Co(T x Bfo)3+1. Due to the identity

QU (t,y) = wQu(t)(er ru(z) — ey Az - Vu(z)), (6.65)
with y = Q,(t)Tz, the pair (U,) satisfies

U -NOWU+U-vU =AU - VP in T x Bfto,
divU =0 in T x Bfo.

Moreover, U and *J3 are smooth and

f f VU (¢, 2) P dadt = f f Vu(Qu () x)Pdadt < Juf 5,
BR

T T BE

[ PU(t,2)| dedt < f f u(Qu(t) )| dadt < |ul6.
BE T BR
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This implies U € L%(T;D%?(B%))3 and PU e L6(BE)3. By (6.65), the
assumption e; Au — e; Az - Vu € L2(2)? implies 0,U € L2(T;L2(2))? and
thus P, U € L*(T;L2(£2))3. By Theorem 6.3.1 we thus conclude

U (t,2)] < cof[2)(1+s(Ax))]
VU (t,x)| < cl[|x|(1 + s()\x))]fi,
leurl U (t, )| < eola| ™/ e

for all (¢,x) € T x BE. The asserted estimates for u follow by a change of
coordinates back to the frame attached to the body. ]
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A.1 Estimates of Specific Functions

A.1.1 Hankel Functions

For v € C the Hankel functions ngl) and H,EQ) of first and second kind
are two particular linearly independent solutions to the Bessel differential
equation
42 : d .. ,
xQ@H,S])(x) + xaﬂy)(x) + (2% - I/Q)H,EJ)(x) = 0.
They are given by ngl) =J,+1Y, and HZEZ) = J, —1iY,, where J, and Y,
are the Bessel functions of first and second kind, given by

ad -1)m T N\2m+v
(@)= 2, m!F((mJ)rVJr 1)(5)

m=0
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6 Spatial Decay of Time-Periodic Solutions

and
(o) - i 22 €08() — Ly ()

p—v sin( )

Note that the limit in the last identity can be omitted if v is not an integer.
Moreover, the modified Bessel functions I, and K, are defined by

L,(LE) _ i 1 (iL‘)2m+y7

mIT(m+v+1)'2

and

In the following, we focus in the study of the Hankel functions. First, we
collect some of their well known properties.

Lemma A.1.1. Hankel functions H, j = 1,2, are analytic in C ~ {0}
with

d . : :
VveC VzeCn {0} d_Hy)(z) “HD () -ZHD(2),  (A66)
z z
and they satisfy the following estimates:

VveCVe>03Cs >0V|z|2¢: |H,5j)(z)‘ < Cgy |Z|_% e Imz (A 67)
Vv eC,VR>03Cs >0V|z| < R: [HY(2)] < Css)2™, (A.68)
VO< R<13Cs > 0V|z| < R: [HY (2)| < Csa log(|2])]. (A.69)

Proof. The recurrence relation (A.66) is a well-know property of various
Bessel functions; see for example [1, 9.1.27]. We refer to [1, 9.2.3] for
the asymptotic behavior (A.67) of H{(z) as |z| - oo, and to [1, 9.1.9
and 9.1.8] for the asymptotic behavior (A.68) and (A.69) of Hﬁj)(z) as
|2[ > 0. [

Next we study the function z » HY(alz]) for z € R*, n > 2 and a
parameter a € C. We first derive a general formula for its derivative,
which is based on the recurrence relation (A.66).

Lemma A.1.2. Letv,a€C, neN and a e Nj. Then

) lof .
D°[HY (alz])] = H% > () alel) HE ol (A70)

for all x e R" ~\ {0}, where p, ¢ R™ - R are polynomials in z, independent
of a, such that degp,, < |a.
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A.1 Estimates of Specific Functions

Proof. We show the statement inductively. For a = 0, there is nothing to
do. So assume that representation (A.70) holds for some o € Njj. Then we
compute

0, D[ H (ala])]
T =2|a 2, o (2 , Dot (T
:;)[ 2| |L|25+2£( )(a|$|)ZH1§J)( |z]) + |p|—2i(|)(a| |) H(J)[(a|x|)
o B oll) 2l » P ol (1) ek |

la|

ZZ_ZO[[mmpave(x)W + (0= v = 2lal)par(@)z,](alal) HY)(ale])

1

/+1
) H(]e 1(a|$|)]||2m>

+ Pae (@) (ala]

where we used the recurrence relation (A.66). Therefore, the function

6mD°‘[HlSj )(a|a:|)] is of the claimed form, and the assertion follows by
induction. [

A combination of Lemma A.1.2 with the asymptotic behavior from
(A.67) leads to the following decay estimate.

Lemma A.1.3. Let veC, neN, ke Ny and 6, >0. Then there exists a
constant Cgs = Css(n, k,v,0,¢) >0 such that

V[ HY (al2))]| < Caslal~2|2] 2 o1 lelima (A.71)
for all x e R™ with |x| > ¢ and a € C with |a] > 6.

Proof. For |a| > § and |z| > & we have |a|z|| > de > 0. Therefore, by (A.67)
we can estimate

|H,Ej)(a|x|)‘ < Co‘a|m||_% e(—l)ﬂx‘lma.
From equation (A.70) we now obtain
A 1 , k
‘Vk[HIE])(CLLTD“ < C’85|x|_k(|a| |Z‘|) ; e(—l)J\xIIma; (|CL| |ZE|)Z
=0

Due to |a||z| > de, the final sum is bounded by a constant multiple of
(|ot||:v|)]C This shows (A.71). O
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6 Spatial Decay of Time-Periodic Solutions

A.1.2 A Function with Anisotropic Decay
This section is dedicated to the study of the function

Gap R'N{0} > R, gap(z) =|a]" "™ (A.72)

for parameters a,b € R and n € N. To derive a formula for the derivatives
of gap, we further define the function h = (hy,...,h,) by

h:R"~ {0} > R, h(a:)— P +bel
x
Then a simple calculation shows
0;Gas () = alz* 2z P +|2]°b0y, € = hyj(2) gap(z). (A.73)

For higher derivatives we obtain the following representation.

Lemma A.1.4. Let a,beR, neN and a e Njj. Then

D"guu(r) = 2 T;(;;') D (@) gas(x) (A74)

for all x € R* ~ {0}, where pg:R™ - R are polynomials in x such that
degpae < |ﬁ| Here, h7 = h;“h?;’

Proof. We show the statement inductively. For a = 0, there is nothing to
do. So assume that representation (A.74) holds for some a € Ny. Then
with (A.73) we compute

a'Daga b(x)
- B | 2R ) - R

TﬁPIg;) ( Z( = Bi) Pk (2)0;hy (7) gy () + ha_ﬁ(x)ajga’b(x))]

Ops-e, (@l = 20181~ Dapo-e, (1) o
. @)
xr

=

ej<fB<a+te;

u Pp-e; —ex () ates —
+ Z Z (ak_5k+5jk+1)J2T|k_45jhk($)h € P () gap()
k=1 BZej +er |$|
BSO(+ej +eg

216 U
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A.2 Convolutions

Using now the identity

alz* 6 - 2az;2,
) ’

Gjhk(:v) =

|z

we see that 0;D%g, () has the desired form, and the assertion follows by
induction. O

Identity (A.74) gives rise to the following estimate.

Lemma A.1.5. Let a,beR, neN, ke Ny and € >0. Then there exists a
constant Cgg = Csg(n, k,a,b,e) >0 such that

|V* gap ()] < Cgglz]* " (A.75)
for all x € R™ with |z| > ¢.

Proof. Since |h(x)| < ¢o for |z]| > e, formula (A.74) implies

k
‘nga,b(95)| < Z |37|_é|ga,b(l’)| < ol gap ()] < x| P
=0

for |x| > €. This shows the statement. O

A.2 Convolutions

A.2.1 Derivatives of Convolutions

Lemma A.2.1. Let f,g e Ll (R*)nCO(R"~{0}), and assume that there
exists R>0 and o, B >0 with a+ 3 > n such that

sup [¢[*|f (2)]+ |21 [g(x)| < oo. (A.76)

reBR

Then the convolution integral

frg(@) = [ f@=-pg(y)dy

is well defined for x # 0 and f+g e LL_(R™). If additionally g € W2 (R™)n
CHR"~ {0}) and there exists v >0 with o+~ >n such that

sup |z]"|Vg(z)] < oo, (A.77)

xeBR

then f*geCLHR"\{0}) and
0, *9)@) = (f*B)@) = [ @-0)dow)dy (G =1,....m).
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6 Spatial Decay of Time-Periodic Solutions

Proof. First note that by continuity of f and g in R?~{0}, property (A.76)
holds for all R > 0. For z # 0 we set R = |z|/2. Then both f and g are
continuous and thus bounded on the closure of Br(z), which yields

[ 1t nlls@ldy< s FG) [ lw)ldy <oo,

zeBgr(x)

Br(0) Br(0)
J 1E-wll@ldvs sw gl [ 17 dz< oo
BA(x) Brle) B

Moreover, because y € BE(0) n BE(x) implies |y| < |z —y| + |z| < 3|z -y,
from (A.76) we deduce

Fa-pllsWldy s [ eyl dy
BR(0)nBE(z) BR(0)nBE(z)
< [ ly| P dy < oo
BR(0)nBE(z)

since a + 8 > n. Collecting these integrals, we conclude

[ 17 =)llgwldy < oo,

so that the convolution integral f*g(x) exists for all z # 0. Now let Ry > 0
be arbitrary. Then we have

f eg@ldrs [ [If@=-pllo]dyda

B, R"
- [ [1r@-lls@)dedy+ [ [ 1= )llg@)ldady.
Bagr, Br, B2Fo Bg,

Since |x| < Ry and |y| < 2Rg implies |z — y| < 3Ry, the first integral can be
estimated by

f f|f(x yllg(y)|dzdy < flf(Z|d2f|g(y|dy<oo

B2R0 BRO BRO B2R0

Moreover, since || < Rg and |y| > 2Rg implies |z —y| > |y| - x| > |y| -
ly|/2 > Ry, we can employ (A.76) to estimate the second integral by

[ [ita-nllgwldedy<e, [ [ 1=yl Iy dedy

B2Fo Br, B2Fo Br,

<eo [ [ el dudy = Bl [ 1ol dy < oo,

B2Fo Bp, B2Ro

174



A.2 Convolutions

which follows from a + ﬂ >n. In total, this shows f * g e Li (R").

Now assume g ¢ Wyl (R?) n CH(R™ ~ {0}) and (A.77). With exactly the
same argument as above we see that the convolution integral f * 0;¢(z)
exists for x # 0. Now let €, p> 0 and h € R~ {0}, and consider

L5 aahes) = 12 9() - £+ 09(0)

ff(x yl (g(y+he;)—g(y)) - 0i9(y) |dy = I + I + I

for x # 0, where we set

_ 1 -
I :=ff(93—y) fé’jg(y+8hej)ds—3jg(y) dy,
B5 -0 -

_ 1 5
L= [ 1= [ 019+ she;)ds-09(9) |du.
Br -0 :

1

I3 = f f(:c—y)[[3jg(y+5hej)ds—<9jg(y)]dy-

Bp\B5 0

For 6 < R = |z|/2 we obtain

zeBR

<ol [ Dala / o))

Bsiin|

<2sup [f(2)| [ [9;9(y)|dy.

zeBE
Bsin|

If we choose § sufficiently small and |h| < 6, we thus have |[;| < /3.
Moreover, for p > 4R = 2|x| and |h| < p/2 we exploit (A.76) and (A.77) and
utilize that |y| > p implies |z - y| > |y| - |x| > |y|/2 to estimate

Ifz|<04ff|:r Y|y + she;|” 701801y+f|f6 yl“ly[ dy

<cs f ol dy.

Be-Ihl

Therefore, we obtain |I5| < ¢/3 for p sufficiently large. Furthermore, due
to f(z—--) e LY(B, \ Bs) and 0;9 € C(B, ~ Bs) with p < ¢ as above, the
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6 Spatial Decay of Time-Periodic Solutions

dominated convergence theorem yields limy, -« I3 = 0, that is, |I3] < /3
for |h| sufficiently small. In total, we obtain

(gl hey) = £+ g(@) = £+ 9(o)]| <

for |h| sufficiently small, which implies 0;(f * g) = f * 0;¢g in R~ {0}. By

the same argument as above, we further obtain 0;(f * ¢) € L{ (R"), which

completes the proof. O

A.2.2 Estimates of Convolutions

The following convolution estimate treats functions with decay estimates
that include the anisotropic function s(x) = |z| + ;. As establishing such
kind of estimates is a cumbersome work, we do not give a proof here.

Lemma A.2.2. Let A€ (2,00), Be[0,00) with A+min{1,B} >3. Then
there exists Cgy = Cs7(A, B) >0 such that for all x € R3 it holds

ST+ k=) (1 + st -] @+ 1+ s() P ay
< 087(1 + |$|)_3/2.

Proof. We refer to [71, Proof of Theorem 3.2]. O

We also need the following lemma treating convolutions of homogeneous
functions.

Lemma A.2.3. Let A€ (0,3), Be(0,00), a€(0,00). Then there exists
a constant Csg = Css(A, B, ) >0 such that for all x e R3~ {0} it holds

/ o=yl el (1 + Jy|) P dy < Cysl .
R3
Proof. We split the integral into two parts
L= [ o=yl e (e ) ay,
Bjy2(x)

L= [ o=yl e (1 )P dy,
Bll/2(z)
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A.3 Classical Fourier Analysis

which we estimate separately. On the one hand, since | — y| < |z|/2 implies
[yl = [l = [ =yl > [xl/2, we have

I SCO(1+|x|)_Bf|x—y|_A el dy < ey (1 + |2]) 8 < eola[
R3

where the integral is finite due to A < 3. On the other hand, for the second
integral we directly obtain

- —afa- - -B
I < ¢yl f el U2 dqy < ¢y el < |

RB

for all = # 0. This completes the proof. [

A.3 Classical Fourier Analysis

A.3.1 Fourier Transforms of Elementary Functions

Here we provide properties of Fourier transforms of specific functions that
are occasionally encountered in the course of this thesis.

Proposition A.3.1. For a€(0,1) and s€[1,00) define
Qo = T [k~ (1-0z(k))[k[]. (A.78)
Then ¢, € L3>°(T) if s<1/(1 - ), and @, € L5(T) if s <1/(1 - ).

Proof. We choose (—%, %] as a representation of T = R/TZ. Then we have

©a(t) = colt|*™" + ha(t) for some function h, € C(T); see [56, Example
3.1.19] for example. This directly yields the claim. O
Proposition A.3.2. Let neN. For fe(0,n) and s €[1,00) define
Vg = Fgal€ > (L+[€f) 7] (A.79)
Then g € L= (R") if s<n/(n-p), and g e L*(R*) if s <n/(n-f).
Proof. We have
0 < p() < coxo ) ([2]) 2" + erxq.c0) (J2]) €2,

see [57, Proposition 6.1.5] for example. This directly yields the claim. [
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6 Spatial Decay of Time-Periodic Solutions

A.3.2 The Marcinkiewicz Multiplier Theorem

There are several theorems, which nowadays belong to the standard reper-
toire in Fourier analysis and give sufficient conditions for a function m to
be an LP multiplier in the Euclidean setting G = R™. One of these is the
Marcinkiewicz Multiplier Theorem, which can be applied to functions that
are sufficiently regular away from the coordinate axes in R”, that is, on
the set

R” := {xz(xl,...,xn)eR” ‘ x; # 0 for at least twoje{l,...,n}}.

Theorem A.3.3 (Marcinkiewicz Multiplier Thereom). Let n € N, and let
m e C*(R?) be a bounded function such that

A= sup sup |§aD?m(§)‘ < 00. (A.80)

ae{0,1}n geR
Then m is an LP(R™) multiplier for any p € (1,00), and
loprn [m]| £ (rny) < CsoA
for some constant Cgg = Cgg(n,p) > 0.
Proof. A proof can be found in [56, Corollary 5.2.5] for example. O
A simple consequence is the L? continuity of the Riesz transforms.

Proposition A.3.4 (Riesz Transform). For j € {1,...,n} let R; denote
the Riesz transform given by

—%
§

Then R; can be extended to a continuous linear operator R; € L(LP(R™))
for any pe(1,00).

R, 7 (RM) .7 (R"),  R,(f) = 9@&[ %n(f)]. (A.81)

Proof. This is a direct consequence of Theorem A.3.3. For a different
proof see [56, Corollary 4.2.8] for example. ]

A.3.3 Some Multipliers

Here we study specific functions and there properties as Fourier multipli-
ers. To begin with, let x € CP(R;[0,1]) be a cut-off function with

1
x(n)=1 for |77|£§7 x(n)=0 for|n/>1. (A.82)
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A.3 Classical Fourier Analysis

Let Ae Rand 7 >0. For #€[0,1] and h=1,...,n we define

0 1-6
(1= x()lnl"(1 + 1)
€] +i(3Fn - 261)
-0 .
(L= x(m)nl’" (1 +[¢[*)* " g
€ +i(3Fn-2&)
In order to show that these functions really define L4(R x R™) multipliers,
we first give a lower bound of the denominator

2T
NA(n,€) = | + 2(777 - A1)
Lemma A.3.5. There is a constant Cog = Coo(T,\) >0 such that

INA(n, )| > Coo (1 + ] + [€]) (A.85)
for all (n,€) e R x R™ with |n| > 1.

mo:RxR" > C,  mo(n,§) = : (A.83)

mp:RxR” - C, my(n,§) = (A.84)

Proof. First note that we trivially have |Ny(n,&)| > |£]2. Moreover, for
A = 0 we obtain |Nx(n,€)| > 2[n| > #=(1 +2J5|), so that (A.85) follows
immediately in this case. Now consider A # 0. For [)||¢] < Z[n| we have

2m 2m s T
N1 2 |20 = M| 2 2=l = Nle] 2 Z2hal 2 21+ 2.

and for [A[|¢] > F[n| we obtain

A 2 675 i >~ ol = (1 + 2ln))
LS IRE = 3em Il = 9am = gor -

Combining these estimates with |[Ny(n,&)| > |¢°, we also conclude (A.85)
in the case A # 0. ]

Next, we derive a representation formula for the derivatives of m; with
respect to &.

Lemma A.3.6. Let h € {0,...,n} and a € NI. Then my, € C(R x R")
and

o _ B 0 o pa,@(g)
Dgmy(n,€) = (1= x(m)n| ;Nk(n,g)m(H|§|2)|al—f—<’

where po i R™ - C are complex-valued polynomials, and

lal if h=0, ‘- 1-6 ifh=0,
la|+1 ifhe{l,...,n}, |i-0 difhed{l,...,n}

(A.86)

degpae < {
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6 Spatial Decay of Time-Periodic Solutions

Proof. By Lemma A.3.5, the denominator Ny (7, &) is bounded from below

for [n| > 1, and my(n,&) = 0 for |n| < 1. Since all involved functions are

2
smooth, we thus conclude that my, is smooth on R x R”. We show formula
(A.86) inductively. For a = 0 there is nothing to show. Hence assume
that (A.86) holds for some « € NI. Differentiating the terms of the sum

in (A.86) separately, we obtain

9 Dae(§) _ 0jPae(€)(1 + |€[%)
SN, )L (1 [EP)eiC | Ny (1, €)1 (1 + [¢P)leleie¢
 Pae(§)(L+1)(28; - iAdy) Pai(§)2(lo] - £ - €);

Ny (1, )2(1 + [¢)lal=-¢ Ny (1, £)P1(1 + ¢t

Therefore, O, Dgmy, is also of the asserted structure. This completes the
proof. [

These preparations enable us to show that my, is an L¢(RxR") multiplier
by employing the Marcinkiewicz Multiplier Theorem (Theorem A.3.3).

Lemma A.3.7. The function mj € C*(RxR") is an L4(RxR"™) multiplier
for all ge (1,00) and h€{0,...,n}.

Proof. By Lemma A.3.6, my, is smooth. Moreover, by (A.85) and (A.86),
we obtain

L ol (1 + €*)4IPae (6]

70(1 ol + (6 (1 + e[

If h =0, we have 6 + 7 = 1, so that Young’s inequality and degpa,x < |o
imply

‘D mh(n 5)‘

||a|(|n|+1+|§| )(L+[gfyev2
(1+ [l + [¢*) (1 + |kl ~

Ifhe{l,...,n}, wehave 6+(+3 =1, and Young’s inequality and degp, ¢ <
|| + 1 lead to the very same estimate. Next we compute the derivative
with respect to 7. Identity (A.86) yields

€2Dgmy(n, €)| < colé

anD?mh(nv 5)
o Pa,e(ﬁ)

= (A =xmM)Oln"n+x ()| );)Nx(n (1 + P

A PO+ 1)
- (1 =x()In | z(:)N)\ (. §)€+2(1+|§|2)7|—0‘—K—C'
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Employing (A.85), we thus have

L)wa & _l'C ) pac@)]
Lol + 1P )™ & e nl+ 16D (v Py

With the same argument as above, we see that the remaining terms are
bounded. In particular, we conclude

[n&* 0y DEmp(n,&)] < c1(1 +

sup{[”€* 0, Dgmu(n. )| | a € {0,137, B {0,1}, (7,6) eRx R"} < co.

Now the Marcinkiewicz Multiplier Theorem (Theorem A.3.3) implies that
my, is an LI(R x R™) multiplier for all g € (1, 00). N

For 6 € [0,1], k>0 and A € R, we next consider the function

_ _ (1 - x(n))|wn|’le]>*
Ty Rx R > C, iy p(1,8) = A.
2 A(n,9) €+ i(m = A6 (A.87)

for a cut-off function y € CF(R; [0, 1]) satisfying (A.82) as above. Observe
that M, can be seen as a homogeneous version of (A.83) with A = 0.
Similarly to Lemma A.3.6, we obtain the following representation formula
for derivatives of M, . Since we are interested in the dependencies on the
parameters k and A\, we only consider derivatives with respect to &,--+, &,
at first. We set

NN,A(€7 77) = |§|2 + Z("’“? - )\51)

Lemma A.3.8. The function i, x is continuous on R x R™ and smooth
on the set {(n,&) e RxR™ | |£] # 0} with

o~ 0 o pa,ﬁ(g)
Dg e x(n,€) = (1= x(n))[xn| 4:23 Noa(E. U)Z+1|§|2la‘_2£_2+29

(A.88)

for all o e Ny with oy = 0, where py i R™ - C are complez-valued homoge-
neous polynomials of degree degpae = |a| that are independent of k and X,
Or Py = 0.

Proof. The proof works analogous to that of Lemma A.3.6. First of all, the

denominator in (A.87) is bounded from below for || > 3, and i, 1 (1, ) = 0
for |y < 5. Since all involved functions are smooth for [¢| # 0, we thus

conclude that i, » is smooth for |¢| # 0, and 7, ) is continuous on R x R™.
We prove formula (A.88) inductively. For o = 0 there is nothing to show.
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6 Spatial Decay of Time-Periodic Solutions

Hence assume that (A.88) holds for some o € NI'. Differentiating the terms
of the sum in (A.88) separately, we obtain

Pas(€) i} ipa (OIS
& Noa(&, n)€+1|§|2|a|—2e—2+29 - G 77)€+1|§|2|a|+2—2f—2+29
Pae(§)(£+1)2¢; Pae(§)(2]a] - 20 -2+ 20)¢;

N 2lal-2¢0-2+20 2lal+2-20-2+20 °
Nea(§m)t2fgO2220 N, (€ )t jg a2

Therefore, 0, D¢ iy is also of the asserted structure. This completes the
proof. [

In order to show that 7, 5 is an L? multiplier, we proceed as in Lemma
A.3.7 and employ the Marcinkiewicz Multiplier Theorem (Theorem A.3.3).
To this end, we prepare the following estimates

Lemma A.3.9. There exists a polynomial P:R - R such that

€17 + A&y + |

N (6.7) < P(N*/k) (A.89)
for all In| > 1/2.
Proof. Clearly, we have )
o <

For the remaining estimates, we proceed as in Lemma A.3.5 and distin-
guish two cases. If || < k[n|/2, we have |kn— A&1| > k|n| = |A[€] 2 &|n|/2 >
IAl[€], so that

A& + |k < 3|wn = A& <3

INeA(€,m)| ™ [Rm = A&
If [XE| > k|n|/2, we obtain || > k/4 and thus

Nl +[mml _ BAIIE] 1207
INea (& ™ e~ &

In total, this shows (A.89). O

With estimate (A.89) at hand, we can now prove that i, is an L4
multiplier and we obtain a bound on the multiplier norm that is uniform
in A and w as long as A\? < fw for some 6 > 0.
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Lemma A.3.10. The function fi,x € C(R xR") is an LI(R x R™) mul-
tiplier for all q € (1,00), and there exists a polynomial P:R — R such
that

loPgygn [ ]| 2(Laxrny) < P(N?[E). (A.90)

Proof. By Lemma A.3.8, i, is continuous, and (A.88) yields

_ P €3]
|D£ mf@,)\(nvf)| < Z £+1 ’ 2|a|-2¢
£=0 |Nn,)\(€7 77)‘ |§|

for a € Njj with o; = 0. From the homogeneity of p,, and Young’s in-
equality, we conclude

‘éaDamH )\(7775)‘ <y |/€77| + |€|2 o] |£|2|a| ) Pl()ﬁ/ﬁ)
&R |NH,A(§7 77)| =0 |NH,)\(§,T])|£|£|2‘O‘|_2£

by (A.89), where Py is a polynomial. To compute the derivative of 7, »
with respect to &, we differentiate each term of the sum in (A.88) sepa-
rately and obtain

Pat() _ De,pos (O)IE)
&1 NH’)\(&n)e+1|€|2la\—2£72+29 _NH’)\(g’n)£+1|€|2|a|+272€72+29
PO 126 -iA)  pas(§)(2a] - 20-2+20)8
N, )\(57 n)£+2|§|2la\—2£—2+29 N, /\(57n)£+1|£|2|a|+27%72+29 .

Proceeding as above, we thus conclude the estimate

|61€20¢, DT (1, €))|
(ol + 1€ (&1 + [A&al) & [ P2
SUTNGAEE B NP 2AT)

for a polynomial . Next we compute the derivative of i, y with respect
to n. Identity (A.88) yields

. o el (©)
0y D (m,€) = (1= x(m)l ™0+ x'(n)) ;) N (E.n) P
1 | (0 + 1)ikl€ ™ pa.s(€) |

—(1-
( X(n))e=o Nm(&nyﬂ'ﬂma\fﬂ
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6 Spatial Decay of Time-Periodic Solutions

Employing x/(n)|n| < 1, we thus deduce

) ) L 1k 1P o (€)] 1€
|Nm,)\(§an)| /=0 |NR’>\(€77])|K+1|§|2\()¢|—2£ .

With the same argument as above, we see that the remaining terms are
also bounded by P;(\?/k) for a polynomial Ps. In the very same way, we
derive a similar bound for n§;1£*9,0¢ D¢, x. In total, we thus conclude
the existence of a polynomial P, such that

|77£aa77D?ﬁln,/\(n7 £)| < 02(1 +

N’ 07D, (1, €)| < Po(N[k)

for all a € {0,1}", B € {0,1} and (n,€) € R x R* with [{| # 0. Now the
Marcinkiewicz Multiplier Theorem (Theorem A.3.3), implies that m,, » is
an LI(R x R™) multiplier for all g € (1, 00) and satisfies (A.90). O
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fluid flow are derived.
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