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Zusammenfassung

In dieser Arbeit untersuchen wir die schwache Losbarkeit eines Systems par-
tieller Differentialgleichungen, das das Verhalten verallgemeinerter Newtonscher
Fluide beschreibt. Die interne Spannung in dem Fluid wird durch einen nicht-
linearen, elliptischen Operator beschrieben, fiir den wir p-Koerzitivitat, strikte
Monotonie und eine (p — 1)-Wachstumsbedingung voraussetzen.

Wir présentieren zunéchst einen Losungsansatz von Wolf [67], der auf einer
Approximation des Konvektionsterms basiert. Das so erhaltene System par-
tieller Differentialgleichungen kann lokal in der Zeit mit Methoden der Theo-
rie monotoner Operatoren, Kompaktheitsargumenten und einem Fixpunktar-
gument fir alle p > 2d/(d + 2) gelost werden, wobei d die Raumdimension ist.
Diese zunéachst zeitlich lokale Losung kann dann mit Hilfe einer Energiegleichung
und A-priori-Abschétzungen zu einer globalen Losung des approximativen Sys-
tems fortgesetzt werden. Wir diskutieren diesen Losungsansatz und skizzieren
den Beweis der Konvergenz gegen eine Losung des urspriinglichen Systems.

Der Hauptteil dieser Arbeit befasst sich mit der Analyse eines Verfahrens zur
numerischen Approximation. Mit Hilfe einer impliziten Semidiskretisierung in
der Zeit konstruieren wir aus exakten Losungen des stationdren Problems stiick-
weise polynomielle Prolongationen ua; und va;. Geeignete A-priori-Abschétz-
ungen sichern dann die Konvergenz dieser Prolongationen gegen eine Grenz-
funktion u. Um zu zeigen, dass diese Grenzfunktion tatsachlich eine Losung des
Problems ist, ist es erforderlich, hinreichend regulare Testfunktionen zu konstru-
ieren. In Analogie zum Vorgehen von Diening, Ruzicka und Wolf [22], leiten wir
eine Lipschitz-Abschneide-Technik her und fithren eine geeignete Zerlegung des
Drucks fiir das System ein. Dies soll es uns ermoglichen, die Konvergenz der
Gradienten von ua; fast iiberall zu zeigen um so sicherzustellen, dass u in der
Tat eine Losung unseres Problems ist.

Die grofite Schwierigkeit, die sich dabei ergibt, ist es, eine geeignete Vari-
ante der Lipschitz-Abschneide-Technik zu finden, die auf stiickweise konstante
Funktionen angewendet werden kann. Dafiir betrachten wir fraktionale Sobolev-
Réaume und leiten Ungleichungen vom Poincaré-Typ fiir diese her. Die Konver-
genz der Lipschitz-Abschneidungen wird dann durch die Beschréanktheit der
Folge der Prolongationen im gebrochenen Sobolew-Raum gesichert. Wie sich
herausstellt, konnen wir eine solche Schranke unter der etwas starkeren Bedin-
gung p > max((d + \/d? + 2d(d + 2))/(d + 2),3d/(d + 2)) finden. Diese Bedin-
gung beinhaltet den interessanten Fall p < 2 in Raumdimensionen d = 2 und
d=3.

Des weiteren présentieren wir eine angepasste Version des Beweises von Di-



ening, Malék und Steinhauer [19] zur schwachen Losbarkeit des entsprechen-
den stationdren Problems. Hier wird ein regularisierender Term zur Gleichung
addiert, der sicherstellt, dass wir mit der Losung selbst testen diirfen. Dies
ermoglicht die Herleitung von A-priori-Abschitzungen, mit denen die Konver-
genz der Approximationen gezeigt werden kann. Eine stationdre Lipschitz-
Abschneide-Technik wird daraufhin benutzt, um die Konvergenz der Gradienten
fast iiberall zu zeigen. Damit beweisen wir, dass der Grenzwert der Approxi-
mationen eine Losung des stationdren Problems ist.

Offen bleibt jedoch der Beweis einer Abschitzung fiir die Zeitlableitung
in instationdren Fall, die benétigt wird um die Konvergenz der Gradienten
der Approximationen zu zeigen. Wir diskutieren kurz die Ursachen fir die
Schwierigkeiten bei dieser Abschétzung.



Abstract

In this work, we study a system of partial differential equations describing the
motion of a generalized Newtonian fluid. The nonlinear elliptic operator related
to the stress is assumed to be p-coercive, strictly monotone and to fulfil a (p—1)-
growth condition.

We present the ideas of Wolf [67] to approximate the convection term and
discuss the weak solvability of the approximate system for p > 2d/(d+2), where
d is the space dimension. Employing methods from the theory of monotone
operators, compactness arguments and a fixed point theorem, we show the local-
in-time existence of a solution. By means of an energy equality and a priori
estimates, we are able to extend this to a global approximate solution. We then
sketch the proof of convergence towards a solution to the original problem.

The main part of this work consists of the introduction of a numerical ap-
proach to prove the existence of weak solutions involving an implicit semi-
discretization in time. We construct piecewise polynomial prolongations ua;
and vay from exact solutions of the corresponding stationary problem and show
weak convergence towards a limit function u. For the identification of the limits
with the terms in the differential equation, it is necessary to construct sufficiently
regular test functions. Following the ideas of Diening, Ruzicka and Wolf [22],
we establish a Lipschitz truncation technique and recover pressure functions for
the system. This should help us showing the almost everywhere convergence of
the gradients of ua;, which implies that w is indeed a solution to our problem.

The obstacle here lies in a suitable adaptation of the Lipschitz truncation
method for piecewise constant functions. We overcome this by considering
fractional order Sobolev spaces and deriving suitable Poincaré-type inequalities
for them. The boundedness of the sequence of prolongations in such Sobolev-
Slobodeckii spaces then yields the convergence of the truncations. The range
of admissible p’s for this turns out to be p > max((d + /d? + 2d(d + 2))/(d +
2),3d/(d+2)). This covers the interesting case p < 2 in space dimensions d = 2
and d = 3.

Additionally, we present an adaptation of a proof by Diening, Mélek and
Steinhauer [19] for the existence of weak solutions to the corresponding sta-
tionary problem. In this proof, a regularizing term is added to the equation to
permit testing the equation with the solution itself. This is important for the
derivation of a priori estimates, with which one can then show convergence of
the approximate solutions. A stationary Lipschitz truncation finally yields the
almost everywhere convergence of the gradients and hence the existence of a
weak solution.



However, there remains an open problem of estimating a term involving the
time-derivatives of the prolongations in the non-stationary case. We shortly
discuss the diffculties in handling this term.
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1

Introduction

Many phenomena and processes in natural sciences can be described by means of
partial differential equations. The questions arising for these equations are ones
of solvability, uniqueness of solutions, stability, regularity and approximation
of solutions. Although many complex dynamical systems can be represented
by a small number of short equations, in general it is not at all simple to find
solutions to them. In fluid mechanics, the Navier-Stokes equations, describing
the motion of a Newtonian fluid, provides a prominent example for this: Having
been introduced by Navier in 1827, the Navier-Stokes system has been subject
of mathematical research until today. Up to now, the question of existence
and smoothness of solutions in three spatial dimensions has not been solved
satisfactorily.!

In the field of fluid mechanics, one is interested in the description of fluids
depending on factors like e.g. external forces, temperature, pressure or proper-
ties of the fluid itself. When external factors are fixed, the nature of a fluid and
with it the corresponding model is determined by the behavior of its internal
stress. Assuming a linear relation between the stress and strain, i.e. assuming
a constant viscosity, results in the Navier-Stokes equations and the description
of so called Newtonian fluids like water for example. However, there are many
examples of fluids that exhibit “unusual” behavior and cannot be modeled with
these equations. Those fluids are called non-Newtonian. They appear in na-
ture, e.g. blood, lava, snow or mud slurries, in our everyday life, e.g. toothpaste,
tomato ketchup or paints, as well as in many industrial environments, e.g. melts
or polymeric liquids. In order to model non-Newtonian fluids, one has to derive
suitable constitutive laws for the internal stress which means relations between
the internal stress, strain, external forces, etc.

Non-Newtonian fluid mechanics is a vast subject, that has gained much at-
tention in mathematics, chemical engineering, biology and even geophysics (see
[8]). Over the time, many different models incorporating the several phenom-
ena exhibited by non-Newtonian fluids have been introduced and investigated.
Flows with shear-rate dependent viscosity can be described by the models of
generalized Newtonian fluids such as Power-Law fluids and fluids of the Carreau-
Yasuda-type. Viscoelastic properties are captured by Maxwell’s and Oldroyd’s
models and can describe elastic responses of polymeric fluids. In contrast to
these macroscopic laws, one can also investigate the microscopic behavior of the

'In fact, the Clay Mathematical Institute counts the (incompressible) Navier-Stokes prob-
lem to one of the so called Millennium Prize Problems.
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fluid to derive suitable representations of the internal stress. This results for
example in the Navier-Stokes-Fokker-Planck equations. A general discussion of
non-Newtonian fluids and their mechanics can be found in the monographs [13],
[6] or [10].

1.1 Physical background

Let us state the governing equations that describe the flow of fluids. Since many
properties of non-Newtonian fluids arise from microstructures, we assume that
the length scale of the flow field is greater than that of its microstructures.
Given this continuum hypothesis, one can derive the equations representing
the conservation of mass, momentum and energy. Since we will only consider
isothermal fluid flow, the balance of energy can be omitted. The other two
equations are given in terms of Eulerian-coordinates by

Mass: %g + div (pu) =0, (1.1)
0 : .
Momentum: a(gu) — divo + div (pu ® u) = of, (1.2)

where o is the density, u the velocity field and f represents external forces.
The “total stress tensor” o describes the change of momentum by virtue of
molecular motions and interactions within the fluid and thus will be important
for the description of the nature of the fluid. The dyadic product is defined by
(u®u); ; = u;uj. The equations are to be understood row-wise.

So far, the system is valid for any isothermal fluid flow. We will now restrict
ourselves to incompressible flows, meaning that the density is constant in time
and space. Thus, equation (1.1) is equivalent to

divu = 0.

In this case, the total stress tensor o splits into the isotropic part w1 with the
thermodynamic pressure m and the deviatoric stress tensor 7:

oc=mnl+T.

With this, (1.2) can be written as

g%u— divr + odiv (u ®@ u) + Vr = of. (1.3)
Except for the incompressibility, we have not yet stated any properties of the
fluid itself. These can now be expressed by so-called “constitutive equations” or
“constitutive laws” for the stress tensor 7. Throughout this work, we assume,
that the stress tensor is symmetric.
In the case of Newtonian fluids, Stokes’ law

2
T=—puDu+ (gu— /i) (divu)l

has been established experimentally for many “ordinary fluids”. Here, Du =
% (Vu + (Vu)T) denotes the symmetric part of the velocity gradient which is
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also called rate-of-strain tensor in this context. The constant p is the dynamic
viscosity and & is the dilatational viscosity. Considering incompressible fluids,
this gives the well known diffusion term of the incompressible Navier-Stokes
equation

—divrt = —pAu.

In the last years, the development and analysis of coupled microscopic-
macroscopic models have been of special interest. In those models, the stress
tensor does not underly a simple macroscopic law, but is coupled to a micro-
scopic equation, which arises from the kinetic (often stochastic) theory for the
polymer molecules. One example is the Navier-Stokes-Fokker-Planck model for
dilute polymers (see [9]).

In industrial chemical engineering, a very important characteristic of non-
Newtonian fluids is the fact that they have a “shear-rate dependent” viscosity.
This means, their viscosity increases or decreases noticeably as the shear rate
increases. We then call the fluid shear-thickening or shear-thinning, respectively.

So called generalized Newtonian constitutive equations incorporate these
effects in a simple way. They are derived as small modifications to the New-
tonian constitutive equations. However, they are not able to describe other
features of non-Newtonian fluids as, for instance, normal stress effects or any
time-dependent elastic effects.

The idea is to regard the viscosity as a function of the temperature, particle
concentration and the scalar invariants of the rate-of-strain tensor. In our case,
we omit the dependence on temperature and let the particulate concentration
be a material constant. If the fluid is incompressible, the viscosity depends only
on the second invariant of the rate-of-strain tensor, which is the “shear-rate”
|Dul|. The constitutive law for generalized Newtonian fluids then reads

7 = p(|Du])Du.

The popular power-law model is included in this type of constitutive laws.
This is a two-parameter model, where the viscosity is of the form

(| Dul) = pro| Duf 2.

This expression can reliably describe the viscosity of many non-Newtonian fluids
in the cases interesting for industrial chemical engineers (see [13, Chapter4.b]).
The parameter p is crucial for the characteristic behaviour of the fluid. If p < 2,
the fluid appears shear-thinning, for p > 2, it is shear-thickening. The case
p = 2 results in the linear relation of a Newtonian fluid.

Another example of a generalized Newtonian fluid is the slightly more com-
plex Carreau-Yasuda model. This model can describe the transition between the
zero-strain-rate region and the power-law region of a fluid (see [13, Chapter4.a]).
The constitutive relation of this model is given by

(| Dul) = po(1 + [Duf?) =272,

1.2 Mathematical formulation

To develop the system of equations that we will consider in this work, we divide
(1.3) by o and relabel 7/p by S and /9 again by m. We describe the motion of
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an isothermal, incompressible generalized Newtonian fluid in a domain Q C R?,
d € {2,3}, and a time interval [0, T] by the initial-boundary value problem

Ou — divS(Du) + div(u®@u) + Vo= f  inQx(0,T), (1.4)
divu =0, (1.5)

u=0 ondNx(0,T), (1.6)

u(-,0) =wuo in Q, (1.7)

where u = (ui(x,t),...,uq(z,t)) is the velocity field with the prescribed initial
velocity ug = ug(x) with divug = 0. We denote by m = 7(x,t) the pressure of
the system, by f = (fi(x,t),..., fa(x,t)) the external force per unit mass and
by S = (S;(z, Du))fl’j:1 the symmetric deviatoric stress tensor.

We assume that S : Q x R — R (x,2) — S(x, 2) is measurable in z,
continuous in z and fulfils the following growth condition:
There exists a constant ¢ > 0 such that for any z € ngxnﬁl holds

1S(2)] < e(1+ |27 (1.8)

Furthermore, the stress should be strictly monotone, i.e. for every y,z €
RExd 4 o » Tholds

Sym

(8(2) = S(y) : (z—y) >0, (1.9)

and p-coercive, which means that there is a constant ¢y > 0 such that for any
z € ngxnﬁl we have

S(z) 1 z > éolz|P. (1.10)

Here, y: 2z = Z?jzl Yij2i; denotes the inner product in Réx4,
A function S of this kind incorporates all power-law models and models of
the Carreau-Yasuda-type described above.

Remark 1.1. Note, that we do not incorporate time-dependence in the viscos-
ity term S. In this way, we avoid some technical difficulties and unnecessary
complexity. We are confident that the results in this work hold also true in the
time-dependent case.

1.3 State of the art

A comprehensive view on the mathematical theory for the Navier-Stokes sys-
tem, which can be seen as the special case p = 2, can be found in Ladyzhen-
skaya [38], Lions [41], Temam [62], Sohr [60] and Galdi [33]. Concerning time-
discretizations for the Navier-Stokes system, we refer to Marion/Temam [46],
Girault/Raviart [35] and again Temam [62] for the implicit Euler-scheme and to
Emmrich [24] for the BDF(2) method (two step backward difference formula).
An overview over new achievements in the theory of the Navier-Stokes equations
can be found in Temam [63].

The Oldroyd model for viscoelastic fluids (see Oldroyd [48]) has been studied
in e.g. Ferndndez-Cara/Guillén/Ortega [30], Renardy [52] and Lions/Masmoudi
[43]. Some recent work has been done on coupled microscopic-macroscopic mul-
tiscale models for dilute polymeric fluids, see Barret/Knezevic/Siili [9], Keunings
[37] or Renardy [51] and the references cited therein.
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Analysis of compressible models and incompressible limits are studied e.g.
in Lions/Masmoudi [42], Feireisl [28] and Feireisl/Novotny [29].

The mathematical analysis of the model (1.4)-(1.7) with the conditions (1.8),
(1.9) and (1.10) was initiated by Ladyzhenskaya [38, 39] and Lions [41]. They
proved the existence of weak solutions for the space periodic and Dirichlet-
boundary problem combining the theory of monotone operators and compact-
ness arguments for

2d

>14 —
b= +d+T

(1.11)
where d € {2,3} is the spatial dimension. In the case d = 3, this means p > %
and especially the Newtonian case p = 2 is not covered. The case p < 2 has
many applications (see [44, Examples 1.78, 1.80, 1.83]) and is not covered even
in two space dimensions.

Results on measure-valued solutions in the case

2d

for the space periodic as well as Dirichlet-boundary problems have been pre-
sented in Malek/Necas/Rokyta/Ruzicka [44].

Just recently, the existence of weak solutions for p > 2% for the Dirichlet-
boundary problem has been proven in Wolf [67] using an approximation of the
convection term and a L°°-truncation technique. This result could be gener-
alized to the case (1.12) by Diening/Ruzicka/Wolf in [22] employing the same
approximation as in [67] and then using a parabolic Lipschitz truncation tech-
nique. We will discuss this approach in Chapter 4.

The Lipschitz truncation technique for Sobolev-functions have already been
successfully employed before in different contexts, see e.g. Acerbi/Fusco [1],
Landes [40], and in the context of generalized Newtonian fluids for the station-
ary case in Frehse/M4dlek/Steinhauer [31] and Diening/Maélek/Steinhauer [19].
We will give a short presentation of the application of the stationary Lipschitz
truncation to our problem in Chapter 7.

Another approximation approach is introduced by Zhikov [69]. In this arti-
cle, the approximation is done in the diffusion term rather than in the convection
term. Introducing the approximation on the diffusion term A, and the corre-
sponding approximate solution u., the weak solvability of (1.4)-(1.7) is shown
by means of a convergence result for the measure A, - Vu. dx dt. The limit of
this measure is splitted into an absolute continuous part with some density func-
tion a and a singular part. Studying the density a finally yields the existence
of a weak solution for the same range of parameters

<d+ 4 +2d(d + 2) 3d>
p > max )

d+2 "d+2

that we will encounter in our proof.

A temporal semi-discretization with a fully- as well as semi-implicit BDF(2)
method has been studied in Emmrich [26]. There, the convergence of a piecewise
polynomial prolongation of the discrete solution towards an exact solution is
shown for the case (1.11). This is, in fact, the method of proof, we will be
considering in this work.
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Based on the approximation in [67], a full discretization of (1.4)-(1.7) has re-
cently been analysed in Carelli/Haehnle/Prohl [18] employing an implicit Euler
scheme in time coupled with an implicit finite element discretization in space.
For solving the discrete problem, a fixed point scheme is proposed.

In the context of strong solutions, error estimates for fully- as well as semi-
implicit Euler schemes coupled with a finite element approximation have been in-
vestigated in Prohl/Ruzi¢ka [50], Diening/Prohl/Ruzi¢ka [20] and more recently
in Berselli/Diening/Ruzicka [12]. The existence of strong solutions for arbitrary
data in the case (1.11) is assured by the results in Mélek/Necas/Ruzicka [45]
and in Bellout/Bloom/Necas [11].

1.4 Outline and aim of this work

This work is organized as follows. In Chapter 2 we introduce the basic nota-
tion and function spaces as well as some basic results such as the Lions-Aubin
compactness lemma and Poincaré-type inequalities. The following chapter is
dedicated to the definition and analysis of the relevant operators that we will
encounter. Furthermore, the weak formulation of the system (1.4)—(1.7) is stated
and an equivalent operator differential equation is derived. In Chapter 4, we
present the ideas of Wolf [67] and introduce an approximation of the convection
term. We prove the solvability of the approximate system and give an outline
of the proof of convergence towards a solution of the original system. Following
the steps in Diening/Ruzicka/Wolf [22], we reconstruct pressure functions which
vanished in the weak formulation of (1.4)-(1.7) in Chapter 5. This provides a
representation of our problem in which we can test with any (sufficiently smooth)
not necessarily solenoidal function. In Chapter 6, we establish a Lipschitz trun-
cation method for functions of fractional order in time, i.e. belonging to some
Sobolev-Slobodeckii space, similar to the one in Diening/Ruzicka/Wolf [22]. We
then investigate the corresponding stationary problem and present an adapta-
tion of the proof of existence by Diening/M4lek/Steinhauer [19]. With this
result, we are able to introduce a well-defined temporal semi-discretization ap-
plying an implicit Euler-scheme in Chapter 8. After deriving suitable a priori
estimates, we show the convergence of polynomial prolongations of the discrete
solutions towards a weak solution of (1.4)-(1.7). In the course of this, we apply
the results on the Lipschitz truncation and the pressure representation in order
to obtain almost everywhere convergence of the gradients, which replaces the
use of Minty’s monotonicity trick as in [26].

The aim of this work is twofold. On the one hand, we provide an alternative
prove of existence of weak solutions to the system (1.4)-(1.7). The condition on
the parameter p required for this proof is

(d—i— 2 +2d(d + 2) 3d>
p > max )

d+2 "d+2

which covers the interesting case p < 2 in dimension d € {2, 3}.

On the other hand, we show the convergence of a numerical approximation
in time. For a full discretization, we need to combine this implicit Euler-scheme
with an appropriate discretization in space. One can expect, that the methods
applied here will carry over to suitable full discretizations.
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Our method of proof is sometimes called Rothe method (see e.g. [53, Sec-
tion 8.2]). We construct piecewise constant and piecewise linear functions from
the discrete (stationary) solutions approximating an exact solution. With the
help of a priori estimates and compactness arguments, the convergence of each
term in the weak formulation can be shown.

New in this context is the adaptation of the Lipschitz truncation method
introduced in Diening/Ruzicka/Wolf [22] to functions with fractional order reg-
ularity in time and the application of this technique to the Rothe method.
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2

Function spaces and preliminaries

Before we start looking at the equation itself, let us introduce some of the
relevant function spaces. Let © C R? be a bounded domain with Lipschitz
boundary and let (0,T) be the considered time interval. As usual, we denote by
C§°(9) the space of real-valued functions that have derivatives of all orders and
compact support in 2. Here and in what follows, ¢ denotes a generic positive
constant that can change from line to line.

2.1 Lebesgue and Sobolev spaces

Real-valued functions We denote by L°(Q2), 1 < s < oo, the Lebesgue
space of (equivalence classes of) real-valued functions with s-th power absolutely
integrable over (). This is a Banach space with the norm

1/s
ey = ( / |u<z>|8dz> .

In the case s = oo, we consider the space of essentially bounded functions and
the norm

||U||LOO(Q) = esssup |u(z)].
T€EN

In the special case s = 2, L?(Q) is a Hilbert space with the inner product

(u,v) = /Q u(z)v(z)de.

The d-dimensional Lebesgue-measure will be denoted by p4. For a Lebesgue-
measurable set A and a function g € L () (absolutely integrable on any
compact subset of §2) we write

9= f 9(a)ds = ﬁ/Ag(x)dz

for the integral mean of g on A.

The Sobolev spaces W*#(Q), k € N, s € [1,00), contain real-valued functions
for which the weak derivatives of order up to k exist and belong to L*(€2). With
the usual notation for multiindices o € N% we consider the norm

1/s
lullwrs@ = | Y 1Dl

la| <k

129

17
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Equipped with this norm, W*#(Q) is a Banach space. In the case s = co, we
consider the norm
”U”W’“’w((z) = g&)}i HDauHL“’(Q)-

As before, s = 2 gives a Hilbert space equipped with the inner product

(w, )k = Z (D%u, D%v).

la| <k

We will consider Dirichlet-boundary conditions and thus deal with functions
vanishing on the boundary. We define the space W,**(Q) as the closure of
Cs°(Q) in WHs(Q). If Q is bounded, one can show that

1/s
||u||W01'S(Q) = Z HDQUHis(Q)
la|=1
defines an equivalent norm to || - ||W01,S(Q). Introducing the trace operator g :

Wks(Q)d — L*(09Q) giving the restriction of a function on the boundary 052,
one finds the convenient representation

Wy (Q) = {v e Wh*(Q) : yov =0},

see [3, Theorem 7.55] or [47, Chapter 2, Theorem 4.10].

R?- and R%*?-valued functions In the setting of fluid flows, we shall often
be concerned with R%-valued functions.

We denote by a - b = 2?21 a;b; the usual inner product in R? and with
A:B= Zijzl A;;B;j the one in R4*4,

Elements of the spaces L*(Q2)? and W** ()4 are d-dimensional vector-valued
functions with components in the respective Sobolev or Lebesgue spaces defined
above. We impose a usual product norm on the product space. Hence, we
receive, for instance, the norm

d 1/s
[ullzs(0ye = <Z |Ui||is(sz)> )
i=1

which can also be written as

1/s
oy = ( / |u<x>|8ds)

d 1/s
with the norm |u(z)| = (Zi:l |uz(x)|5) on R

Analogously one defines the Lebesgue and Sobolev spaces for
functions.
Considering k = 1, we have especially

R¥*4_yalued

e
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and

d 1/s
HUHW&’S(Q)d = <Z |vui|SLS(Q)> = ||VUHLS(Q)dxd

i=1

where Vu is defined row-wise. The reader is referred to [3] for a more detailed
view on the theory of Sobolev spaces.

2.2 Solenoidal function spaces

Since we will mostly deal with solenoidal (i.e. divergence-free) functions, we
define the space of smooth solenoidal functions with compact support in 2 by

V={velr)!: dive=0}.

We denote by H,(2) and V4(Q) the closure of V with respect to the L*(Q)%-
norm and the VVO1 *(Q)%-norm, respectively. In view of readability, we may omit
the declaration of the domain, if the context is clear. The norms of H, and Vj
shall be denoted with |- ||y, = ||- ||W01,S(Q)d and |- ||z, = || ||+ ()¢, respectively.
Since the Hilbert space Hy plays a special role, we may write H = Ho.

One can show, that the spaces Hg and V; can be characterized without using
the closure of V. For Lipschitz-domains € it is

Vs = {v e W, () : dive = O},
Hy={ue L*(Q)*: divo = 0,v,v =0} . (2.1)

In the case of H,, the divergence is to be understood in the weak sense. The
operator vy, is the trace operator for L*-functions on 2 giving the trace of v in
the normal direction. For more details, see [62, Theorem 1.4, Theorem 1.6] or
[33, Paragraph II1.4.1, p. 143, Paragraph II1.2, pp. 113ff.].

By virtue of the Sobolev embedding theorems (c.f. [3, Theorem 5.4] or [27,

Theorem 5.6.3]), V,, H and the dual space V) form a Gelfand triple with compact

2d

i3 We denote the conjugated exponent by

embeddings, if we assume p >

/I _P
P =75

2.3 Abstract function spaces for time-dependent functions

Let (X, - ||x) be a Banach space, T € (0,00). By L*(0,7;X), 1 < s < oo we
denote the space of Bochner-measurable functions « : (0,7) — X such that

1/s

T

[[ul| oo (0,7:x) = esssup [Ju(t)[ x < oo.
te(0,T)

[l

and respectively

For 1 < s < oo, we will usually identify the dual spaces L* (0,7T;X"') =
(L*(0, T X))
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Many problems become rather easy, if the time derivative of a function lies
in the dual space. As the natural space for solutions to evolution problems in
the variational setting, one often considers the space

W*(0,T) = {u € L*(0,T; Vi) :u’ € L* (0, T; VI)}

with the norm

lullw 0.7y = llullze v + 11l L 0,70y

However, we will mainly deal with weaker assumptions on our equation that
admit functions with time derivatives in larger spaces.

Lemma 2.1. Let s > d2_-g2' Then Vy < H < V] is a Gelfand triple and

W#(0,T) is a Banach space. Here, the symbol < means “compactly embedded
in”. Furthermore, every u € W*(0,T) is almost everywhere in (0,T) equal to a
continuous function on [0, T] with values in H and

w#(0,T) — C([0,T]; H).

The space C*=([0,T);V) lies dense in W*(0,T) and the rule of integration by
parts

/ ((v"(7), w(r)) + (v(7), w' (7)) dr = (v(t), w(t)) — (v(s),w(s))

holds for all0 < s <t <T and v,w € W*(0,T).

Proof. See [25, Theorem 8.4.1], [32, Chapter IV, Paragraph 1, Theorem 1.17] or
[53, Lemma 7.3]. O

This rule of integration by parts is a crucial part in the proof of convergence
for the approximate solutions in Chapter 4. In particular, we make use of the
following corollary.

Corollary 2.2. For any uw € WP(0,T) there holds

1d

5 g7 [t = ('), u(®) (2.2)

in the weak sense and almost everywhere in (0,T).

Proof. See [53, Remark 7.5]. O

2.4 Nikolskii and Sobolev-Slobodeckii fractional spaces

We will work with piecewise constant functions taking values in Banach spaces to
approximate the solution to our problem. For the Lipschitz truncation theorem
(see Chapter 6) and also for some Poincaré inequalities (see Lemma 2.10), it
will be important that these functions are somehow regular in time.

One way to measure this regularity lies in the so called Nikolskii spaces.
It can be shown that piecewise constant functions on an equidistant time-grid
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belong to these spaces of order 1/¢ with Li-regularity. For 0 <o < 1,1 <¢ <
oo, we define the space

N70,T;X) = {v e LY 0,T; X) : |v|yrag1,x) < 00}

with

1/q
T—h
t+h)
[Vl a0, i) = €55 5up / lot+h) vl 4,

0<h<T 0 hoa

and for ¢ = oo

ess Sup;¢ o, 7—n) [V(t +h) —v(t)]|x
|v| oo (0,7, x) = €sSsup e .
0<h<T

Equipped with the norm

||U|\N0,Q(O,T;X) = HU”L’?(O,T;X) + |’U|N°x'J(O,T;X)

this is a Banach space.

Since these spaces are not very easy to handle in our applications, we intro-
duce another class of fractional order spaces. These are called fractional Sobolev
or Sobolev-Slobodeckii spaces. For 0 < o < 1, 1 < g < oo we define

W9(0,T; X) = {’U € LU0, T;X) : [vlwea,r;x) < OO}

() — o(s)]]! e
’U
[vlwe.ao,m5x) = </ / t—s|1+<7qu dt)

and for ¢ = o0

with

v(t) —v(s)||x
[v]we .o (0,7;x) = €sssup M
t,s€(0,T) |t - 5|
t#s

This is a Banach space if equipped with the norm

lvllweoao,:x) = [Vl Laco,m;x) + [V|we.a(o,r;x)-

If X is a Hilbert space and ¢ = 2, then W2(0,T; X) is a Hilbert space with
the inner product

(V,W)g2,x = (an)LQ(O,T;X) + (v, w)o,2,x

(v, W)o,2,x = / / 35?20_ w(s))x dt ds.

More about Sobolev-Slobodeckii spaces can be found in [3], [55], [59] and
[23].

A connection between Nikolskii and Sobolev-Slobodeckii spaces has been
studied in [59, Corollary 24]. There, it has been shown that the Nikolskii spaces
are continuously embedded in the Sobolev-Slobodeckii spaces, if the order is
slightly decreased.

for
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Lemma 2.3. Suppose @ > o and 1 < q < oco. Then
W40, T; X) — N790,T; X) — W0, T; X).

It turns out, that a fractional derivative in the above sense gives a sufficient
amount of information to obtain compactness results in LP-spaces. Indeed, there
is a result from Simon [58] which is a generalization of the famous Lions-Aubin
lemma (cf. Lemma 2.9) in such fractional spaces. Let us consider the following
special case:

2d

Lemma 2.4. For0<a<1,1§q§ooandp>d—+2,

the space
LP(0, T; WP ()4 n W0, T; L*(Q)4)
equipped with the norm
I Lo, swrw@yey + 1 - lweaqo,ms22(0)9)

is compactly embedded into L*(0,T; L*(Q)?) for all s < q/(1—0q). In particular,
we can always take s = q.

Proof. The proof is an application of [58, Corollary 2] with sg = 0, rg = p,
s=ocandr=gq. O

In fact, one can even achieve a compact embedding into fractional Sobolev
spaces instead of Lebesgue spaces. Again, we will only consider a special case
which will be of interest in this work.

Lemma 2.5. For1 <q<oo andp > %, the space
LP(0, T; WHP (@)% nW*9(0, T L*(Q)7)
equipped with the norm

I e mwre@e) + - lweao,rsn2@)4)
is compactly embedded into W9(0,T; L?(G)?) for all0 < 5 < 0.

Proof. The proof is a consequence of an embedding result of Amann [5, The-
orem 5.2]. There, we choose By = W1P(Q)4 Ey = L?(2)? and E some inter-
polation space with 6 sufficiently close to zero. Then we take n = 1, s9 = o,
po=4¢q, 51 =0,p1 =p, s=0 and p = ¢ to show the compact embedding into
W4(0,T; E). This works if

&< (1-0)o, a<(1—9)0+9(%—%)

which is true for 6 close enough to zero. The embedding E — L?(Q)¢ then
completes the proof. O

Remark 2.6. Note that the Sobolev-Slobodeckii and Nikolskii spaces (and even
Lebesgue and Holder spaces) may be captured in a larger scale of function spaces
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called Besov spaces B, , and Triebel-Lizorkin spaces F}; . Interesting for us are
the identities

WP = Fm, forl<p<oo, m=12,...,
WP =FJ, =B, , for 1 <p<oo, 0< s integer,
N*P =B% __.

;00

For a closer look on Besov, Triebel-Lizorkin spaces and other interpolation
spaces, we refer to [64] and [55].

2.5 Basic inequalities and functional analytic tools

Due to the discrepancy between the derivatives in the convection term and in
the diffusion term, one can work with two different norms of W, *(Q)%. In [22],
the authors use the norm

”DU”LP(Q)dXd

in contrast to the usual norm
HVUHLP(Q)'iX'ia

that we will utilize. By Korn’s well-known first inequality (see [44, Theo-

rem 1.10, p. 196]) these two norms are equivalent on Wy ? ()%

Lemma 2.7. There is a constant ¢y > 0 such that
V][ Lo (@yixa < c1 | D]l poqyixa

for all v € WyP()7.

It is often useful to interpolate between Lebesgue spaces. Especially when
working with the convection term, we will employ the following interpolatory
inequality.

Lemma 2.8. Let 1 < ¢ <p<oo and v € LP(Q)?. Then for 9 € [0,1]

-9
ol @ya < I0llZo@yellvl Laeye (2.3)

19, 1-9
hOldS ng = E + T
Proof. This inequality directly follows from the Hélder’s inequality with |v]® =

|v|”95|v|5(1*19). 0

We will conclude this section with the well-known Lions-Aubin compactness
lemma (see for example [41, Chapter 1, Theorem 5.1, p. 58], [25, Theorem
8.1.12] [56, Proposition I11.2.1.2], [54, Lemma 3.74] or for generalized versions
[53, Section 7.3]).

Lemma 2.9. Let X1, Xo and X_1 be Banach spaces and let X1, X_1 be reflex-
we. If X1 N Xo — X_q, then for 1 <r,s < oo, the Banach space

{veL"(0,T;X;):v" € L*(0,T; X_1)}
imposed with the norm

lvllzr0,7:x0) + 1Vl s 0,75x 1)

is compactly embedded into L"(0,T; Xo).



24 Chapter 2. Function spaces and preliminaries

2.6 Critical exponents

At this point, we should make some remarks on possible values of the parameter
p. As mentioned above, the assumption

2d

P> 0 24

is needed for the embedding V,, <%, H. For smaller p, the variational approach
does not make sense and particularly the convection term u®w is not integrable,
see Example 3.7.

In order to derive suitable a priori estimates for a steady state approximate
solution, one usually tests the weak formulation of the problem with the ap-
proximate solution itself. For us in particular, this means to evaluate the term

/u@u:Vudz
Q

for u € V,. Since Vu € LP(2)?*¢ we have to ensure that u ® u belongs to
L7 (Q)%%4_ This is true for u € L2’ (Q)%. The required exponent for this is

o 3d
p—d+2

In the time-dependent case, one has to consider a suitable representation of

the convection term, i.e.
T
/ /u@u:chd:cdt.
0o JQ

One of the important techniques to show existence of solutions is the “decisive
monotonicity trick” or “Minty’s trick”. In the original version of this method,
one has to ensure that the convection term with ¢ = u is well-defined. As we
will only be able to show v € L>(0,T;H) N L?(0,T;V,), we need additional
assumptions on p to employ this technique. By parabolic interpolation (see
Lemma 3.8) one can show u € L%'(0,T; L% (Q)) for

> 1 _
P=lt 9

The Lipschitz truncation method, that will be employed in this work, deliv-
ers an alternative to the usual decisive monotonicity trick without using this
assumption.

2.7 Poincaré inequalities

One advantage of the Sobolev-Slobodeckii space is, that one can rather easily
derive Poincaré-type inequalities. Note here, that the exponent of the constant
in front of the right-hand side equals the order of the space.

Lemma 2.10. Let (X,| - |[x) be a Banach space and let w € W1(a,b; X).
Then

b
[ 10 = el dt < (0= a)ubwes gy
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Proof. There holds

b b
[ 1) = walxat = |
a a X
1 b b
lu(t) — uls)llx 4o
|b _ a| / / |t S|1+U | - 5| ds dt
1+o’ HU s)||x
| / / |t75|1+‘7 ds dt

|
( ) |u|WU’1(a,b;X)'

dt

s)ds

|b—al

O
This result can be extended to a Poincaré-type inequality in space and time.

Lemma 2.11. Fora < b € R and B, C R? a Euklidean ball with radius r, let
u € LY(a,b; WHY(B,)) N WL(a,b; LY(B,)?). Then for Q = B, x (a,b) holds

/Q|U(9Uat)—ucz|d($»t) <ecr||Vullpiaprs,)axay + (0 —a)? [ulwor (ap01(B,)4),

where ¢ only depends on the dimension d.

Proof. Let us start by inserting up, (t) = fBT u(y,t)dy. This gives

[ ute.0) - uold(e.t) < [ fulet) ~us, (0 dGet) + [ Jus, ()~ uod(a.).
Q Q Q

Then we write for the first integral

/Qlu@t) —up, (t)| d(z,t) = /ab /B lu(z,t) — up, (t)| dz dt

and use the usual Poincaré inequality (see for example [27, Section 5.8.1, The-
orem 2]) to bound this term by

b
T/ / |Vu(z,t)[dz dt = cr ||Vullp1qp01 (B, )4xa)-
a B,

We note, that the integrand of the second integral does not depend on z.
Thus the spatial integral gives a factor uq(B;). We then find

(4hmxﬂ—umd@¢)=ud&0Lbiﬁw%ﬂdy—iaihw%ﬂdym

b
g/ é|w%w—ummwmym

b
< / H“(t) - u[a,b]”Ll(BT)d de.

dt
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The Poincaré inequality in time (see Lemma 2.10) then yields
/Q lup, (t) — ug|d(z,t) < (b—a)?|ulwor(abLi(B,))-

This finishes the proof. [l



3

Weak formulation and
operator differential equation

Let p > dQ—fQ and T € (0, 00) throughout this chapter.

Before we state the weak formulation of (1.4)-(1.7), let us make a remark
about the space Cy, ([0, T']; X) of demicontinuous abstract functions taking values
in a Banach space X (see for example [53, Definition 2.3] for a definition of
demicontinuity).

Lemma 3.1. Let X, Y be Banach spaces with X — Y and let X be refiexive.
Then from
v € L¥(0,T; X) N Cu([0,T); V)

follows

v € Cyw([0,T]; X).

In particular, if a function v € L*°(0,T; H) possesses a weak derivative v' €
L7 (0,T;V/) for some % <r < oo, then v € Cy([0,T]; H).

Proof. A proof of the first part can be found in [24, Lemma A 2.1].
For the second part, we consider

ve L=(0,T; H) — L (0,T;V}),
v e L7 (0,T; V)
and by [24, Remark A 1.5] we then have
v e C([0, T V) € Cu([0, T]; V).
Application of the first part gives
v € Cyw([0,T]; H).
([l
To derive the weak formulation of the system (1.4)-(1.7), one multiplies
(1.4) by a function ¢ € V and integrates over the domain Q. With application
of the rule of integration by parts, the pressure term V7 vanishes because ¢ is

solenoidal (see [62, Paragraph 1, Section 1.4]). Equations (1.5) and (1.6) are
contained in the formulation of the spaces V,, and H.

27
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Looking at the diffusion term, we note that for an arbitrary R?*?-valued
function A = A(z) and smooth ¢ holds

—/(divA)-godx :/AT:Vgodx.
) Q

Thus the symmetry of the stress tensor implies

—/Q(divS(Du))-godac :/QS(Du):wdx :/QS(Du):Dcpdx.

The weak formulation of (1.4)-(1.7) then is as follows.
Definition 3.2. Let Q@ = Q x (0,T), f € Lp/(O,T; (Wol’p(G)d)’) and ug €
H. Suppose, that S = S(z, z) is a Carathéodory-function satisfying the growth

condition (1.8). A Re-valued function u € Cy,([0,T); H) N LP(0,T;V,) is called
a weak solution to (1.4)-(1.7), iff u(0) = uo in H and

—/ u-¢' d(z,t) +/ S(Du) : Dpd(z,t) +/ u®u: Veod(z,t) = (f,¢) (3.1)
Q Q Q

holds for every ¢ € C§°(0,T;V).

3.1 Diffusion term

With the diffusion term appearing in equation (3.1), we associate the nonlinear
operator

A:V,—V, with (Av,w):/S(Dv):Dwdx.
Q

Lemma 3.3. Let S = S(x, z) be a Carathéodory function satisfying assumptions
(1.8), (1.9) and (1.10). Then the nonlinear operator A : 'V, — V. associated
with it is strictly monotone, hemicontinuous', p-coercive and fulfils a growth
condition, such that there are constants c,co > 0 with

(Av,v) > collvllY,,  [Avllv; < e(1+ [vlly, )P~ (3.2)
holds for all v € V.
Via (Au)(t) = A(u(t)) this operator A : V, — V. extends to a strictly
monotone, hemicontinuous, coercive operator

A LP(0,T5V,) — LY (0,75 Vy),

that fulfils a growth condition, such that for any v € LP(0,T;V),) there are
constants c,co > 0 with

(Av,v) = collvllToo v,y 1AVILe 01y < e+ ol e o,75v,) P

1See [53, Definition 2.3] for a definition of hemicontinuity.
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Proof. The operator A : V,, — V is well-defined, since with Holder’s inequality,
Korn’s inequality and the growth condition (1.8) we have for any v, w € V},

[{Av, w)| S/ |S(Dv) : Dw|dx
Q
, 1/p’
< (/ﬂ |S(Dv)|P dx) ||Dw||Lp(Q)d><d

1/p
<([arpira) afly,
Q
-1
< e[+ 1DV oyl
< e+ ol el

This also shows the growth condition for A.
The monotonicity of A directly follows from the monotonicity of S (see (1.9)).
For arbitrary v,w € Vj,, v # w, we calculate

(Av — Aw,v —w) = / (S(Dv) — S(Dw)) : (Dv — Dw)dz > 0.
Q
From (1.10) directly follows the coercivity of A. Let v € V, be arbitrary, then
(Av, v) = / S(Dv) : Dvdz > / G| DolP dz < coes o],
Q Q ?

holds and we write ¢y = ¢yey.
It remains to show the hemicontinuity of A. For this purpose, we consider
u,v,w € V, and 7 € [0, 1] and employ Hélder’s inequality to calculate

[{(A(u + Tv), w) — (Au, w)]

< / |S(D(u+ 71v)) : Dw — S(Du) : Dw|dz
Q

< /Q(S(D(u + 7v) — S(Du)) : Dw|dx
, 1/p’
< ( ; [S(D(u+ 1v)) — S(Du)? dz> | Dw|| pr(0yaxa-

Now (1.8) provides an integrable majorant function, which together with the
continuity of S makes it possible to apply Lebesgue’s theorem of dominated
convergence and show the convergence of

/Q 1S(D(u+ 7v)) — S(Du)|” dz .

This implies, that A maps Bochner-measurable functions  : (0,T) — V,,
into Bochner-measurable functions Aw : (0,7) — V.

The second part of the proof is standard (see for exmample [68, Theorem
30.A]). O

For simplicity, we will always write Au(t) instead of (Au)(¢).
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3.2 Convection term

3.2.1 Definition of the trilinear form b

Let us consider for any smooth functions u, v, w the trilinear form
b(u, v, w) = —/ u®uv: Vwdx.
Q

Lemma 3.4. Let u,w € C5°(Q)¢ and v € V. Then
b(u, v, w) = —b(w, v, u)

and in particular b(v,v,v) = 0.

Proof. We start by employing the product rule to show

d
b(u, v, w) = —/ Z u;v;05w; da
Q.

4,J=1

d
= —/ Z 0; (uivjwi) + (ajui)vjwi + ui(ajvj)wi dz
Q.

inj=1
d d d
= —/ E div (v uw;) + E w;v;0u; + g w; div o w; do
Q-1 ij=1 i=1

Employing the Gauf3-Green divergence theorem and v € V yields
b(u, v, w) = —/ venu-wdr —b(w,v,u) = —blw,v,u),
o0

where 7 is the outward normal on the boundary of Q. (|

Lemma 3.5. Let 1 < o,8,7 < co. For smooth u,v,w, the trilinear form b
satisfies the estimates

[b(u, v, w)| < ellufl vl lwllv.

foré—i—%:%and

T
b(v, v, w)| < ¢ |vlla,,, ]y,

Proof. The inequality follows by application of Holder’s inequality. O

Remark 3.6. Lemma 3.5 implies, that the trilinear form b can be uniquely ex-
tended to a bounded trilinear form

b:Hy,x HgxV, —R.

Then the results of Lemma 3.4 hold also true for v € H,, v € Hg and w € V.
In particular for u € V;. N Hy,v, we have

b(u, u,u) = 0.

For u € V,,, this is certainly true, if p > 3d/(d + 2) as then V), < Hayy.
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3.2.2 Counter example

A simple example can show that in general, the expression b(u,u,u) is not
well-defined for p < 3d/(d + 2).

Example 3.7. Let us consider the domain Q = {(z,y)T € R?: /222 +y2 < 1}
and the function u : Q — R? defined through
a—1
Y
—2z )

()= C-1CTIDICT)

This function vanishes on the boundary of Q and has a singularity of order
a < 0 in the origin. Without the factor 2, the example would be trivial, since
then the convective term would vanish pointwise. For better readability, let us
write R = /222 + y2. One easily calculates the partial derivatives

Oyt <”y”) = 22y R*% + 22y (a — 1)(1 — R)R*3

D1 <Z> =’ R 24+ ¢y*(a-1)(1-RR* 3+ (1 - RR>!

Oy in (z) =42° R*? —42® (a—1)(1 = R)R* ™3 - 2(1 — R)R*~!

Oyua (z) =22y R*™% — 2zy (a — 1)(1 — R)R*3.

We see, that divu = 0 and u € W, P(Q)? if the gradient belongs to LP(Q)?*¢,
which is true, basically, if R*~! € LP(f2). Since Q C R?, we have to assume

2
pla—-1)>-2sa>—-—-+1
p

for this to hold.
The convection term for this function reads

/ u@u: Vud(z,y) = / —2xy(1 — R*R***d(z,y) .
Q Q

We substitute & = v/2z and receive, again writing « instead of Z,

/B ) —ay(1— Va2 + ) (Va2 +y2)* P d(a,y)

Splitting this integral into positive and negative parts I, I_ yields after chang-
ing to polar coordinates and applying Fubini’s theorem

T 1
I, = / / —rrcos(p) rsin(p) (1 — r)3r3* =3 dr dyp
= Jo
’ 2w 1
+/ / —rrcos(¢) rsin(p)(1 — r3r3e =3 dr dop
= Jo
u 1
= f/ cos(¢) sin(gp)/ (1 —7)3r3*dr dp
0

_ / 7 cos(p)sin(g) /0 e dr g



32 Chapter 3. Weak formulation and operator differential equation

and analogously

z 1
I_ = —/ cos(p) sin(go)/ (1- r)3r30‘ dr dp
0 0
3

_ /f cos(ip) sin(y) /01(1 — ) dr dg.

By the definition of the Lebesgue-integral, this is only well-defined, if both parts
I_ and I, are finite. Thus, there will be problems for

Ja< -1 a< 71.
3
This means, that we can find a counter example, if there is an a such that
2 1
—+l<as—3
P 3
which is possible for p < 3/2 = 3d/(d + 2).

3.2.3 Parabolic interpolation

Before we define the operator corresponding to the convection term in (3.1),
we remark, that the Rellich-Kondrachov theorem (c.f. [3, Theorem 6.2] or [27,
Section 5.7, Theorem 1]) states

WEP(Q) — L3(Q), for 1 < s < dﬂ

-p

for p < d. In particular, the embedding is compact if s < dp—_dp. Our assumption

p > dQ—fQ immediately implies 2 < dp—_dp. Thus, for any number 2 < 2r’ < dedP,
we know ,
WyP(Q) < L (). (3.3)

For p > d the space WO1 P(Q) is compactly embedded into the space of
continuous functions and thus also into every L*(2) for 1 < s < oo.

Let us now determine a suitable number 1 < 7’ < 2(5—27). For this, we
consider the following parabolic interpolation result:

Lemma 3.8. Let {u,}yen C L(0,T; H)NLP(0,T;V,) be a bounded sequence.

The embedding L>°(0,T; H)N LP(0,T;V,) — i 0,T; de_:z) holds with
parabolic interpolation and we have

_d_ 2
N 1 = O [ (3.9
P

for everyv € L>(0,T; H)NLP(0,T;V,). Thus, the sequence {u, },en is bounded
in LM% (0,75 H,yas2 ).

Further, if there is a function w € L*(0,T; H)NL?(0,T;V},) such that v, —
w in L*(0,T; H) as v tends to infinity, then

’
u, —u in L*"(0,T; Hop) as v — 00,

/ d+2
Jor 1 <r' <pSF.
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Proof. Let {u,},eny and u be as in the assumptions of the lemma. With (3.3)
and p > dQ—fQ, we can use the interpolatory inequality (2.3) for almost every
€ (0,7):
[ () = w(@®) ., < Nl (8) = w@)IF , Nlw(t) = w@®)]5”
d—p

< elluy () = ()Y, lun (t) = w(®)l 3
for ¥ € [0, 1] and

1L _dd-p) 1=V
27’ pd 2

Choosing
d

T d+2

implies p = 2r'd and 21’ = p942. In this case, we have

T
o =y = [ Tl) = O,
T 27’ (1-19)
< [ ) = w0 ) 5 a

2r'(1—1
< et = ullo iy 1w = w5y

and hence boundedness in LP% (0 T:H d+2). The interpolation inequality is

analogous.
We further want to show convergence and this means choosing
d
Y < —,
d+2

which results in 449
p>2r'Y9 and 2r <p%

Then we apply Holder’s inequality with ¢ = p/(2r'1) to estimate

T
’
o =,y = [ ) = (O], 4

< [ ) = w0 ) 5 a

9 2r' (1—9)q"
< Ml = ullZo vy 1w =l 25 0y

Since u, — w in L?(0,T; H) and {u, },en is bounded in L>(0,T; H), we know
uy, —w in L°(0,T; H)

for any s € [1,00), especially for s = 2r/(1 — )¢’. Thus, the boundedness of
{uy }ven in LP(0,T;V,) implies that

4 2r'(1—19
ety =l o s,y < i = ullZnto vy luw = all 358500 0 oy

converges to zero as v tends to infinity. |
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3.2.4 Definition of the operator B

Let us now fix such a number 1 < v’ < pd+2.

throughout this article. We define the operator

This number will stay fixed

B: Hy — V., (Bv,w)="b(v,v,w) = / v®v: Vwdz (3.5)
Q
representing the convection term in the weak formulation (3.1). If
>14——:7 2d
P d+2’

we will always choose » = p. In any other case, it is r > p.

Lemma 3.9. Assuming (2.4), the operator B as a mapping of Hay into V. is
well-defined, bounded and continuous. There is a constant ¢ > 0 such that

IBullv; < cllvld,, - (3.6)
Via (Bv)(t) = B(v(t)) this operator extends to a bounded continuous opera-
tor
B: L*'(0,T; Hy) — L™ (0,T; V)
fulfilling the growth estimate
HBUHL“(O,T;VT’) <c ||U|‘izr'(07T;H2T,)-

Proof. Using Holder’s inequality, we find for arbitrary v € Ha,» and w € V,,

|<Bv,w>|§/|v®v:Vw|dz
Q

, 1/r' 1/r
S(/ lv®v|" dx) (/ |V’LU|Td$)
Q Q
, 1/r
<([peras) ol
Q

< [l llwllv,.

Hence, B is well-defined, bounded and fulfils the growth condition (3.6).
Let {v, }ven C Hapr, v € Hopr such that [|v, —v||n,,, — 0 for v — oco. Then
with Holder’s inequality, it is easy to show

1Bu, — Bullv; < lvw ® v, — v © vl o gpaa-

With the definition of the dyadic product we estimate pointwise

vy @ v, —v@v]” = > [(W)i(v); — viv]”
i=1
d
T T, T, T/
Z vy)j = vsl" A sl [(vn)i — vil
=1
d

Z vy) ITZIUV —vJIT+Z|vJ| ZIvu —uil”

=c ("o *vl ol o, ol ),
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where (v, ); denotes the i-th component of the vector v, (z,t) € R% The decla-
ration of the point (z,t) has been omitted in favour of better readability.
Thus, employing Holder’s inequality yields

vy @ vy —v® UHLT’(Q)dXUl

1/r'
<c (/ [vp|™ vy, — 0" + |v]" v, — " dx>
Q
) 1/2 ) 1/2
<c (/ v, |2 dx) (/ lv, — v|*" dx)
Q Q
, 1/2 , 1/2
+ec (/ o[> dx) (/ v, — o> dx)
Q Q

+ ol llvw = vlla,,,)-

1/r
1/r’

= c(llvullz,,. llvw = v]la

2r/

This implies the continuity of B : How — V..

Let v = v(t), v € L¥(0,T; Ha,), then Bv : (0,T) — V! is Bochner-
measurable by virtue of the continuity of the operator B : Ha,w — V. The
boundedness and the growth estimate follow easily from the results above. The
continuity can be shown analogously to above. O

For simplicity, we will always write Bu(t) instead of (Bu)(t).

Remark 3.10. With the compact embedding V), N Hs,: for p > dQ—fQ, we can

regard B also as a strongly continuous operator mapping V), into V.

Remark 3.11. The condition r’ < p% is only necessary for the time-dependent

case. If one is only interested in the stationary case, the suitable condition is
pd

r < 3(dp) s then (3.3) holds. The results for the stationary case in Lemma 3.9

then still hold true.

3.3 Operator differential equation

With the above definitions, we can bring (3.1) in a convenient operator-for-
mulation. However, we first rewrite Definition 3.1 in terms of the newly defined
operators. Equation (3.1) is equivalent to

—(u, @) + (Au, @) + (Bu, o) = (f,¢), € C5°(0,T; V). (3.7)

d

The dense embedding V — V,. implies, that the distributional time derivative

of u belongs to L" (0,7T;V,) and that the equation (3.7) is equivalent to the
operator differential equation

W' 4+ Au+Bu=f in L"(0,T;V)).
This gives rise to the following definition of a weak solution to (1.4)-(1.7):

Definition 3.12. Let f € L' (0,T; (Wy*(G)?)), uo € H and the operators A
and B as above. The function u € Cy([0,T]; H) N LP(0,T;V,) is said to be a
weak solution to (1.4)-(1.7), iff u(0) = ug in H and

W+ Au+Bu=f inL"(0,T;V). (3.8)
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4

Approximation of the convection term

For our first approach to find a solution to (3.8), we follow the ideas of Wolf [67,
Section 3] and approximate the convection term B. This will allow us to solve
the approximated equation with standard methods of the theory of monotone
operators paired with a fixed point argument. The approximate problem will

be solvable for all p > d2—f2.

4.1 Approximation

The idea behind the approximation is cutting off the integrand of the convection
term to gain enough regularity to be able to employ a fixed point argument
in H. In particular, we would like to construct an operator B, : H — VI;
approximating B : Hyr — V! for small € > 0.

For this, let ® € C*°([0,00)) be a non-decreasing function with 0 < ® < 1,
®=11in [0,1], ® =0 in [2,00) and 0 < —®’ < 2. Further, we define for ¢ > 0

O (t) := P(et), tel0,00).

Now let us consider the approximate system

Opue — div S(Due) + div (P (Juc|®)ue @ ue) + Vp=f  in Qx(0,T), (4.1)
divue =0 inQx(0,7), (4.2)
ue =0 on dQ x (0,7),(4.3)
u:(0) =wup in . (4.4)
e (Jul?)
1 -

= 2
1/e 2/e [ul

Figure 4.1: Cutoff function

37
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In the weak formulation of this problem, the convection term is represented
by the form

be(u, v,w) = —/ O (Ju)u®v: Vwde.
Q

Note, that in contrast to [67], we follow the approach of [18] and insert |u.|?
into the cut-off function instead of |uc|.

The following lemma shows, that the convection term vanishes, when we
insert only one divergence-free function into b.. With this property we will be
able to derive suitable a priori estimates for the weak solution to (4.1)—(4.4).

Lemma 4.1. Forv eV it is
be(v,v,v) = 0.
Proof. Let v € V. It easy to see, that the identity
div (P, (|w*)w @ w) = div (P (Jw]®)w)w + . (|w|*)(w - V)w

holds for w € C*(Q)¢. Thus, we have with integration by parts
be(v,v,v) = / . (P )v®@v: Vode
Q
= —/ div (@, (Jv*)v @ v) - vda
Q

:—/Q diV((I)s(|'U| )U)v.vd:c 7/ <I>€(|v| )(U'V)U"Udz

Q

:/Q@E(|v| - V(|v])dx 7/9<I)5(|v| wev: Vode
:/Qq)g(|v|2)v~V(|v|2)dz — be(v,v,v).

Introducing the antiderivative ®, of ®., we obtain with integration by parts

1

befov,0) = 5 /Q B, (|v[2)0 - V(|v]2) de

1 P 2 -vaxr
3 [ T@0P) v

1

:——/ég(|v|2)divvdz
2 Ja

since divv = 0. O
Lemma 4.2. For every € > 0, the operator

B.:H —V,, (Bow,w) =b.(v,v,w)
is well-defined, bounded and continuous. For v € V,, it is

(Bew,v) = 0. (4.5)
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There exists a constant c. > 0 depending on €, such that
2 ’
[(Bev, w)] = [be (v, 0,w)| < ccl[vl[3” [w]v, (4.6)

Via (Bsv)(t) = B:(v(t)) we extend B, : H — V,, to a bounded, continuous
operator )
B. : L*(0,T;H) — L” (0,T;V})

with o'
2
HBE’UHLP'(O,T;VI;) < CEHUHsz(o,T;H)’

2)1/(;;71

€

where c. = ¢ ( ) for some ¢ > 0. For a function v € L?(0,T;V},) it is
(Bew,v) = 0.

Remark 4.3. In fact, we can show the following growth condition for any w €

Wyt ()% and v € L' ()4, 1 < s < o0:

2
e, 0,0)] < 81022012 a0y < € (—) e e
where the constant c is independent of €.

Proof. Let v € H, w € V,. Eventually gaining some positive constants, we
may estimate equivalent norms on R? without explicitly writing them down.
Holder’s inequality yields

[be (v, v, w)| < / |®.(Jv]*)v @ v : Vw|da
Q

, 1/p' 1/p
< (/ 1B (Jv]*)v @ v|P dz) (/ [Vwl|? dz) .
Q Q

For the first term we can estimate pointwise (omitting the argument x)

(4.7)

d

> 1@ (o] yvivg [P

i,j=1

d d
/ / /
()7 ol D P
i=1 j=1

= @ (|o]*)" o]

@< (|o]*)v @ of”

To prove the remark, we simply follow the above argument with arbitrary 1 <
s < oo instead of p and consider

s’ s’ s’ s 2 ¢
()" 2 = [0.(of2) 20 = @(oP)oP) < (2)

We now split the norm in one part resulting in the H-norm and another part
being bounded:

’ ’ / /I 1/( 71)
e ([0*)7 [ = @ (o) [P o] 72 = ol (@< (o) of*) 77
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The properties of ®. imply, that ®.(|v|?)?|v|? is bounded by 2/ almost every-
where and thus we receive by estimating equivalent norms on R?

9 , 2 1/(P—1) 9 )
B (020 @ v’ < (g) o2 = colof2.

Inserting this result into (4.7) yields the desired growth estimate

1/p’ 1/p 9 /y
|be (v, v, w)| < (/ ce|v|2dx) (/ |Vw|”dx) = c. ol ¥ lw]lv, -
Q Q

Let now {v, }yeny C H, v € H with |lv, —v||g — 0 as v tends to infinity. To
prove the continuity of B : H — V,, it is sufficient to show the convergence

B (|ou]?)vy @ vy, — (o] )v@v  in LP ()X,

We will accomplish this by employing Lebesgue’s theorem on dominated con-
vergence.

We know, that {v,},en contains a subsequence converging towards v al-
most everywhere in ). For simplicity, we will denote this subsequence again by
{v,}oen. Tt is easy to show, that the function z — ®.(|z]?)z ® z is continuous
and hence,

. (Jv, v, @, — B (> )v@v  ae. in Q.

In order to find an integrable majorant function for |®.(|v,|?)v, ® v, —
. (|v]?)v ® v|P', we estimate pointwise (again omitting the argument x)

1D (v [*)vy, @ vy, — e ([v]*)v @ v|p/
d

= 3" |0 ?) (w)i(vn); — @e (0] v, P

i,j=1
d
< 3 e (12w )@ )i w03 + 1@ (juf2)iv; )
i,j=1

< (@00 Y + (@ (0Pl

2\”
().
€
In the last step, we again used ®.(|v,|?) = 0 for |v,|?> > 2/e. Whence, by the
dominated convergence theorem, we conclude

1Bevy = Bevllyy < 1@ (o Yoy @ v — @ (o) @ 0] v gyana — 0.

Since the limit is unique, the usual argumentation with contradiction shows, that
this convergence holds true for the whole sequence. This implies the continuity
of B: H— V.
The identity
(Bev,v) =0

for v € V), follows by density from Lemma 4.1.
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Due to the continuity of B : H — Vp’7 a Bochner-measurable function
u:(0,7) — H is mapped to a Bochner-measurable function Bu : (0,T) — V.
Moreover, the mapping ¢ — ||( Bu)(t)Hf/,, is integrable due to the growth condi-
tion (4.6). Indeed, we have

T
1Bl iy = | IB0(OIF o

T .
<e. / (o3 at

= CEHU||2L2(O,T;H)'

From now on, we will write B.u(t) instead of (Beu)(t).

4.2 Existence of solutions to the approximate system

With the above definition for the convection term, we are able to formulate the
evolution problem representing (4.1)-(4.4) for any f € L? (0,7;V,) and ug € H:

ul + Aue + Boue = f in L' (0,75 V), u(0) = up in H. (4.8)

The aim of this section is to prove the existence of solutions to this problem
for any £ > 0. We follow the steps of Wolf in [67, Theorem 3.1]. The general
idea behind it is using the standard theory of monotone operators to show the
existence of a unique solution to the problem u’ + Au = f — B.w for every
suitable w. Since we can show boundedness of solutions in L*°(0,T; H) it will
be possible to employ a fixed point argument locally in time in L?(0,7T; H) for
the operator mapping w to the solution u. After this, global estimates allow us
to extend this fixed point to a solution of (4.8) on (0,T).

Let Ty € (0,T] be arbitrary for the time being.

Lemma 4.4. For any g € Lp,(O,T*;Vp’) and uy € H there exists a unique

solution u € WP(0,T,) to the evolution problem

W 4 Au=g in L” (0,T.;V)), u(0)=wuq in H.

* Vp
Proof. See e.g. [41, Chapter 2, Section 1.4, Theorem 1.2]. O
We define the set

My, = {w € L*(0,Ts; H) : |w| r20,7,.51) < 1}

on which we will be employing Schauder’s fixed point theorem.
Obviously, the restriction of any f € Lp,(O,T; V) to the interval (0,7%)

belongs to Lp,((), T,;V,). For simplicity, we will not introduce a new notation
for this restriction. For a fixed w € L%*(0,7T,; H), Lemma 4.2 ensures that
f — B:w is a suitable right-hand side to the problem in Lemma 4.4. Let us

denote by K(w) € WP(0,T,) < L?(0,Ts; H) the unique solution to

W 4 Au=f —Bow in L”(0,T,:V)), u(0)=ug in H. (4.9)

*9 D
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With this we can define the mapping
K : Mgy, — L*(0,T,; H), K(w)=u.

Since K (w) is a solution to (4.9), the function K (w) actually belongs to the
space WP(0,T,).

Lemma 4.5. There exists a constant ¢ = c(e, f,ug) > 0 such that
1K IR 0111 + Ol @)L 070y < (60 F0)
for every w € My, . Precisely, we have
cle, fr10) = 2 O 7y + ol

where &' only depends on cq and p and ¢. depends on the constant from Lemma
4.2, co and p.

Proof. Let u = K(w). For t € (0,T), we test (4.9) with the function x (o) u.
This gives

Aw%ww»+mmmmam7
_ —/ (Bow(r), u(r)) dr +/ (F(r)u(r) dr . (4.10)
0 0

We exploit the rule of integration by parts (2.2) and the coercivity of A to show
that the left-hand side of this equation is greater or equal to

1
5 (I®lE = IuO)7) + collullZo v,

On the right-hand side of (4.10) we need the growth estimate (4.6) for B
and Young’s inequality to estimate

t t
2 /
[ Bt utmyar < [l fute) v or
T.
< [l + dlutrl ar
< & Nwlao s + Ol 1
Here ¢ can be chosen freely and §' = (‘s]”)p;,p/p. We choose § = ¢g/4 and for

simplicity cglé’ will be called ..
For the term involving f we proceed analogously to estimate

A<fvxuv»m-sﬂ;vanmmuwwwdT

Ty ,
< [ BN + Slalf, or
0

= 5/HinP’<0,T*;V;> +olullzoo,m v,
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Once again, we choose § = ¢g /4.
Putting these estimates together results in the inequality

1 Co ~ / 1
@z + iy, < Ellwlzeomrm + M .1 0, + 3ol
/ 1
~ / p 2
< e A T o,y T 500l

with ||w|\%2(0 ..y < 1, since w € My, . Now we take t = T\ to gain an estimate
on ||u||’£p(O 7..v,) and then we take the supremum over all ¢ € (0,T,) for an
estimate on HUH%“’(O,T*;H)' Eventually receiving a factor 2 on the right-hand

side, the sum of those estimates and u = K (w) gives the desired inequality. O

The application of Schauder’s fixed point theorem requires that K maps the
set Mp, into itself. This is an easy implication of the foregoing lemma.

Corollary 4.6. Choosing T, < min(c(e, f,up)~*,T) results in

HK(w)H%Z(o,T*;H) <1 (4.11)

for every w € My, and hence K maps My« into itself. Additionally, we have
the estimate

1K )1 02, 0, < 265 el fou0)- (4.12)

Proof. From Lemma 4.5 we know

T,
1 (w)lI20. 7.1y :/0 15 (w) (t) 17 dt

< HK(wm%w(o,T*;H)T*
< C(Ev f7 UO)T*

Taking
T. < min(c(e, f,uo) ", T)
yields
1K (W) 1220 751y < 1
and hence, K maps My, into itself.
The other inequality follows from Lemma 4.5 with the special 7. |

Lemma 4.7. Let T, € (0,T) be as in Corollary 4.6. Then the mapping K :
My, — My, is compact.

Proof. See also [67, Theorem 3.1]. The first part of the proof is based on the
Lions-Aubin lemma (see Lemma 2.9). We will show the boundedness of the
set K(Mr,) in WP(0,T,). The estimate (4.12) implies the boundedness in
LP(0,Ty;Vp). To handle the time derivative, we use equation (4.9) and af-
terwards the growth estimates for A and B. For arbitrary w € My, we write
u = K(w) and calculate

HUIHLP/(O,T*;VI;) = ||f — Au— BEw”LP/(O,T*;VI;)

< ”f”LP’(O,T*;Vp’) + HAUHLP'(O,T*;VP’) + HBEU}”LP’(O,T*;VP’)

_ 2/p
< NF v osvyy + e+ Il oo zivy) )~ + I1wll3550 1. -
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Whence, K (Mr,) is bounded in W?(0, Ty) and by the Lions-Aubin compactness
lemma relatively compact in LP(0,Ty; H). This is sufficient if p > 2 as then
LP(0,T,; H) — L?(0,T,: H).

Otherwise, consider a sequence {w, } ey C My, and with it {K(w,)}ven.
Let us again denote u, = K(w,) for every v € N. From the boundedness of
{uy}ven in WP(0,T,) then follows the existence of a function u € LP(0,Ty; H)
and a convergent subsequence (again denoted by {u,},en) with v, — u in
L?(0,T; H). Due to the embedding

Wp(oa T*) - C([Oa T*]; H),

which we stated in Lemma 2.1, {u,},en is bounded in C([0,T.]; H). For arbi-
trary exponents s € (p,00), particularly s = 2, thus follows

T
;@mm:A i (£) — u(®)|f3 dt

lwy = ul

T
< esssup u, (1) — u(®)5;” [ Juole) = u(o)f e
te[0,T] 0

<l —uf

s—p
Lo (

0,T.:H) [ — uH:zP(O,T*;H)
< (luwll Lo o,smy + 1wl Lo 0,5 P lluw = wll Lo o 1
— 0.

This means the relative compactness of K(Mr,).

Let us now turn to the continuity of K. We consider a sequence {w, },en C
My, converging to w in L2(0,Ty; H) as v goes to infinity. As we have proven
above, {K (w,)}yen is relatively compact in L2(0,T,; H). Thus, there exists a
limit u € L?(0,T,; H) of a (not relabeled) subsequence of {u,},en, i.e.

u, —u in  L*0,T.; H).

Our goal is to show u = K(w). We achieve this by demonstrating, that v is
indeed the solution of (4.9) pertaining to w.

Since {u,},en is bounded in WP(0,T,) we can, by means of reflexivity of
LP(0,T,;V,) and L (0,T%; V,)), extract subsequences still denoted by {u, },en
such that

u, v in LP(0,T%;V,), (4.13)
u, —x in Lp/(O,T*;V;f),

see e.g.[66, Theorem IT1.3.7, p.107] or [17, Theorem I11.27, p.50]. By density and
uniqueness of weak limits follows v = u. Further, x equals the time derivative
of u since for all ¢ € C§°(0,T) and v € V,, we have

A*u@wm@w
T,

=/ () — (1)
0

T.

T
dt—i—/o (ul,(t),v)p(t) dt
(uw (1) — u(

,v)o(t)
:A*u@f%@wﬂmwf 1), 09 (£)) dt

0

—/0 "tu(t), vy (t) dt
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With u, — u and u,, — x, we find

u, =o' in LP(0, T.; V). (4.14)

We have already demonstrated in Lemma 4.2 that B is continuous, which
gives
B.w, — Bew in L¥ (0, T V). (4.15)
The growth condition (3.2) yields the boundedness of the sequence { Au, },en
in L?’ (0, Ty; Vp) and by reflexivity, we find a weakly convergent subsequence such
that
Au, — a. (4.16)
for some a € L (0, T.; Vi)
Altogether, (4.9), (4.13), (4.14), (4.15) and (4.16) imply
(u',v) + {a,v) + (Bew, v) = (f,v) (4.17)

for all v € V,.
It remains to show Au = a. For this, we employ Minty’s decisive monotonic-
ity trick. We test (4.9) with u, for every v € N and receive
<u/w uu> + <Aum uv> + <B€ww uu> = <fa UV>'

We now use the monotonicity of A and add (Au, — A{,u, — ) > 0 for an
arbitrary ¢ € LP(0,T%;V,) to the left-hand side. Some easy calculations yield

(y, un) + (AG uy — ) + (Auy, ¢) + (Bewy, uy) < (f,up). (4.18)
With (4.13), (4.15) and (4.16) follows
(AG w, =€) = (AGu = (),
(Auy, ) —
(f,un) —
)=

(
(a,¢),
(f ),
(Bewy, u, (Bew

OB

as v — 00. This handles every term except for the time derivative. We will now
show (u/,u) < liminf(u!,, u,) using integration by parts.

The boundedness of {u,}yen in WP(0,Ty) — C([0,Ty]; H) indicates that
the sequence {u,(Tx)},en is bounded in H. This means there exists a 6 € H
such that

uy(Ty) = 0in H

for a suitable subsequence. With the rule of integration by parts in Lemma
2.1 we can show 6 = u(T}). Indeed, for any v € V,, and ¢ € C'([0,7%]) with
¢(0) = 0 and ¢(T%) = 1 we can calculate

(u(T%), v)p(T) — (u(0),0)$(0)

= (W,v9) + (u, ¢)

= (f—a—B(w),v9) + (u,v¢)

= (Au, —a+ Bew, — Bew + ul,, v¢) + (u,ved’)

= (Au, — a + Bew, — Bew,v9) + (ul,,v¢) + (u,ve’)

= (Auy, — a+ Bew, — Bew,ve) + (u — uy, v¢)

+ (uy (T%), 0)o(T ) — (u,,(0),v)(0).



46 Chapter 4. Approximation of the convection term

We now let v tend to infinity and use u,(0) = ug = u(0) to show u(Ty) = 6. In
particular, the weak convergence implies

[e(T)[mr < im inf Ju, (T2 -

With this, (2.2) gives

(' u) =

(lu(T)1Z — 1lu(0)]I3)

.1
< liminf - (||UV(T*)||%{ - ||U(0)||%1)

v—oo 2

|~

= liminf(u.,, u,).
V—0Q0

We can now take the limes inferior in (4.18) to show
<’U//, ’U,> + (AC,’U/ - C> + <aa C) + <B&‘wa ’U,> < <fa U)
Together with (4.17) follows

(AGu =€) <{a,u—=().

We now choose ¢ = u F 7v for an arbitrary v € L?(0,T,;V},) and 7 € [0,1].
Then

F(A(u F mv),v) < F(a,v)
and the hemicontinuity of A yields
F(Au,v) < F(a,v).

for 7 — 0. Since v € LP(0,T%;V,) was arbitrary, this implies

Au=a in Lp/(O,T V)

kg P

and then (4.17) indicates that w is the unique solution to (4.9) corresponding
to w and hence
u = K(w).

In particular, noticing that this limit is unique, the usual argumentation by
contradiction shows the convergence of the whole sequence

K(w,) — K(w) in L*(0,Ty; H),
which concludes the proof. O

We will now come to the main result in this section.

Theorem 4.8. Let ug € H and f € L? (0,T;V,). Then for every e > 0 there
exists a solution ue € WP(0,T)(NC([0,T]; H)) of the problem (4.8).
The solution u. satisfies the energy equality

el + [ (A dr = Sl + [ ) @)

for every t € [0,T].
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Proof. A shorter argumentation can be found in [67, Theorem 3.1, Step 2°].
Let Ty € (0,T] be as in Corollary 4.6. Let K be the solution operator defined
as above, mapping w € L?(0,T; H) to the solution of (4.9). Then Lemma 4.7
enables us to employ Schauder’s fixed point theorem which gives a fixed point
ur, € L?(0,T,; H)(NWP(0,T,)) that solves (4.8) on (0,7%) x Q.

We still need to show that this local solution can be extended to a solution
on the whole time interval. We derive an energy estimate by testing (4.8) with
the solution ur,, using integration by parts (2.2) and taking into account the
coercivity of A. By Lemma 4.2, it is (Beur,,ur, ) = 0 and hence

1 1
5 lur (Tl + collun oo 7,y < (Frum) + 5 lluoll

By means of Young’s inequality with § < ¢p/4, we have for the right-hand
side f

T. )
| O ) < NI+ 80 oy <

Together, this gives a global energy estimate for the solution ur,

1 2 Co P 7 p, 1 2
. By + S ur o 2y < 1y + ol

Thus, the solution cannot blow up and by the usual arguments, we can extend
the solution ur, to a global solution of (4.8).
O

4.3 Outline of the end of the proof

We only sketch the remaining parts of the proof here, since we will present
another approach to obtain approximate solutions of (3.8) via temporal time
semi-discretization (see Chapter 8), where we will then encounter the same or
similar arguments. The details can be found in [22].

For v € N, Theorem 4.8 ensures the existence of solutions u, to (4.8) for
every € = % Let us denote the operator B, for ¢ = % by B,. With the
energy equality (4.19) we obtain the following a priori estimates on the sequence
{uy }ren of approximate solutions by using the coercivity (3.2) of the operator
A:

||Uv|\L°°(0,T;H) + CO||Uv||Lv(0,T;vp) < ¢(f,uo),

where the constant is independent of v.

This implies the boundedness of the sequence {u,},en in L°(0,T;H) N
LP(0,T;V,) and Lemma 3.8 then shows boundedness in LQT/(O,T;HQT/). By
reflexivity and separability, there exists a function u € L>°(0,7; H)NLP(0,T;V,)
and a (for simplicity not relabeled) subsequence, such that

u, = in LP(0,T;V,),
w, > in L>(0,T; H).

With the growth condition (3.2) of the operator A, the growth condition in
Remark 4.3 with s = r and ®. < 1 for B,, one can show that the sequence of
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time derivatives {u),},en is bounded in L™ (0,T;V!). Hence, by reflexivity one
can extract another subsequence with

w, — ' in L7 (0,T; V).
Then, application of the Lions-Aubin compactness lemma (see Lemma 2.9)

yields the strong convergence of {u,} ey in LP(0,T; H). The boundedness in
L>(0,T; H) and Lemma 3.8 then show

w, —u in L¥(0,T; Hap).

With the help of the growth conditions on the operators A and B, and
Lebesgue’s theorem on dominated convergence, it is possible to prove the exis-
tence of a function a € L? (0,7 V,)) such that

Au, —a in L¥ (0,T; V;f) and Byu, — Bu in L" 0, T;V))
for a suitable subsequence. Then, the equation
u+a+Bu=f (4.20)

holds in LT/(O, T;V!). Thus, it is only left to show a = Au. For this, one usually
employs Minty’s monotonicity trick. But since (4.20) only holds in L 0,7;V)),
we are in general not able to test it with the solution w itself. To circumvent
this problem, a parabolic Lipschitz truncation method was introduced in [22,
Theorem 3.21] providing truncations 7u, which possess essentially bounded
gradients on every compact subset of the time-space cylinder (see Lemma 6.4
for an adapted version for time discretizations).

However, the truncations 7 u, is not divergence-free and hence, it is neces-
sary to derive a suitable representation of (4.8) in L™ (0, T} (W " (0)4)). This is
done by introducing suitable pressure functions for the system (see [22, Section
2] or Chapter 5).

Finally, a localized version of Minty’s trick (see [67, Lemma A.2]) gives
a = Au.
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Pressure representation

5.1 Preliminaries

The following arguments require more smoothness of the boundary, than only
Lipschitz continuity. This will force us to localize our arguments in the proof of
convergence of a temporal semi-discretization in Chapter 8. Thus, throughout
this section let G C R? be a bounded domain with G € C?.

Let ke Nand 1 < s; < o0, @ = 1,...,k. We consider abstract functions
u € Cyu([0,T); H) and f; € L% (0, T; (W, *(G))’), for which the equation

k
(') =Y (fir ) for ¢ € L*(0, T; Vi(G)) (5.1)

i=1

holds with s = max(s;).

In Chapter 8, it will be of importance to test (5.1) with a truncated version
of u. Since the Lipschitz truncation method, which will be studied in Chapter
6, only provides a test function that is not necessarily divergence-free, it is
essential to find a representation of (5.1) in L' (0, T; (Wy**(G)?)’). This requires
to introduce a pressure function which was annihilated in the weak formulation
of the problem in the solenoidal setting.

The reconstruction of the pressure function goes back to a famous theorem
of de Rham: Let f be a distribution. Then f = Vr for some distrbution 7
holds if and only if

(fip) =0 for p € V.

This result can be found in [62, Chapter 1, Paragraph 1, Proposition 1.1] or
[65].

We follow the proofs of Diening, Ruzicka and Wolf in [22, Section 2]. The
first step will be to consider only f = )", f; and integrate the equation v’ = f
in time. In this way, we can reconstruct a pressure for u pointwise in time.
The function we obtain this way is an antiderivative (in time) of the pressure
function we are looking for in the end. We will then decompose this function
into several parts corresponding to the terms f; and one (weakly) harmonic
term, that is bounded by the function w, and derive the equation again.

Since the pressure is given as a gradient, it is natural that we will only be
able to determine it up to a constant. Thus, the appropriate space for the
pressure functions should be some function space divided by R, e.g.

L*(G)/R

49
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for some s € (1,00). One can show, that this quotient space is isomorphic to
the Banach space

Li(G) = {7T € L*(G): / m(x)de = 0} ,
G
equipped with the norm
HWHLS(G) = HWHLS(G)-
5.2 Recovering the pressure in the spatial domain

Let us first consider only the spatial domain. The following lemma provides
the existence of a pressure function in G. Later, we will employ this result for
abstract functions pointwise in time.

Lemma 5.1. Let 1 < s < oo. Let f € (Wy*(G)?) with (f,v) = 0 for all
v € Vs. Then there exists a unique ® € LS,(G), such that

(fyw) = / 7 divwdx
G

for all w € W, *(G). Furthermore, the estimate

I L@ =S¢ ||f||(wolv5(c)d)f

holds.

Proof. From [33, Theorem IT1.5.2] we receive a unique function = € L§ (G). By
the definition of the dual norm, we have for L§ (G)? = (L§(G)?) (see e.g. [60,
pp. 68£.])
B fG mqdx
5@ = S e
a€L3(G) I191IL3(@)
q#0

Now according to [2, Theorem 4.1], to any ¢ € L§(G) there exists a w €
Wy *(G)? such that

7]

g=divw and Hw||W01,S(G)d <cllgllzsc)-

This result goes back to Bogovskii [15] who introduced a linear and bounded
operator B : L§(G) — Wy *(G)% with this property (the same result can be
obtained for the more general John domains, see e.g. [2] or for a simplified proof
[21]). We can estimate

fGﬁ divw dx

Il <e  sup JaTIVO
L3 (G) ’wGWOl'S(G)d HwHWOl’S(G)d
w#0
)
wewle @y [l e
w#0

= cllf -y
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5.3 Recovering the pressure pointwise in time

We will now construct a function 7 for f = >, f; that represents an antideriva-
tive in time of the sought-after pressure function. Since we want to assume
u € Cy([0,T]; H), let s > 2% to ensure the embedding H — (W (G)%Y.
Lemma 5.2. Let #‘12 < s < oo. For a function u € Cy([0,T]; H) with a time
derivative u' € L* (0, T; (W, *()%)) and f € L¥ (0, T; (W, *(G)%)), suppose
that )

u=f in L* (0,T;V)). (5.2)

Then there exists a unique function & € Cy([0,T]; L§ (G)), such that

(u(t) — u(0), w) = </Otf(7) dT,w> —i—/Gfr(t) div wdz

for all t € [0,T] and for all w € WOI’S(G)d. In addition, we have the a priori
estimate

17 Lo 07525 () < € (HUHL“(O,T;H) + Hf||L1(O,T;(W01'S(G)d)’))
with a constant ¢ depending only on d, G and s.

Proof. We follow the first part of the proof of [67, Theorem 2.6]. By [25, Theo-
rem 8.1.5], u is absolutely continuous as a function taking values in V; and we
have for all ¢ € [0, 7]

u(t) = u(0) —|—/O f(rydr  inV,.

Thus, by Lemma 5.1 for every ¢ € [0,T] there exists a unique function 7#(t) €
L§ (G) such that

/Gfr(t) divwdz = <u(t) — u(0) — /Otf(T) dT,w> (5.3)

for all w € W, *(G)% and

[#Oll e < ¢ <||u<t> ~u)n+ [ fryar

). e
Wy (@)
since H < (W, 5(G)%Y".

We now have to show that t — @(¢) is a Bochner-measurable function. In
fact, we can show that 7 € C,, ([0, T]; L§ (G)).

Let v € L§(G) = (Lg (GQ)) be arbitrary. By [2, Theorem 4.1] or [21] there
exists a solution w € WO1 *(G)? to the divergence problem divw = v. Hence,
by inserting this into (5.3) we get

/Gfr(t)vdx :/Gfr(t) divw dz
— (u(t) — u(0) - /Otf(T) dr ).
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By the demicontinuity of u taking values in H and H — (WO1 S(G)d) we know
that the mapping ¢ +— (u(t),w) is continuous for every w € Wy *(G)% and
consequently # € Cy([0,T); L§ (G)). Taking the essential supremum in (5.4)
gives

1o | I = esssup |7 (t)|| ;s
Il 0i05 e) = eSS0 )

t
< esssupe (Jutt) ~ w0l + | 170z ey o7

t€[0,T]
<c (HUHL“’(O,T;H) + ||f||L1(O,T;(W01’S(G)d)/)) )

which concludes the proof. [l

5.4 Decomposition of the pressure

The main result in this chapter reads as follows.

Theorem 5.3. Let k € N, d+2 <8 <o00,i=1,2,...,k, and s = max;(s;).
For a function u € Cy([0,T]; H) with u' € L* (0,T; (Wy*(G)?)) and f; €
L0, T; (W * (G)%)') suppose that

in L¥(0,T; V) (5.5)

”M”

holds. Then there exist unique functions ; 6 L0, T; Ly ( ), i = ook,
and 7y, € Co ([0, T); WH2(Q)) N CyW ([0, T); WE(G)) wzth Jo7n ) x =0 for
every t € [0,T], such that

k
)= (fie

i=1

k T
+/ / Zm- divpdz dt+/ /Vﬁh~8t<pd:c dt
o Jo \iI o Ja

for all ¢ € C§(G x (0,T)). In addition, we have —A7p(t) = 0 for every
t € 10,7, 7,(0) = 0 and the a priori estimates

y ’ 7 < /L Z

176l e < 6 1

170 (1) = T (t2)llwrze) < cnalluty) —u(te)llm,  t1,t2 € [0,T],

i=1,...,k,

L7 (0,T3(Wg "1 (G))')?

and for G’ cC G

1Tn(t1) — Tnlt2) w2 (ary < cnzllu(ty) —u(te)llm, ti,t2 €[0,T],

with constants c¢; depending only on d, G and s;, i = 1,...,k, a constant cp1
depending only on d and G and cp 2 depending on d, G and G'.
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Proof. We follow the proof of [22, Theorem 2.3]. By applying Lemma 5.2 to the
right-hand side

k k
F="fi€ Y L0, T5 (Wg™(&)"))
i=1 i=1
C L¥(0.T; (W™ (@) ")),

we obtain a pressure 7 € C,, ([0, T]; L (G)) for which

t k
/Gﬂ(t) divwdz = <u(t) —u(0) /0 ZfZ(T) dT,w>

holds for all ¢ € [0,T)] for any w € Wy *(G)?. We define the gradient Vi €
(W *(G)?) through

(Vir,w) = /Gfr(t) divwdz, we W, Q).

and therefore

<

t k
fr:—u(t)—i-u(O)—f—/O Zfi(T)dT (5.6)

holds in (W, *(G))".
We are now going to decompose 7 into the parts 7; corrensponding to f;,
i=1,...,k, and a weakly harmonic term 7, dominated by the function w.

Idea for the decomposition. The idea for this is to use the Stokes equation,
its linearity and the estimates for its solution. From [33, Lemma IV.6.2] we know
that the solution and the pressure for the Stokes problem are equal to zero for
zero data. Thus, we want to find 7#;(¢), 74 (t) such that

—Av+ V() i) + wn(t) — 7(t) =0,
which would imply > 7#;(¢) + 75 (t) = @(¢t). This equation is equivalent to
A0+ V(S #lt) + () = —u(t) + u(0) + /O S fi(r)dr

With the linearity of the Stokes operator, we can split this equation into several
parts

—Av; + Vi (t) = /0 fi(r)dr,
—Avp, + Vi (t) = —u(t) + u(0),

and solve these separately to obtain estimates for each pressure term.
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Pressure corresponding to the terms f;. Let us consider the energetic
extension of the Stokes operator

C.i Vg 6) = (Vu(G)Y (Cuvw) = [ Fo: Vuda,
G

for v € Vi and w € V;,. For t € [0,T7], by [33, Theorem IV.6.1] we know that
the Stokes problem

t
C’Siv:/ fi(r)dr in V]
0

has a unique solution v;(t) € Vi, and a pressure ;(t) € Ly (G), which satisfy
the inequality

t
sl + 170l < | [ Hrrar 657)

(W, ()4

and
¢
(Cs,vi(t),w) = </0 fi(T) dT,’LU> + /Gfrl(t) divwdz  for all w € Wy ™ (G)%.

We now show that the mapping ¢ — #;(t) is absolutely continuous which is
basically due to the stability of the Stokes problem and the regularity of f;.

For arbitrary ¢ > 0 and pairwise disjoint intervals (z;,y;) C [0,T], j =
1,...,m, m € N, we follow the above arguments with y; and z; instead of t.
Then by linearity and uniqueness, 7;(y;) —7;(x;) is the unique pressure function
corresponding to the unique solution v;(y;) — v;(x;) of the Stokes problem with
the right-hand side ffj fi(t)dr and the estimate

Yi
/ < ;

17 (y;) — i)

Wy "4 (G)4)

holds.
Taking the sum over all j = 1,...,m on both sides and considering the
absolute continuity of the mapping ¢ — fot fi(T)dr we obtain § > 0 such that

m

2 Fily) = Rl < e 3
J=

j=1

vj
fi(r)dr

< €,
(Wo " (G)4)

Tj

if 27:1 ly; — xj] < 6. This shows that #; is an absolutely continuous function

taking values in LSQ (@).

By the theorem of Komura (cf. [16, Corollary A.2]), #; is almost everywhere
differentiable in the classical sense, since L' (G) is reflexive for 1 < s; < o0.
By estimating the difference quotient of 7; we will be able to show that 7; €
W0, T; Li (G)).

For 0 < h < T, X a Banach space and g € L. (0,T; X) we denote by

loc
glt+h) —g(t)

Dhg(t): L ) tE(OaT_h)a

the difference quotient of g of size h.
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-
3
T—h
h.
1
h T—h 1

Figure 5.1: Integration domains

Again following the same arguments as above with ¢,¢+ h instead of z; and

y;, taking the si-th power and dividing both sides by hsi gives after integrating
over the interval (0,7 — h)

v
Si

T—h , rop |Fi(t +h) — 7:(t) s
/ | Dpis (1)), dt :/ , (@) 4
0 Ly (G) 0 hsi
de

T—h
< C/
0 (Wy ()

T—h (1 [t+h 8
<o (G ) 1O ar ) a

T—h | (t+h ,
< = HC I dr dt
S A A VTR

As illustrated in Figure 5.1 we divide the integral into three parts. The first
part then is with Fubini’s theorem

h T h
1 § 1 s
—1|Ji b oles dt dr = —I|Ji Y ollss d
/0 /0 I Gyaas gyay, A A7 /O IO Gy es gy, T AT

</ "1

i eyey 47

The second integral is

T-h o4 y T-h q ,
=\ f; 5i s dt dr = = fi 5 L. hd
/h / VAN ey d 7 / A0 gy T

-/ e

!
Si

i (@yey 47
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And finally the third integral reads

T— hl T— hl
[ 1,s dt dr = i 1,s T — d
L RO gy @0 = [ R gy T~

T
< [ MOy gy 7

T—h

The sum of those parts then equals the norm of f; and thus

L¥5(0,T5(Wy 1 (G)4))

T—h ,
/ D), Tk
0 L 1(G)

0

Hence, with [27, Section 5.8.2, Theorem 3| or [23, Theorem 5.22], we have
# € W0, T Li(G))

and
|07

<c|fil

L0, TLE (@) = L0, T5(W, *H (G))")”

Let us now define m; = 0;7;.

Pressure corresponding to the term u. Let us now consider the Stokes
problem with the right-hand side u(t) —u(0) for ¢ € [0,T]. Since u(t)—u(0) € H,
we have more regularity on the right-hand side than in the foregoing case. Thus,
[33, Lemma IV.6.1] provides a unique strong solution vy, (t) in Vo(G) N W22(G)
and a pressure 7 (t) € W12(G)/R. In addition to that, we have the inequality

TR lwr2cy/m < ¢ llult) —u(0)]|a-

Since W2(G)/R is isomorphic to the space of all functions v € WH2(G) with
vanishing integral mean equipped with the usual W12(G)-norm, we can consider
7 (t) as a function in W?(G) with [, @, (t) dz = 0. Because, vp(t) is a strong
solution, the equation

—Auwy(t) + Virp(t) = u(t) — u(0) (5.8)

holds true in L?(G)? for all t € [0, 7.
Similarly to the procedure above, we can take differences of the Stokes equa-
tions for times ¢; and t,. Linearity and uniqueness then yield

176 (t1) — Ant2)lwiz(q) < cllu(t) — u(t2)| u-

In order to show —A#,(t) = 0 in a weak sense, we start with the observation
that the right-hand side in the Stokes equation is solenoidal. To exploit this,
we take the weak divergence of (5.8), i.e. we test (5.8) with Ve for a function
¢ € C5°(G)4. This gives

/ Viy - Voda = / Avy, - Vedz + / (u(t) — u(0)) - Vedz.
G G G
Since u(t) — u(0) € H, we know that

- /G(U(t) —u(0)) - Vedr = (div (u(t) — u(0)),¢) =0,
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see (2.1).
For smooth ¢ holds with Schwarz’ theorem

divVVp = Vdiv V.

Hence, because vy, (t) is solenoidal
/ (= Avp(t) - Vo) dz = —/ Vo (t) : VVedz
G G
/ vp(t) - div VVede
G
(t)

:/’Uht
G

= —/ div vp (t) div Ve de
G

=0.

-VdivVedr

Thus, together with a density argument follows
(—Afrp, w) :/ ViV dz :/ AvpVwdx + / (u(t) —u(0)) - Vwdx =0
G G G

for all w € W, *(G).

Unfortunately, it is not possible to apply the well known theory of Agmon,
Douglis and Nirenberg (see e.g.[4]) on G to prove more regularity for 7, since
75, has no regularity on the boundary of G. Thus we have to restrict our-
selves to local regularity arguments. By [34, Theorem 8.24] and —A#@, = 0,
we have 7y, (t) € C%(G’) for some 0 < a < 1 and G’ CC G and in particular
#n(t) € C(G"). Thus, 74 (t) is continuous on the boundary of G’ and by [34,
Corollary 9.18] and uniqueness follows 7, (t) € W2 >°(G’). Furthermore, with
[34, Theorem 9.11] follows

0 @) lw2oe @) < elfn@lle=()

for G” CC G’. The embedding C*(G’") — L*(G’) and the estimate in [34,
Theorem 8.24] then imply

178 () lw2.oe(ary < 170 ()] L2()

Since G” CC G' CC G were arbitrary, we also have 7, (t) € W2™(G).

Putting the equations together. It is now mandatory to show that these
pressure terms fulfil the original equation. By the linearity of the Stokes oper-
ator, we have for the function v(t) = >, v;(t) + v (t) and every ¢ € C5°(G)?

(Cso(t), < (Zw + 7 (t >,sa>
</ Zfz Ydr — ult )+u(0),<p>-
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Inserting (5.6) yields

(Csv( < <Z it ﬁ(t)) ,<p> =

and thus, the pair (U(t), Zle i (t) + 7n(t) — ﬁ'(t)) is a weak solution to the
Stokes problem with zero data. By [33, Lemma IV.6.2] we know, that velocity
and pressure are zero for zero data, which implies v(t) = 0 and 7 (t) = Y, 7;(t)+
T (t)-

It is now left to restore the original equation by differentiating (5.6). For
this, we test (5.6) with 9:1)(t) = n¢'(¢), for ¢ € C§°(0,T), n € Vs and receive

(u(t),n¢' (1)) — (u(0),n¢(t)) = —(V&,n¢(t)) +</ Zfz )dr e’ )>

Integrating over (0,7T), applying the definition of the weak derivative and [25
Theorem 8.1.5 (iii)] gives

/ (u(t), mg' (t) dt = — / (W (8), mplt) dt = —(u', (8))
0 0

and

k

/OT </Ot2f¢(7') dT,n> @' (t)dt = _/OT <§:fi(t)’77> o(t) dt

=1 .
- <Z fi,¢>.
=1

For the pressure term we remind 7; = 9;7; and calculate

/0 (VR(E), ) (1) dt

< (Zm >> (t)dt +/O (Vin(t), n)¢' () dt

K2

/ T/ @ )C“V"dw Pt dt + /OTWm(t),nxo'(t)dt

k

//(Z“ )dlw >dxdt+/ /th - Opp(t) da dt .
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Altogether, this gives

T k
W) = [ (TR0 0+ <Z fz-,w>

/OT/G (imw) div (t) dz dt

T k
+/0 /Gth(t)- Opp(t) de dt + <; fm/)>-

Finally Corollary A.2 ensures, that it is sufficient to test with ¥ = . [l
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6

Parabolic Lipschitz truncation

6.1 Preliminaries

In this chapter, we introduce a Lipschitz truncation method for non-stationary
problems. We follow the ideas of Diening, Ruzicka and Wolf [22, Section 3].
In the stationary case, the Lipschitz truncation technique has been successfully
employed in our context by Diening, Mélek and Steinhauer in [19] and Frehse,
Malek and Steinhauer in [31].

For an open, bounded set G' and a given function u € L?(0,T; W'P(G)9)
we try to find an approximation 7u that equals v on a large set and has an
essentially bounded gradient on every compact subset of G x (0,7"). For this,
we first determine a set E of irregularity where u is to be cut off. The set E will
then be covered by a Whitney-type covering so that one can define a suitable
partition of unity on it. In this way, we can smoothly extend the cut of u to the
whole domain again.

Definition of an anisotropic metric. In order to show regularity of the ex-
tension of u, we will employ Poincaré-type inequalities in the space-time cylin-
ders of the Whitney covering. For these inequalities, it is crucial to have a
suitable representation of a time derivative of .

In [22] the Lipschitz truncation relies on the existence of a full time derivative
of u belonging to some dual space L* (0, T; (W, *(G)%)"), 1 < s < oo, and the
representation

W) = /G VA
x (0,

for some H € L* (0, T; L* (G)4*4). The constant in Poincaré’s inequality then
comes with an exponent 1/2 in time (see [22, Theorem B.1] for Poincaré’s in-
equality). Thus, Diening, Ruzicka and Wolf introduce an anisotropic metric on
R+ where the time-component is scaled with the exponent 1/2.

In our case, we want to employ the truncation theorem to functions that
possess fractional regularity (i.e. belong to some Nikolskii or Sobolev-Slobodeckii
space) of order o > 0 taking values in H (see Section 8.7). The constant in the
corresponding Poincaré inequality (see Lemma 2.11) then has the exponent o
in time. Therefore, we will introduce a metric that is scaled with the exponent
o in time.!

1To be precise: The functions will be of order & > o, but for compactness arguments we
have to decrease the order somewhat.

61
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We will often work with subsets of the space-time cylinder G'x (0, T') C R4+,
To avoid unnecessary complexity, we stick to the notation of [22] and denote
typical points (z,t) and (y, s) in R4 by X and Y, respectively.

For a given o > 0, we introduce the metric

0o(X,Y) =max{|ly — z|,|s — t|]”}, X, Y € R+

where | - | denotes the Euklidean norm or the absolute value respectively.
Let us write o = o, for notational simplicity. The balls with respect to this
metric are space-time cylinders of the form

Qr(X) = Bp(z) x (t — '/t +r1/7),

for an Euklidean ball B,(x). Let us denote scaled balls by vQ, = Q.

Definition of the Hardy-Littlewood maximal function. The determi-
nation of the cut-off sets will be done with the help of the Hardy-Littlewood
maximal function. Following [22, Appendix A], we define for 1 < s < oo,
g € L*(R4*1) and (x,t) € R4+

Ma(g)(x,t) = sup f 9y, ) dy.,
Bw(z)

0<y<oco

My(g)(a,1) = sup f lat 7l
S (t

0<y<oco

where B, (z) denotes an Euklidean ball in R? with radius v centered in z and
I,(t) denotes the interval (t —~,t + 7).
Next, we define

M(g) = M(M.(g)).

In the following, let us abbreviate sets {X € R4t : f(X) > A} with {f > A}.
One can show (see [22, Appendix A], [61] or [49, Theorem 1.4.2]) the strong
type estimate

IM(@)llLs a1y < cllglle@a+y, (6.1)

and the weak type estimate

par1({M(g) > A}) < eA™|lg]

SLs(]Rd+1), A>0. (6.2)
Furthermore,

9(X) < M(g)(X) (6.3)
holds for almost all X € R+1.

Basic idea for the truncation. Assuming that we had a full time derivative
in some LP-space, we can examplify the idea of the proof with the following
observation: One can consider the space of all functions u for which there is a
function g with

[u(X) —u(Y)| < o(X,Y)(g(X) + g(Y)) for almost every X,Y € RIFL,

The boundedness of g would then imply the Lipschitz continuity of w. These
spaces have been studied for example by Hajlasz [7]. It turns out that for a
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Sobolev-space WHP(G x (0,T)), this holds true for the function g = ¢ M(|Vul),
where the gradient is to be understood in spatial as well as in time direction
and M is the Hardy-Littlewood maximal function. This motivates the name
“generalized gradient” for g. Thus, cutting off the maximal function of the
gradient of u results in a Lipschitz-contiuous function .

Important in this context is, that the measure fulfils the homogeneity prop-
erty

pra+1(Q2r (X)) < ¢(d) pat1 (Qr(X))

for balls with respect to the metric ¢ and r > 0. One then calls the considered
measure “doubling” and the metric measure space of “homogeneous type” (see
[57]). Of course, this is true in our case.

Unfortunately, we do not have a full time derivative at hand and thus cannot
directly apply this method like in [1] or [57]. But still, we will determine the set
E of irregularity, on which u will be regularized, with the maximal function of
the gradient of v and some quantity related to the time derivative.

6.2 Covering of the cut-off set F

We will now introduce the Whitney covering for an open, bounded set. The
actual set E will be determined in Section 6.6.

Lemma 6.1 (Whitney covering). Let E C R be a non-empty, open and
bounded set. Then there exists a countable covering of E consisting of balls
{Qi}ien = {Q.(X;)}ien centered in X; € R and with radii r; > 0, which
depends on the metric 9., such that

(WZ) UieN %Qi =F,

(W2) for all i € N we have 8Q; C E and 16Q; N E°¢ # 0,

(W3) for alli,j € N there holds: if Q; N Q; # 0 then %rj <r; < 2rj,

(W4) each X € E belongs to at most 120972 of the sets 4Q;,

(W5) > ien Ha+1(4Q:) < ¢ paa (E).

Defining the set A; = {j € N: 2Q; N 2Q; # 0} we have card (4;) < 120%*2 and
(W6) Q; C4Q; C E forallj € A;, i € N.

Proof. A proof of this lemma can be found in [22, Appendix C], [61] or [36]. O

6.3 Partition of unity

For each of the balls Q; let 1; € C§°(R¥*1) be a cut-off function with 0 < n; < 1,
that vanishes on R9+1\ %Qi and equals one on %Qi. Let us denote by Lip,(n;)
the smallest Lipschitz-constant of n; with respect to the metric o,. It is no
restriction to assume that for all ¢ € N and X € @Q; holds

Lip,(n;) + [0im:(X)|” < eyt (6.4)
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If we sum up all functions 7;, then the properities of A; imply that the non-
trivial part of the sum is actually finite. This means that on a ball Q;, we

know
> ny= > m € CC R,
JEN JEA;

Due to the property (W1) of the Whitney covering lemma it is clear, that
> jeni(X) # 0 holds for every X € E. This justifies the definition

ni(X)
> jen (X))’

Of course, it is ¢; € C>°(R™!) and we have 1; = 0 in R¥1\ 2Q;.

Pi(X) = XeE, ieN

Lemma 6.2. The set of functions {1;}ien forms a partition of unity on E,
such that

=1 inE

jEN
and we have the estimate

Lip,($i) + 100i(X)|7 < eyt in RTH,
for everyi € N and X € Q;.
Proof. See also [22, pp. 10f]. Let i € N, X|Y € @;. Then (W1) implies
> jennj = 1 and hence
i (X) — ¢ (V)]

< ni(X) _ ni(Y) n:(Y) . ni(Y)
2K (X 2 (X)) 2 mi(Y)
1 > (X) —m;(Y))

S Sy ) W) S S e @

< (X)) = (V) + Y ni(X) = m (V)
JEA;

where each sum is taken over all j € A;.
We can now estimate the several terms using (6.4). We receive

W(X) — (V)] < ¢ ( 'y rﬁ)g(X,Y»
JEA;

With property (W3) we can estimate rj_l < 2r; ! and with card (4;) < 1209+2
follows
[i(X) = (V)] < e o(X,Y),

One similarly shows for arbitrary X € Q;

0pbi (X)| < e M7

i
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6.4 Definition and properties of the truncation operator

For E C G x (0,T) let {t;}ien be the partition of unity corresponding to E
and g, from above. For a function u € L{ (G x (0,T))? we define the linear
truncation operator 7 = 7g , by

u(X) it X eFE°,

(Tw)(X) = {zi Ui(X)ug, if X € E.

We remind that

1
uQ; :][iu(X)dX = M/iU(X)dX

is the integral mean of u on @;.

We will see that on a Whitney ball QQ; in E, most of the properties of the
functions ; carry over to the truncation 7w with the cost of an additional term

][ lu — uag,| dX .
4Q;

So one can say, that controlling this term means controlling the regularity of
the truncation. It is therefore natural, that a crucial point will be Poincaré’s
inequality.

Lemma 6.3 (Properties of the truncation operator). For all p € [1,00], the
operator

T : LP(G x (0,7))% — LP(G x (0,T))*

is well-defined, linear and bounded, i.e., there exists a constant ¢ > 0 depending
on the dimension d such that

|7 ullLr(@x 0.y < cllullLraxo,1))e

for all functions u € LP(G x (0,T))%.
For any function u € LL (G x (0,T))¢ and for allY,Z € Q;, i € N, we have

loc

(Tu)(Y) = (Tu)(Z)| < er; oY, Z)][ lu — s, [ dX, (6.5)
4Q;
OTuW) <er? f Ju-uig|dx (6.6)
4Q;
and
][ T — u|dX gc][ lu— g, | AX | (6.7)
i 4Q;

Proof. The proof is straightforward calculation using the properties (W1)-(W6)
of the Whitney covering and Lemma 6.2. For more details, see [22, Lemma 3.11,
Lemma 3.13, Lemma 3.16, Lemma 3.19]. O
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6.5 Lipschitz truncation

Let us now state the main theorem of this section. For the sake of better read-
ability, we will abbreviate the notation for sequences {u(a¢), }ren with {uas}.

Theorem 6.4. Let {ua:} be a bounded sequence in
L=(0,T; L*(G)H) N LP(0, T; WHP(G)) nWo4(0, T; L*(G)?)
for0<ao<1,1<q< oo, such that
upy — 0 in LP(0,T;WYP(G)Y) and W (0, T; L*(G)?).
Lemma 2.4 then implies
uay — 0 in L*(G x (0,T))%
Let {0} C (0,00), such that

||UAt||L2(Gx(o,T))d .

Oar: — 0 and
Oat

Let 0 < 0 < & be arbitrary. Then, for any k € N and At, there exists a
number A\g.at € [22k, 22k+1] and a set Ex oy C G x (0,T) with

lim sup )‘ZAtﬂd-i-l(Ek,At) <27k, (6.8)
At—0

Corresponding to the metric ¢ = o,, there exists a truncation operator T =
TEy av,0 Such that

{Tuat # unr} C Exa¢

and for any compact set K C G x (0,T) the Lipschitz truncation Tuaz s Lip-
schitz continuous with respect to the metric o = 0,. We have

19T uadll e ryies < e (Mnae+6- 3 fusdllis s0e) - (6.9)
I Twadl e < (6a0+6~4 % undlzr (s, e (6.10)

where § = 0k, = dist,(K,0(G x (0,T))) denotes the distance between K and
the boundary of G x (0, T) with respect to the metric g,.
Additionally, the size of the gradient of Tua: gets small on Ej A+, i.e.

limsup V7T uatll 1o (g, auni)axa < c2 kP,
At—0 '

For a function ¢ € C§°(G x (0,T)) with supp ¢ C K, we have for any fized
keN

CTua: — 0 in L¥(0,T; L*(G)?) for all s € [1,00],
CTup; — 0 in L*(0,T; Wy * () for all s € [1,00),

as At — 0.
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Remark 6.5. The set Ej, a; is determined by the maximal function of derivatives
of ua¢. To be precise, it is given by

Erat = {M(|Vuar|) > Ae,at}
UAM(|07uatl) > Ae,act U{M(Juat]) > Oac},

where 07w is a quantity related to a fractional time derivative of u defined in
(6.11).

We split the proof into several parts.

6.6 Definition of the set Ej A,

We introduce the following quantity which reminds of a fractional time deriva-
tive of u. For 0 < 0 < & we define

T
uae(x,t) —uae(x, s
8fum(z,t)/0 [ua |tis|lfj( s (6.11)

Lemma 6.6. Let the assumptions of Theorem 6.4 be satisfied. Then for ¢ =
min(q, 2) holds
HanAtHLé(Gx(QT)) —0 as At—0.

Proof. Let € > 0 be sufficiently small such that c4+¢ < . We omit the subscript
At for better readability. Employing Hélder’s inequality and Fubini’s theorem
yields

Haf“HqLd (Gx(0,T))

@), \"
UZL'S
//(/ e s
T ij
0 |t . Sl —c |1f— S|%+a+s
/ /</ ds)‘“/T Jue,t) —u(z, )7
o |t— s| o t—s[tFalte
. T [Ju(t) H ! g dt
¢ |t—s|1+q e s

s¢ |“|W°+€’<7(0,T;L§(G)d>

¢ |u|$/VU+EvQ(O,T;L2(G)d)
From the assumptions of Theorem 6.4 we know, that
At —0 in W90, T; L*(G)).

The compactness result Lemma 2.5 implies the strong convergence of {ua;} in
Weo+ea(0,T; L2(G)4). O
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The next step will be to find suitable sets where our function will be cut off.
For this purpose we take advantage of the Hardy-Littlewood maximal operator
M defined in the beginning of this chapter and some weak-type inequalities.

The idea is to use the Chebyshev (weak-type) inequality

pasa({lg] > A)) < & APl g,

to estimate the largeness of a function g. We could take g = M(|Vuay|) for
example. But if g converges weakly, we only know that the right-hand side
is bounded. The next lemma gives a finer estimate in which we choose the
parameter A conveniently, such that the constant in the inequality behaves like
27k,

Lemma 6.7. For a given function g € LP(R*Y) and any k € N there exists a
number Ay € [22°,22"""] such that

A pa+1({lgl > Ax}) < (In 2)! 27k ||gHiP(]Rd+1)'

Proof. See also [22, pp. 28f.] or [49, Lemma 1.1.2]. With Fubini’s theorem we
calculate

lg(z,t)] .
Hg||}£p(Rd+l) = / / (A) dA d(z,t)
Rd+1 Jo
= p/ / N[0 g (V) dA d(z, 1)
Rd+1 Jg
:p/ )\p—l/ X[O,\g(z,t)D()‘) d(:C,t) d)\
0 Rd+1

= p/oo N g ({lg(z, 1)) > A}) dA
0

2
> p AT inf AP ({lg(e, )] > ~)) dA

k k+1
22* ve[22* 228

ok+1

—p (@) - w2 i raa({lge 0] > 1))
ve[22k 228

This gives the inequality

. P —1 —10—k D
76[221,3;“1]7 pav1({lg(@, )] >v}) <p™ (In2)7 27" Igll7 ) gasry-

Thus, there exists a A, € [22°,22°""] such that
Nptast (g, 0)] > 73) < (0(2) 7 27 gl e
O
We extend uag, Vuar and 07 ua: with zero outside of G x (0,7). From
Lemma 6.6 and the assumptions of Theorem 6.4, it is clear that in this case, we

have ua; — 0 in L*(R41)4, Vup, is bounded in LP(RT1)™ and 97 uas — 0
in LI(R*1Y) for ¢ = min(q, 2).
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For k € N let A; a¢ be as in Lemma 6.7 for g = M(|Vua¢|). We define the
sets

MZ“t = {M(|Vuae|) > Me,atts
M = {M07uad) > Mo,
MI?,At = {M(uat]) > Oa¢}-

Lemma 6.8. Let {ua} satisfy the assumptions of Theorem 6.4. Then for every
At and every k € N

p \% —k
)‘k,AtudJrl(Mk,zt) <c277,

o

. o7 u

1 M) =
i pa (Mifay) = 0,
I M p) = 0.
Aim g (M a)

Proof. See also [22, p. 29] for a similar proof in the case of a full time derivative.
For the first estimate we note that M is a bounded operator (see (6.1)) and
hence M(|Vuna,|) € LP(R¥*1). This gives us the possibility to apply Lemma 6.7
with ¢ = M(|Vua¢|). Finally, using the boundedness of {Vua,} in LP(R4+1)dxd
yields the desired estimate.

Since the maximal operator is of weak type (g, q) (see (6.2) with s = q), we
can show for ¢§ = min(q, 2) using Lemma 6.6

past (M) = pars ({M107uael) > Akac})

q
C - q
= <)\k,At> 9 UMHL(}(RHI) 0

as At — 0 because Ay At € [22k,22k+1].
Analogously, we exploit the strong convergence of {ua:} in L2(R4+1)? and
the choice of {fa+} to show

ta+1(Mgae) = ptarr ({M(Juadl) > 0ac})

2
< (M) .

Oat
O
We now define the set
Ear = (MY, UM UM A, ) 0(G % (0,7)).
From Lemma 6.8 it immediately follows (6.8), i.e.
lim sup X a1 (Brar) < 27" (6.12)

At—0
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6.7 Properties of the truncation operator
and of up; on Ej

We consider the metric ¢ = 05 Let {Q;}ien = {Q4,B, a,,0}ien be the Whitney
covering of the set Fy a¢, 7 = Tg, ,,o the associated truncation operator and
K C G x (0,T) compact. This compact subset is needed, because we assume
no boundary regularity for the functions ua;. For the sake of simplicity, we will
omit the subscript At of uas and the argument X whenever integrating.

As indicated in Lemma 6.3, it is crucial to bound the term f4Qi lu—uag,|dX .

Lemma 6.9. Under the assumptions of Theorem 6.4 we have for all Q; belong-
ing to the Whitney covering of Ex ar with Q; N K # 0

][ |u — U4Q;
4Q;

where again § = dk , is the distance between K and the boundary of G x (0,T)
with respect to o .

dX <ecry (Ak,m + 5*d*1*%||u||L1(Ek,At)d) ’

Proof. See also [22, Lemma 3.29] for the case of a full time derivative. Consider
Q; C Ex a¢ belonging to the Whitney covering such that Q; N K # (. Property
(W2) of the Whitney covering tells us, that 16Q; N E¢ # (. This means that
one of the following holds

(i) 16Q; N (G x (0,T))° # 0,
(ii) 16Q; N (MYE,)¢ N (Myias)e 0 (M )¢ # 0.

In the first case (i), the condition @Q; N K # @) ensures that Q; lies sufficiently
far away from the boundary of G x (0,7) and thus, the radius r; of the Whitney
ball @; cannot be very small. We know, that there exists a point X e QiNK
and thus, the triangle inequality for ¢ = g, and ¢ as in the lemma gives

§ < o(X, (G % (0,7)))
< o(X, X;) + o(Xi, (G x (0,T))°)
<r+17r;
and hence
r; > co.

With pg4+1(4Q;) = cer/G we can estimate

][ lu — g, | dX §2][ ] dX
4Q; 4Q;

411
<er; UTZ'/ |u| dX

3

k3

<er 617 |u

Ll(Ek,At)d'

In the case (ii), we do not know how small r; can become. But since we
o7 u

know that @; is somehow near the set (MYX,)° N (M, 'x;) N (M A,)¢, we can
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use the smallness of the maximal functions there. Employing the Poincaré-type
inequality from Lemma 2.11 on 4Q; with r = 47; and |b — a| = 2 (4r;)"/¢ yields

][ lu — uag,| dX Scri][ |Vu|dX—|—‘2ri1/a ][ |07 u| dX
4Q; 4Q; 4Q;

=cr; <][ |[Vu|dX Jr][ |8fu|dX) .
4Q; 4Q;

Here we see the reason for the scaling of the metric. Without the exponent o,
we had the factor r{ instead of r;.

Since 16Q; N (MYX,)° N (M,?;'Z;)C # (), there exists a point X in it, which
means that the maximal functions of both |Vu| and |87u| are bounded by A ay
in X. It is

4Q; € 20Q,,(X)
and hence, with the definition of the maximal function we obtain

][ lu —usg,|dX <er; (7[ |Vu|dX Jr][ |8fu|dX>
4Q; 20Q, (X) 20Qr, (X)
< eri (M(Tu)(X) + M(97ul) (X))

< eri Ak, at-
This finishes the proof. [l

Corollary 6.10. Under the assumptions of Theorem 6.4 we know for all Q;
belonging to the Whitney covering of Ey ar with Q; N K # 0 that

]é Tu—ul dX < eri (Mae+ 62 ul e, o)

Proof. This is an immediate implication of (6.7) and the above lemma. O

Lemma 6.11. Under the assumptions of Theorem 6.4 we know for all Q; be-
longing to the Whitney covering of Ej ar with Q; N K # () that

(Tu)(X)] < ¢ (Bae+ 67 ull 1z, 00
for X e Q;NK.

Proof. The method of proof is analogous to the proof of Lemma 6.7. Instead of
using Poincaré’s inequality, one estimates

(T < 3 lug,lvs(X) <e f fuldY <cf  Julay <coay

jeA; 4Q; 20Q-, (X)

in case (i). In (ii), using (W2) we estimate

(Tu)(X)]| < f ful dy

4Q;

_q_1
Scrid "/ |u] dY
Eg,at

—d—1
<cé "HUHLI(Ek,At)d'
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6.8 Lipschitz-continuity of 7u w.r.t. o,

Lemma 6.12. Under the assumptions of Theorem 6.4, we have for any compact
set K C G x (0,T), every At and k € N, that Tua; € ng‘l(K)d. In particular,
Tunt is differentiable almost everywhere in G x (0,T).

Proof. The proof is not straightforward and can be found in [22, pp. 17ff.]. O

6.9 Proof of L*®°-bounds

Lemma 6.13. Under the assumptions of Theorem 6.4, we have the following
bound on the truncation Tua; and its gradient for almost all X € K :

(VTua) ()] < e (Mae+070 fuadllprm, a0¢)
(Tuse)(X)| < e (6a0+ 8 F usdllp s, ane) -

Proof. See also [22, pp. 22f]. We split the gradient V7T ua; into two parts.
Since Tua: = uas on E,‘;At, we have

VTuat = XE,a: VT UAL + X(Gx(0,7)\Er.a, YUAL

almost everywhere in K.

Let us again omit the subscript At of ua; to keep things simple. For a point
X € (KN(G x(0,7))) \ Ek,at, the property (6.3) of the maximal function and
the definition of Ej A; immediately give

[Vu(X)| < M(IVu|)(X) < Ak ar
On the other hand, a point X € KNEj A lies in some ball @; of the Whitney
covering. Using the property
Z Y; =1 on Q;
JEA;
of the partition of unity, we have

(701 = v ( X e, )

JEA;

~ (v, - ua)

JEA;

-|(Z vest0ue, - ua )|

JEA:

From the construction of the partition of unity it follows |V, (X)| < cr{l for
X € Qj. Together with the sum over j € A; being finite and (W3), we obtain

(VT <e 3 f - wse,
JEA; 4Q;

Scr{lf lu — usg,| dY .
40

i

dY
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Here, we also used (W6) and (W3) to calculate

= ‘][ udY —][ udY 4+ usg, — uaQ,
Qj Qi

S][ |u7u4Qi dy +f |U7U4Qi
Q.

7 i

§c][ lu — uag,|dY .

i

|qu —UQ;

dY

Finally, Lemma 6.9 gives
(VT ()] < e (Moae+ 0777 ull iz, o)

The proof of the second estimate is analogous. For a point X € (K N (G x
(0, T))) \ E),a¢ we obtain from the definition of Ej a; and the property (6.3) of
the maximal function

[ Tu(X)| = [u(X)] < M(Ju])(X) < O

On the other hand, for all X € K N Ej a: there exists ¢ € N such that
X € @Q;, where Q; is a space-time cylinder belonging to the Whitney covering.
Then Lemma 6.11 yields

—d—1
1 Tu(X)| <c (m +o7¢ °|\UI\L1(Ek,At>d) :

6.10 Smallness of the gradient of 7ua; on Ej a,

Lemma 6.14. Under the assumptions of Theorem 6.4 for any k € N, there
exists a constant ¢ > 0 independent of k such that

limsup || VT uat| e (g, aniyaxs < c27k/P,
At—0 ’

Proof. See also [22, p. 32]. Using the L°°-bound on the truncation from
Lemma 6.13 and the strong convergence of {ua}, it is easy to calculate

limsup [|VTuatl Lo (E, anm)ixa
At—0

< 11211 Sup fn+1 (Ek,At)l/pHVTUAtHL“(K)‘“d
t—0

) —d-1-1
< ]1213%1) ’LLn+1(Ek1At)l/p c ()\k,At + 5k,At 7 HuAtHLl(Ek,At)d)
t—
< ¢ limsup )\k,At,un-i-l (Ek,At)l/p
At—0
1/p

< ¢ limsup ()\zyAt,U/n-i-l(Ek,At))
At—0

Finally, employing (6.12) delivers the desired estimate. O
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6.11 Convergence

Lemma 6.15. Let the assumptions of Theorem 6.4 hold and let { € C§°(G x
(0,T)). Then for fized k € N holds

CTua: — 0 in L*(0,T; L5(G)%) for all s € [1,00],
CTup; — 0 in L3(0,T; Wy *(Q)?) for all s € [1,00),
as At — 0.

Proof. Let K € Gx(0,T) be compact and let ¢ € C§°(G x (0,T)) with compact
support in K. The first convergence is clear since

T unt] gy < c (9At 4od-d ||u||L1(Ek,At)d) =0
as At — 0. For the other results let p € C°(G x (0,T))4*%. Then with

(6.9), (6.10) and Lemma 6.12 we know that V({7 ua;) exists and belongs to
L*(G x (0,T))4*? for any s € [1, 0] and hence

‘/ V(T uat) : godX‘ < / [CTuat - divp|dX
Gx(0,T) K

< Tustl o [ [Cdiveldx
K

—0

as At — 0. The dense embedding C5°(G x (0,T))%%¢ <& Ls(0,T; L3(G)4x4)
gives the weak convergence of V((7ua;) in L*(0,T; L*(G)4*?) and thus the
weak convergence of (T ua; in L¥(0,T; Wy *(G)?) for s € [1,00). O
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Stationary Problem

In the course of showing the existence of a solution to (3.8) in Chapter 8, we
require the existence of a solution u}, € V}, to a stationary problem of the form

1 n n— n n n
E(um - uAtl) + Aup, + Bup, = fAs

for given uk;' € H, fR, € V,, At > 0 and n € N. This chapter is dedicated

to show the solvability of this problem in the general case p > dQ—fQ and the

derivation of suitable estimates on the solution u’},. We follow the proof in [19]
and add a regularizing term. As we will see, many ideas and obstacles in this
proof are similar to the ones in the evolutionary case.

Remember that for p > d3—_f2 the solvability already follows from the classical

theory of monotone operators since with V,, < Hy, we can regard B : V), — Vp’ .
7.1 Solution to an approximate system and
a priori estimates

For ¢ = 2p’ and v € N we define the operator
. 1 9
Qv :Hy— Hy with (Quu,w)=— [ 0|7 v -wdx
vVi/a

for all v,w € H,.

Lemma 7.1. For every v € N, the operator QQ, defined above is well-defined,
continuous, strictly monotone, bounded such that

1 1
1Quvllm, < ;HUH?{(I )

and coercive such that

1
<Ql/vav> - ;HU H,

for any v € Hy.

Proof. This follows from simple calculations and [68, Proposition 26.7] since @,
is the Nemyckii operator of the function v +— (1/v) |v|P=2v, v € R. O

7
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This operator ensures that, when added to the equation, solutions belong to
H, = Hy,. Thus, it makes sense to employ the operator

By : Hyp — V) (7.1)

(which means we take r = pin (3.5)). This justifies (Bpu,u) = 0 for v € V,NH,.
For v € N we consider the approximate problem of finding a function u, €
V, N Hy such that for given v € H, f € V;f and At > 0, there holds

<uyAt 07¢> + (Auy, @) + (Bpty, ) + (Quuy, ©) = (f, ¢) (7.2)

for all p € V,, N H,.

Lemma 7.2. For each v € N, there exists a solution u, € V, N Hgy to (7.2) that
satisfies the a priori estimate

1 CO 1 ’
s (el = ol + = ol3) + 2w, + S, < el 71,

where ¢ > 0 does not depend on v.

Proof. We follow the first steps of the proof of [19, Theorem 3.1]. The existence
of a solution u, € V,NH, can be shown with Brézis’ theorem on pseudomonotone
operators, see e.g. [25, Theorem 3.6.2], since Q, + A : V, N H, — (V, N H)
is monotone and hemicontinuous and B, : V, N H, — (V, + H,)' is strongly
continuous. We test the equation with the solution itself and use the fact u, €
H, = Hyp to show (Bpu,,u,) = 0. This leads to

1

A—t(u,, —v,uy) + (Auy,u,) + %(Qyuy,ul,> = (f,uy).

Now, the identity (a — b,a) = 1(lal> — [b|*> + |a — b]?), a,b € H, Young’s
inequality, the coercivity (3.2) of A and of @, yield the desired estimate. O

The goal is to prove existence of a solution to an equation involving B :
Hy,r — V! (for the definition of B and r, see Section 3.2.4) instead of B,. But
since

(BPUV,QD> = / Uy @ Uy ngd.’L' = (B’LLV,QD>
Q

for ¢ € V, the validity of (7.2) implies, that

<uyAt U,ga> + (Auy, o) + (Buy, ©) + (Quuy, ) = {f, @) (7.3)

holds for all ¢ € V. A density argument extends this to all ¢ € V,. N Hj,.

7.2 Convergence

Let f € sz and v € H be as in (7.2). Applying Lemma 7.2 to every v € N, we
obtain a sequence {u,},en of solutions. We remind, that » > p determines the
regularity of the convection term B : Ha,» — V,! and was chosen in Section 3.2.4.
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Lemma 7.3. There exists a subsequence of {u, }ven, which we still denote by
{uv}ven, a function u € V,, and a functional a € V, such that

Uy, —Uu n Vp,

U, —U mn Hopr,
. !

Bu, — Bu V],

Quu, —0 mn Hey,

Au, —a m VI;.

The function u solves

uU—v

At

Proof. See also [19, Theorem 3.1]. The a priori estimate in Lemma 7.2 shows,
that {u,},en is bounded in V,. The reflexivity of V, implies the existence
of a weakly convergent subsequence of {u,},en. For brevity of notation, we
may always write {u, },en for its subsequences. Let us denote the limit of this

+a+Bu=f inV. (7.4)

subsequence by u € V,,. From the compact embedding V), N Hs,. follows the
strong convergence of {u,},en towards u in Ha,» and H. This immediately

shows
Uy — U u—0

At At
The continuity of the operator B : Haw — V! gives

in H.

Bu, — Bu in VT’

For the additional term @, , we employ of the a priori estimate in Lemma 7.2
to calculate

1Qu(w)a, <

A
ak
g
=
T

I
7 N
N
N~

Ql
7N
R+
=
s
— )

=
~~
.

< (1) (el ) ™

which tends to zero as v — oco. Thus,
Qu(uy) =0 in Hy.
The growth condition of A together with the bound on {u, },en shows the

boundedness of the set {Au,},en in Vp’. Hence, there exists a € Vp’ and a
subsequence of {u, },en such that
Au, = a in V;f.
Finally, taking the limit v — oo in (7.3) gives for any ¢ € V
U—1

<T,<p> +{a, ) + (Bu, ) = (f, ).

By density, we conclude
U—10

A7 +a+Bu=f inV.
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7.3 Lipschitz truncation and solenoidal test functions

The next goal is to prove a = Au. Here, the stationary Lipschitz truncation

comes into play as we are not able to test (7.4) with the solution u itself. With

the help of Lipschitz truncations of u,, v € N, we will be able to show almost

everywhere convergence of the symmetric parts of the gradients {Du, },en.
For every v € N, let us define

Wy = Uy, — U € Vp,

which fulfil the assumptions of the theorem on the stationary Lipschitz trunca-
tion [19, Theorem 2.5]. An application of this theorem provides for every j € N
a bounded sequence {w, j},en C Wy ()¢ of truncations of {w,},en such

that [|Vw, ;|| poo(gyaxa < ¢22"" and for fixed j € N holds

w,; — 0 in L¥(Q)? for all s € [1, 0], (7.5)

w,; =0  in Wy* ()¢ for all s € [1,00), (7.6)
as v — oco. Moreover, it is

limsup || Vwo,j || e (fu, 2w, }yaxd < c27/P, (7.7)

where ¢ depends on Q and sup, ¢y le/HW[},p(Q)d. Here, we wrote {w, ; # w,}
for the set {x € Q : w, ;(z) # w,(z)}.

The problem is, that we still cannot test (7.4) with the functions w, ; since
they are not divergence-free on the set {ww» # w, }. However, we have

Lemma 7.4. Let 1 < s < oo. For every j € N there exists a sequence
{"/)U,j}UGN C WOI’S(Q)d, SUCh that

P = Wyj — Py € Vs. (7.8)
and
CvjsPv; — 0 in L*(Q)4,
gty =0 in Wo ()7,

as v tends to infinity. Furthermore, the gradients of 1, ; become small in
LP () with large v, in the sense that

lim sup ||1/1,,7j||W01,p(Q)d < ce279/P, (7.9)

Proof. See also [19, Theorem 3.1]. Similarly to Section 5.1, we consider the
space

L3(Q) = {g € L*(Q) : /diz o}.

Since our domain is sufficiently smooth (i.e. Lipschitz), there exists a linear
bounded operator B : L§(€2) — Wy *(Q)¢ with

divBg =g,
1Bgllwzs(aye < cllgliLy@-
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This operator was first introduced by Bogovskii [15]. Later, the existence of
these kinds of operators could be generalized for so-called John domains, see
[21] and [2]. See also [29, Section 10.5].

For every v, j € N, we want to apply B to divw, ; in order to find a function
1y, ; which has a gradient that is small on the whole domain € (instead of only
on {w, ; # w,}) and has the same divergence as w, ;.

Taking the integral of divw, ; gives with Gauf}’ divergence theorem and w, ;

vanishing on 0f2
/ divw, ; dz :/ wy,;-ndr =0,
Q aQ

where 7 is the outward normal on 0. Thus, divw, ; € L§(Q2) and we are able
to apply B to divw, ; to receive a function

Yy = Bdivw,,
with

”d’uj”wol’s((z)d <c|divw,,] Ls(Q)

= c|IX{w, 2w, } divw, ]

< cl[Vwy il Le(fw, 2w, })dxds

L(Q)

since divw, ; = divw, =0, where w, ; = w,. From (7.7), it follows
lim sup H'l/)y_yj”wol,p((z)d < c279/P,
V—00

The operator B is linear and bounded and thus preserves weak conver-
gence, see e.g. [17, Theorem II1.9]. Hence, (7.6) with the compact embedding

W (@) < L5(Q)¢ implies for j € N
Yy; —0 in Wol’s(Q)d for all s € [1,00),
Yy; — 0 in L*(Q)¢ for all s € [1,00).
We conclude by defining
Puv,j = Wy,j — Yy j,

for which obviously hold div ¢, ; = 0. The convergence results for ¢, ; and w, ;
carry over to ¢, ;. ([l

Lemma 7.5. There holds
a=Au in V;f.

Proof. See also [19, Theorem 3.1]. The functions ¢, j, v,j € N, introduced in
(7.8) are suitable test functions for (7.3). Testing results in the equation

Uy — U
(Auua(pu,j> - — <Ta 901/,_]’> - <Buua()0u,j> - <Quu1/; @V,j) + (fa (pu,j>-

We now use the definition of the operator A (see Section 3.1) to split the
term (Au,, ¢, ;) into

(Auy, @ ;) = /Q (S(Duu) — S(Du)) : Dw, ; dz

—/ S(Duy) : D, ; dz +/ S(Du) : Dw,,; dz.
Q Q
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Here we implicitly use the fact, that the operator A can be regarded as an
operator mapping into (W, (Q)?) instead of V.
This gives the equation

/Q (S(Dwy) — S(Duw)) : Dw,,; dx

= / S(Duy) : D, ; dx f/ S(Du) : Dw,,; dx
Q Q

Uy —V
- <Ta§0u,j> - <Bul/) ‘Pu,j) - <Quum§0u,j> + <f7 SOV,j>-

For fixed j € N, the last five terms on the right-hand side of the foregoing
equation converge to zero due to the results in Lemma 7.3 and since {¢, ;}ven
and {w, ;},en converge to zero weakly in W, *(Q)¢ for any 1 < s < co. The
first term becomes small since the gradient of 1, ; becomes small in LP(£2)?*4,
Indeed, with Lemma 7.2, the growth condition (1.8) for S and (7.9), there holds

limsup/ S(Dw) : Dipy 3 dar < i sup |S(Dw)| o oyaxc | Do | ey
Q v—00

V—00

< c2=I/p,
Altogether, this means

imsup [ (S(Du) = S(Dw)) : Dy e < 2797
Q

V—00

Application of [19, Lemma 2.6], gives

6
Hmsup/ ((S(Du,,) — $(Du)) : (Duy, — Du)) de =0
v—00 Q

for a number 6 € (0,1). Following the steps in the proof of Lemma 8.19 or more
precisely [14, Step 2 of the proof of Theorem 2.1], one can show Du, — Du
almost everywhere in Q2% (0, 7). Then the continuity of S in the second argument
ensures, that {S(Du,)},en also converges almost everywhere towards S(Du).
Finally, the growth condition (1.8) implies, that the sequence {S(Du, )} en is
bounded in LP(£2)4*?, which allows us to apply [41, Lemma 1.3, pp. 12f] to
show

Au, — Au in VZ.

This means Au=a. O

7.4 A priori estimate

We compile the above results to the main result of this section. We already
employ the notation of Chapter 8 where this theorem will be applied.

Theorem 7.6. For given uZ?l € H, fa, € V, and At > 0 there exists a
solution uR, € V,, of

un, — un—l
BB Auk, + Buk, = f&, inV/

1
N . (7.10)
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that satisfies the estimate

1 _ _ Co ’
oz (eaeller = s 1 + lluie =i ) + 5 IRy, < ellfRd,, (7.11)

with ¢ > 0 independent of At.
The “discrete time-derivative” satisfies

/
n—1"

n
Uar — Upg

A7 < clluRlly, + cllupdllz,, + el A, (7.12)

v’

Proof. The existence of a solution u%, € V, to (7.10) follows from the above
lemmas, where we used the regularizing term @, to obtain approximate solutions
u, € Vp, v € N. Since u, — ux, in V},, we have the estimate

[uAellv, <liminf{lu, [y,
V—00

Due to the compact embedding V,, < H , we further have
lukellzr = Jim g |

Hence, taking the limit ¥ — oo in Lemma 7.2 gives (7.11).
For the second estimate, we employ the differential equation (7.10). Due to

d d
r > p, we have V;. — V), and hence by reflexivity V) < V. Therefore, it is

n n—1
Upnr — Une

At

< [Aupllvy + ([ Bupgllvy + [ fllv:
vy

< cl|[Aupllv; + || Buprdlv; +cll fllv;

< e (L4 uRllv, )P~ + e lluklig,,, + 1flv;-
Taking the power 7’ then gives with (14 [[uR,[|v,) > 1 and »" <p/

’
n—1T

n
Uar — Uae

A7 e+ uRellv, )" + llundlz,, + 111V

vy
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Time discretization

In this chapter, we will present an alternative approach for constructing ap-
proximate solutions to (3.8). In Chapter 4, the approximation was achieved
by regularizing the convection term (for some parameter £ > 0) so that the
resulting problem could be easily solved employing results from the standard
theory of monotone operators and a fixed point argument. This approach is of
theoretical nature, since one still has to numerically solve the time-dependent
approximate problem for every considered ¢.

Thus, we want to establish a temporal semi-discretization scheme for (3.8)
without relying on an alteration of the equation itself. In this way, we wish
prove the existence of a weak solution to (3.8) and show the convergence of a
numerical scheme at the same time. For now, we only consider the question
of convergence and neglect the study of error estimates or convergence orders,
since these always require regularity of the exact solution, which is not known
so far.

8.1 Temporal semi-discretization and
a priori estimates

Let us now discretize the problem (3.8) in time: For N € N we consider an
equidistant time-grid {t,, }2_ on [0, T'] with step-size At = £ and t,, = nAt. Let
us shortly identify the corresponding sequence of time-grids with {(At)n}nen.
We will denote all quantities related to such time-grids with the subscript At,
omitting the declaration of N.

The right-hand side f is approximated by the natural restriction

n 1 tn
TR =& f(r)dr, n=1,...,N.

tn—l

For the definition of suitable prolongations of the discrete problem, we will see
that the starting value u%, has to belong to V. The actual initial value uy € H
is then approximated by a sequence {u,} that satisfies

{uas} € Vs upy — uo in H, At”UOAtH]{D/p < (8.1)

where ¢ > 0 is independent of Af. The existence of such a sequence is assured
for any ug € H since V,, lies dense in H.

83
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Let us now consider the fully implicit numerical scheme

ul\; € V, given (with u\, & ug in the above sense),
1

E(uZt —uzzl) + AuR, + Buk, = fA;, n=1,...,N.

(8.2)

Remark 8.1. If we would assume the viscosity term S to be time-dependent, we
would additionally have to approximate the operator A = A(x,t, z) in time. A
possible approach would be the natural restriction

I
AAt(t):E/ A(r)dr, forté€ (tp-1,tn],n=1,...,N.

tn—1

Lemma 8.2. There exists a solution {u},})_y C V,, to (8.2) that satisfies the
a priori estimate

n n
Rl + Y ke = wny N7+ code Y ukellf, < e (8.3)
k=1 k=1
oralln=1,2,..., N, where c is independent o .
ll 1,2 N, wh s ind dent of At

Proof. For a given u’El € H, the existence of a solution uk, € V, to (8.2)

follows from Theorem 7.6. For the a priori estimate, summing up (7.11) over
k=1,...,n gives

n n n
k k— k i
ol + 5 Nk, — i 1%+ cole S ko, < Nl + e At S AT,
k=1 k=1 j=1
for alln =1,2,..., N. With the choice of the initial data in (8.1) we have
lunell < c.

Moreover, with Holder’s inequality and v’ < p’, we find
n ] tn
Atz HfitH;p’ < /O Hf(t)”(/p’ dt < ||f||zr’(07t;vi)/) < CHfHZp’(oj;vg)' (8-4)
j=1
([l

8.2 Definition of corresponding prolongations

From the discrete solutions {u’,}N_; we construct piecewise polynomial pro-
longations ua: and va; for any stepsize At, which are defined on the whole time
interval [0,7T]. For n =1,..., N, we define

une(0) = upy,  une(t) = uR, if t € (b1, tn],

and

n—1

u, —u 4.
UAt(O) = UOAt, UAt(t) = %(t - tn—l) + ’U,Ztl ifte (tn_l,tn].
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We remark that in contrast to ua¢, the function vay is continuous and weakly
differentiable in time. Both functions attain the value ux, for t = t,. This
construction allows us to use the validity of the discrete equation (8.2) and

n n—1
_ UniTUAy

Vp,(t) = =2t in (t,—1,t,] to derive

Uae(t) + Auni(t) + Buae(t) = fae(t) in VY,
for every t € [0,T] and fa¢(t) = fR, in (tn—1,t,]. Integrating over the interval
[0, T] then gives

Vn, + Auny + Buay = fa; in L7 (0,T; V). (8.5)

We will now consider null-sequences of time-steps. It sufficient to consider an
arbitrary subsequence {(At)n; } en of the sequence {(At)n}nen. Nevertheless,
we will write down the original sequence for notational brevity.

Lemma 8.3. Let {(At)n}nen be a null sequence of time-steps (i.e.let N tend
to infinity). Then the sequences of prolongations {uat} = {u(ay)y fNen and
{vat} = {vat)y fven are bounded in the spaces L°°(0,T; H), LP(0,T;V,) and
L2 (0,T; Ha). The sequence of derivatives {v)x,} is bounded in L' (0,T; V).

Proof. For simplicity, we omit the subscript V. Using the a priori estimate
(8.3), the bound on the initial data (8.1) and the estimates

T N
| Tuseto) ae = Z / Juk i, dt = AES b, I
k=1

/ s, a0 < earS” (Inkalt, + s,

k=1
N
< c(Aﬂu&tH’@, Aty |u’zt||’¢p),
k=1

it is clear that the sequences of prolongations {ua:}, {va:} are bounded in
LP(0,T;V,). The boundedness in L>(0,T'; H) is obvious, since

max |luatllg < max lvoadlg = max ||u®||x.
te[0,T te[0,T k=0,...,N

The derivative can be handled with (7.12) by estimating

T ’
/ ol at
0

N k—1
Ay |
k=1 \%4
N N N
SALY (L4 [lukillv,)? +AtY cllubellF,, +At> el fXly,
k=1 k=1 k=1

/ /
c(T+ HUAtHLp 0,T:V,) + HuAt”igr/(o,T;HZT,) + HfAtHTLT’(O,T;VI;))

’ ’
= C(T + HuAtHLP(O,T;Vp) + HuAtHiT?r’(Q’T;HZT,) + |‘fAtH£p’(01T;VP/))'
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Since {ua.} is bounded in LP(0,7;V,) and L>(0,T; H), the parabolic interpo-
lation (3.4) yields the boundedness of {ua} in L2 (0,T; Ha,). The growth of
fae can be estimated as in (8.4). O

8.3 Boundedness in fractional order spaces

In order to employ the Lipschitz truncation technique discussed in Chapter 6,
it is necessary that the sequence {ua+} is bounded in some Sobolev-Slobodeckii
space W4(0,T; H). When working with piecewise constant functions in this
space one has to carefully handle the limiting case & = 1/¢, which cannot be
attained. To circumvent this difficulties, we will instead show boundedness
in the corresponding Nikolskii space N°4(0,T; H). Here, we do not have to
consider singular integrals, which makes life a little easier.

Nikolskii and Slobodeckii spaces measure local regularity as well as global
regularity. For a piecewise constant function, the local regularity is responsible
for the condition & < 1/¢ (or & < 1/¢ in Nikolskii spaces). For the global
regularity, one has to bound terms similar to

N—k
D Ik —uRi
n=1

Our discretization scheme admits a bound on the term 22[21 lu™ — w113,
It appears natural to employ this bound to estimate the above term. Unfortu-
nately, this has the price of a factor k. Indeed,

n+k 2
||uzt’“—uzt|%qs( S, — iy |H)
j=n+1
n+k ] ]
<k S -l
j=n+1

This factor prevents us from acquiring estimates on the fractional order norms
with the aid of this stabilizing term.

Another possibility is to employ the differential equation itself to directly
derive an estimate on

k k k
luAd"® = wAdllE = (Wat® — upp uxy™ —ui)
k k k k
= (upy" —uppung —uig) < llunt® = udllv, luny” — urllvy

Unfortunately, this method only works under more restrictive conditions on

the parameter p. We will start with deriving an estimate in the simple case

p>1+2d/(d+2). After this, we present a weaker estimate for p > max((d +
d? +2d(d+2))/(d+2),3d/(d+ 2)).

8.3.1 Simple case

Lemma 8.4. Let p > 1+ dQ—fQ. Then for the discrete solutions {u},}N_o of
(8.2) holds

N—k
D lkt® —uRll < ck (8.6)
n=1
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for every 0 <k < N.
Proof. Let 0 < k < N. By assumption, uX, € V} is a solution of

n—1

UAL M A:At + Aup; + Bup, = fA

for every 1 <n < N
Since p > 1 + d 2, we have r = p in the definition of the convection term
(3.5) and thus B : Hoy — V), such that Buix, € V,. Then for n < N —k holds

n+k n+k n+k n+k

Unt uAt_|_ Z Aum—i— Z B“At Z fit in VZ'

j=n+1 j=n+1 j=n+1

With this, we estimate

lunt® = uRelFr
= (UZJtrk UAgs UZJtrk — uR¢)

n+k
= A7f< Z (fJAt — Auj, — B“JAt) “E&rk - U2t>

j=n+1
n+k ) ) )

<t 30 (I + Iudlg + 1Bl Y I = b,
j=n+1

Holder’s inequality and the boundedness of {ua;} in L?(0,T; V) from Lemma 8.3
yield

Z lunt® — wpol%

N-k , ntk _ _ _ P\ /0
<at( X (X (1 +Iavkdvg + 1Bukdy)) ) x

n=1 j=n+1

. 1/p
(Z gt —uztuep)

- ntk o o, W\
gc<mzkp/p 3 (|fgt||z+||Au£tlp;+llBu2t“p,;)> X

n=1 j=n+1

N 1/p
. 2(At2 ||uzt|%p)
n=1
N—k n+k

. ’ . ’ : / 1/p,
< kP (Atz > (|fgt|z+||Au£t|p;+llBu£tllp;)> -

n=1 j=n+1
Let us exemplarily consider the term

N—-k n+k

ALY N B

n=1 j=n+1
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Changing the order of summation gives

N—k n+k

Aty D IIBuAtllp/ < Atz Z HBuAt”p/

n=1 j=n+1 j=1ln=j—k

N
=k Atz ||B“JAt||ppf

j=1

<k Buatl? o s

< k ||uAt||L2p (OTH2 /)5
which is bounded after Lemma 8.3 with v/ = p'.

The other terms can be handled analogously estimating

N—k ntk
At Z Z |AU’Ath <k HAuAtH ’(0,T; V)
n=1 j=n+1
< k@ + uatllzeo,riv,,))”
and
N—k ntk
At Z Z Hfm”p' <k HfAtHLp 0,15V1)"
n=1 j=n+1

By means of Lemma 8.3, we find

N—k
Z |umtk — w2 < ckYPEYP = ck.
n=1

Lemma 8.5. Suppose that (8.6) holds Then {ua+} is bounded in the Nikolskii
spaceN”q(OTH)forJ<m1n( 1), 1< g <.

Proof. We have to show
T—h )
/ luat(t + ) = uae(t)||7 dt < ch?.
0

for every h € [0,T7.
Let h € [0,T] and k € N such that kAt < h < (k + 1)At. The integral on
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the left can be written as

T—h
/ lune(t + h) — ua(8)]|% dt
0

—k— n+k— h k tn &

1
Z / lulkt® — |, dt + / JulFH )
n=1 tn—1 tnyk—h

n
T—h
—k
4 / - w7 E ),

tN—k—1

N—

e

-1

((Ce+ DAL= B[ — ublfy + (h — kAL [uk+ — i, )
1

+ ((k+ 1At — )HUAt uAt kHH

3
Il

N—k—1
((k -+ 1)At - 1) Zuu"*k—uthH (1= k80) 32 i — ol

For ¢ > 2, the boundedness of {ua;} in L(0,7T; H) provides exemplarily for
the first term

2
Z luad® = wRellgy < max lupf® — w3 Z Rt = uRill

N-—
Z n+k UZtH%I

Employing (8.6) then altogether gives

T—h
/ lune(t + h) — uar ()] dt
0

<c((k+1)At —h)k+c(h—kAt)(k+1)
<cAt(k+1)
<ch.

This gives boundedness of {ua:} in N99(0,T; H) for & < 1/q.
If ¢ < 2, we use Holder’s inequality to show (again exemplarily for the first
term)

N—k N—k /2
S g < (N k)l-qﬂ( 3t u"||%) .
n=1 n=1

From (8.6) it then follows

T—h
| sttt )~ sty a
0
¢ ((k+1)At — h) (N — k)1 =9/2}/2
+c(h—kAt)(N — &k — 1)1 792 (k4 1)1/

< e AN — k)92 (k +1)9/?

<e(T— h)l—q/2hq/2

< cTh??,
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In that case, {ua¢} is bounded in N°9(0,T; H) if 5q < q/2, which is true for
5<1/2. O

Corollary 8.6. Suppose that (8.6) holds. Then {uAt} is bounded in the Sobolev-
Slobodeckii space W4(0,T; H) for & < mln( ) 1<g<oo.

Proof. This result immediately follows from the foregoing lemma and Lemma 2.3,
but can also be calculated directly by estimating the W?:9(0, T'; H)-seminorm.
O

8.3.2 Difficult case

If we weaken the assumptions on p, there is still a suitable estimate for this
term. We make use of the interpolation (2.3) and the embedding V,, — H to
show

—
Al

1Bullv; < cllvli,, < cllvly v eV, (8.7)

which is possible for p > dg—fQ as then we can choose r = p in the definition of B
(see Section 3.2.4). The conditions on ¥ are

€1/p,1] if p>d,

1 /1 1 1\ !
9= —(=+>—-= if d
2p<2+d p) .

see also [26, Lemma 2.1]. Of course, it is ¥ € [1/p, 1] in the case p < d. Thus,
we can always choose ¥ as in the case p < d.

and

Lemma 8.7. Let p > d+2 Then for the discrete solutions {u}k ,}2_ of (8.2)
there holds

N—
n _20 20
Z lupt™ = wA 1 < ck' =5 (At ™% (8.8)
if in addition
- d+ +/d? +2d(d + 2)
d+2 ’

it d=2, pz?’%\/@ if d=3.

(8.9)

i.e.

H
+
S

Proof. The first part of the proof is similar to the one in the simple case. We
have

N—
Z n+k - UZt”%I

N—k n+k ) ) ) p/ 1/p’
<(a Z( > (I + 14l + 1Blhg) ) )

j=n+1

N— 1/p
x (At S st —uztuep) ,
n=1
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where the second factor can again be estimated by the LP(0, T’; V,)-norm of ua.
For the first factor, let us estimate

n+k . . . p/
(30 (18l + vy + 1Bl ) )

j=n+1
n+k ) p, n+k ) p/ n+k ) p,
SC( 3 ||fit||v;) +c( 3 |Au£t||v;> +c( 3 ||Bu£t||v;)
j=n+1 j=n+1 j=n+1

Considering the convection term, we employ the interpolation (8.7) and the
boundedness of {ua:} in L>°(0,T; H). Then, if p > 29, we find with Holder’s
inequality

N—k , n+k _ ' Nek . ik | y
cAtZ< > |Bujm|v,;> ScAtZ( 3 |uJAt”2Vz>

n=1 j=n+1 n=1 j=n+1
Nk 29 ntk p/%
/ .
cear Y w <1p>( > It
n=1 j—n+1
1—p'2 1—E
C(At) P Z HuAt”Lp(OTVP

/29 (

N )(ka)
< (T —h) (At)~P Fpr' (=57,

IN

Concerning the terms with AujAt and fit, we proceed analogously to the proof
in the simple case and receive

N—k n+k ) p/ N—k ntk ‘ /
CAtZ( > IAuJAtIIv,;) S ckVPALY N ||Aup Y, < kP
n=1 j=n+1 n=1 je=n+t1 P
and
N-k , ntk ‘ P N—k n+k
CNZ( > llfitllv;) <ckPALY ST A, < ek
n=1 *j=n+l n=1 j=n+1

Altogether, we have

Z luxp® — uBld < e (A8~ F KTtk

IA

C(A)FETY ek E N
29 129

c(AH) TR

IN

We still have to analyse, under which assumptions the condition p > 24 is

valid. One verifies, that
-1
11 1y
2p\2 d p -2
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is true if and only if

2 2 2 _,
Y T -

This gives the condition

_d+/d+2d(d+2)
d+2 '

O

Lemma 8.8. Suppose that (8.8) holds. Then {uAt} is bounded in the Nikolskii-
space N%1(0,T; H) for 5 < min(% — 201 —) 1<g< .

Proof. Similarly to the proof in the simple case, we estimate
T—h
[ sl )~ usste) )
0

< ((k+1)At - Z luxs® — wkellfy

—k—
(h — kAt) Z ket — R, )%

For ¢ > 2, with (8.8) and the boundedness of {ua;} in L>(0,T; H) we receive

T—h
/ lune(t + ) — uar ()] dt
0

29 29

<c((k+ DAt —h)E=F (A~ +c(h— kAL (k+ 1) 5 (A1)~ F
<c(k+1)'" % (An%
Schlf%}g.

This gives boundedness of {ua;} in N79(0,T; H) for & < 1 — —19
For g < 2, we have with Holder’s inequality analogously to the simple case

T—h
/0 luse(t + ) — uad(t)|% dt
¢ ((k+1)At — h)(N — k)'~2 (kl’% (At)*%)%

+c(h—kAt)(N —k—1)! 5((k+1)1—70(m)—%)%

< c(A) (N — k) 2k + 1) 5 (A~
<c(T—h)h3~F
This means boundedness of ua; in N24(0,T; H) for ¢ < % — %. O

Corollary 8.9. Suppose, (8.8) holds. Then {ua:} is bounded in the Sobolev-
Slobodeckii-space W?-4(0,T; H) for ¢ < mm(l — 21 —) 1<g<oo.

Proof. This result immediately follows from the foregoing lemma and Lemma 2.3.
O
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8.4 Convergence

Let p > 3d/(d + 2) and (8.9) hold, i.e.

N d+ /& 12dd+2) 3d
a.
p = hax d+2 "d+2

1 /1 1 1\ !
9=—(=+=>-2) .
2p<2+d p)

Then it is % — % > 0. We remind, that 1 is the interpolation exponent we chose
in (8.7).

and

Theorem 8.10. Assume p > 3d/(d+ 2) and (8.9). Let {(At)n}nen be a null
sequence of time steps and let {uas)y fNeN, {V(at)y fNen be the corresponding
prolongations defined in Section 8.2 of the discrete solutions to the implicit
Euler-scheme (8.2) with initial values (8.1).

Then there is a subsequence of time steps {(At)n:} such that {uae),,}
and {viay) .} converge weaklyx in L>°(0,T; H) and {u(ay),, } and {vas .,
converge weakly in LP(0,T;V,) towards a weak solution u € L*>(0,T;H) N
LP(0,T5Vp) to (3.8). The sequence of time derivatives {v(5, ,} converges

weakly in L™ (0, T;V.)) towards the u' € L (0, T;V)).
The proof of Theorem 8.10 will be split into several lemmas.

Lemma 8.11. There is a subsequence {(At)r} and a limit u € L>°(0,T; H) N
LP(0,T;V,) NW&2(0,T; H) for o < 3 — g, with u' € L™ (0,T; V) such that

u(ag),, — u in LP(0,T;V,), var),, — u in LP(0,T;V,),
U(AL),, 2w in LOO/(O,T;H), V(AL Souin LOO,(O,T;H),
U(AL),, — U in L?" (0,T; Hopr), V(At),, — U in L?" (0,T; Hopr).

Furthermore,
uar,, —u in WP*0,T; H)

and
Vg, o in LTV,

Proof. Let us, for simplicity, omit the subscript £ and denote subsequences again
by their original identifiers. By Lemma 8.3 the sequences {ua:} and {va¢} are
bounded in L*>°(0,T; H) and in LP(0,T';V,) and thus, thanks to reflexivity (see
e.g.[66, Theorem III.37] or [17, Theorem III.27]), we can extract subsequences
which converge weakly in LP(0,T;V},) towards v and v respectively. By Corol-
lary 8.9 with ¢ =2 and 0 < & < 5 — %, we have the boundedness of {ua:}
in W%2(0,7T; H) and with the same argument, we can further extract a weakly
convergent subsequence in W2(0,T; H). Since L'(0,T; H) is separable, we can
extract weakly* convergent subsequences in L>(0,T; H) = (L*(0,T; H))' (see
e.g. [17, Corollary I11.26]). By density, the limits are again u and v.

Again by reflexivity, we receive a weakly convergent subsequence vy, — x

in L (0,T;V)). To show x = v' one proceeds in the same way as for (4.14).
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Hence, we can employ Lions-Aubin’s lemma (see Lemma 2.9) to show
var — v in LP(0,T; H).

The boundedness of {va:} in L*°(0,T; H) provides convergence in the space
L?(0,T; H) (in fact, in every L*(0,T;H), 1 < s < oo). Finally, the parabolic
interpolation in Lemma 3.8 proves the convergence

var — v in L*(0,T; Hypw).

There are two different ways to show the strong convergence of {ua.} in
L2’ (0,T; Hays). The first one employs a weakened form of the Lions-Aubin
compactness lemma, namely Lemma 2.4, and the boundedness of {ua:} in
W%2(0,T; H). The other, maybe easier, way is to use the strong convergence
of {va¢}. With (8.2) we calculate

T
Juae = vailern = | luad® - var(®)ly
0

n t; ) - UJA o ujAfl
= E upg —Ux, — o (=t dt
: ‘s At
J=1v4-t H
n ||, j—1 t
u —Uu
j=1 gt

NE

2]
<3 ki a0 [ - oPa

1 tj—1

<.
Il

n
Atz uh, — w13 — 0 as At — 0.
j=1

<

wl

On the one hand, this shows v = v almost everywhere in £ x (0,7). On the
other hand, the strong convergence of {va:} now implies the strong convergence
of {ua¢} towards u in L2(0,T; H). Once again, from Lemma 3.8 we obtain

UA; — U In L2T,(0,T;H2T/).
O

We now turn to the convergence of the terms in our differential equation
(3.8). From now on, for better readability, we shall write ua; instead of U(AL),, -
Whenever we speak of subsequences of some sequences indexed with At, we
implicitly consider the underlying subsequences of the sequence of time-steps.

Lemma 8.12. There exists a function a € LP (0,T;V,) such that for a (not
relabeled) subsequence of {uat} holds

Aupr — a in L (0, T; Vi), (8.10)
Buay — Bu  in L™ (0,T; V), (8.11)
fac— [ i LP(0,T;Vy), (8.12)
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as At — 0.
Furthermore, we have u € Cy([0,T); H) and

W' = f+a+Buin L (0,T; V). (8.13)

Proof. Considering (3.2), we find that the sequence {Aua:} is bounded in
L? (0,T; VI; ). Therefore, we can extract a weakly convergent subsequence, again
denoted by {Aua:}, with

Aupy — a in Lp/(O,T; VI:).
Furthermore, by the continuity of B we know with Lemma 8.11
Buay — Buin L (0, T; V).
Finally, to show fa; — f in L?' (0,T; V), we consider the restriction operator
Rag: LP(0,T;Vy) — LF (0, T3 V), f+ far,

which is a linear operator. A calculation similar to (8.4) shows that Ra; is
bounded with operator-norm equal to one. Indeed, Holders inequality provides

N
p _ J P
||RAt'fHLp/(O,T;Vp/) - Atzl ||fAt|| I;
j=

N 1 tj v
< —_— /
<o) (At L ey d7>

N

< (@07 @0 [ ol dr

= ti—

T /
= [ 1o ar.
0

By means of the dense embedding C'([0,T];V}) SNy (0,T;V,), for arbi-

trary £ > 0 there exists a function f € C*([0,T); V,), such that

”f - f|‘Lp’(01T;Vp/) <e.
It is easy to see, that for smooth f

||]%Atf~ - fHLPI(O,T;Vp’) — 0 for At — 0.
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Indeed, any f € C*([0,T]; V) is Lipschitz continuous in time and hence we have
T ~ ~ 7 N tn 1 tn _ B
po_
A|mJNwZ%‘ El’f@%ﬂww
[ v - g s
1; .
Z/ / ||f||01 [0,7);V1) s —t|p ds dt

< c(At)” Z(At)2+p

n=1

=cT (A <e,

p/
dt

for At sufficiently small. Note, that ¢ depends on f. With the triangle inequality,
we find

[1Bacf = fllow o,rvy) < 1Badcf = RAtfHLP'(O,T;Vp’)
+||Rasf — f”LP’(O,T;Vp’) +1f - v o.mvy)
< 3e,

and thus )
fae— [ in LP(0,T;V}). (8.14)
Combining (8.5), (8.10), (8.11), (8.14) and Lemma 8.11 we obtain

T T T
1/w@m¢@w+/<mmme+/<mmwmmm
0 0 0
=A<mmwww

for ¢ € C§°(0, T)andveV ,
It is f € L¥(0,T; Vo), a € L¥(0,T; V,) and Bu € L (0,7;V;) and hence
with Lemma A.2 follows
W =f—a—Bu in LT/(O,T;VT').
Finally, Lemma 3.1 implies u € C,, ([0, T]; H). O
Lemma 8.13. There holds
u(0) = ug in H.
Proof. Let v € V,. and ¢ € CL([0,T]) with ¢(0) = 1 and »(T) = 0. With
Lemma A.4, we have
—(u(0),v) = (u(T),v)p(T") = (u(0),v)(0)
= (v, vp) + (u,v¢)
= ,w> (VA vP) + (Vs vP) + (u, v9)
= (u' = Vap, ) + (Var, v0) + (Var, v9') + (u = var, vg")
=
=

/

IS

!/

u' = v ve) = (0a:(0),v)@(0) + (u — vat, ve')

’U,/ - vAtv v50> <uOAt7 U> + <u — VAt 1)(,0/>,
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which converges towards —(ug, v) thanks to Lemma 8.11. Hence, u(0) = ug in
V.!. Since u € C([0,T); H) and H R V! we also have u(0) = ug in H. O

8.5 Decisive monotonicity trick

8.5.1 Simple case

It is now left to show a = Awu. This is usually done with aid of the decisive mono-
tonicity trick (or Minty’s monotonicity trick). Let us for a moment consider the
case

2d
p>14 -2
and with it B : L*'(0,T; Hap) — Lpl(O,T;Vp’). One way of applying the
monotonicity trick lies in showing

lim sup(Auas, uat) < {(a,u), (8.15)
At—0

since then the monotonicity of A together with Lemma 8.11 implies

0 < limsup(Auas — Aw,uns — w)
At—0

<1 A — 1 A — — 1i A
< lgi%p( UAE, UAL) Agg()( w, uar — W) Ayg()( UAE, W)

< <a’au> - <A’LU,U - ’LU> - <a’aw>'
for arbitrary w € LP(0,T;V,). This is equivalent to
(a — Aw,u —w) > 0.

Now choosing w = w £ 7v for 7 € [0,1] and arbitrary v € LP(0,T;V,) and using
the hemicontinuity of A gives

Fla,v) > F(Au,v).
This implies Au = a in Lp/(O, T;Vy).
Hence, we only need to show (8.15). Due to the more restrictive condition

on p, we have v’ € LP’ (0,T;V,) and thus, equation (3.8) can be tested with u.
Testing (8.5) with ua: gives

(Vngsune) + (Auae, uar) + (Buag, uae) = (fae, uat),
which is equivalent to
(Aupg, uar) = —(Ung, vae) — (Unag uae — vae) + (fae, uat)-

With the boundedness of {va;} in Cy, ([0, T']; H) one can show, that there exists a
subsequence for which va:(T') converges weakly in H. Similarly to Lemma 8.13,
one can show, that the limit of this sequence is indeed u(T"). With integration
by parts (2.2) and uQ, — ug in H then follows

(' u) = (D)7 = Nu(O)lI7 < liminf vy, var).
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Here we used, that for weakly convergent sequences holds
T < liminf T
()11 < Vgnin [oae(T) |,

see e.g. [25, Lemma A.2.15]. One can derive from the definition of ua; and vay,
that

(Ung, unt — vae) > 0.

Together with (Bu,u) = 0, the strong convergence fa; — f, (8.5) and (8.13),
this gives

limsup(Auag, uas) < —lminf(v,, vas) — liminf(ua; — vag, uag)
At—0 At—0 At—0

+ limsup(fa¢, uat)
At—0

< = (D)7 = 1[wO)17) + (f.u)
= 7<u/au> - <Bu7u> + <fa U>

= (a,u).

Finally, the decisive monotonicity trick implies a = Au.

8.5.2 Difficult case

When considering the less restrictive condition (8.9) on p, we are not allowed to
test equation (3.8) with u since the time derivative v’ is not regular enough. This
calls for sufficiently smooth test functions that preserve some of the properties
of ua; and u. We will construct these functions with the help of the Lipschitz
truncation theorem introduced in Chapter 6.

Since this truncation will not be divergence-free, we have to find a represen-
tation of our differential equation (3.8) in a non-solenoidal context. For this,
we recover pressure functions, which will be conveniently split into several parts
corresponding to the terms Aua;, Buas and fa:.

Finally, we will be employing these test functions in the non-solenoidal con-
text in order to show almost everywhere convergence of the sequence of (sym-
metric parts of) gradients {Dua:}. In this process, we have to rely on the
special form of the diffusion term, i.e. the pointwise coercivity, monotonicity
and growth condition on the integrand function S.

8.6 Reconstruction of the pressure

We now fix a domain G CC § with G € C?. Note, that on this domain we do
not have properties like
uat € LP(0,T; V,(G)),

since ua¢ does not necessarily vanish on the boundary of G.

Theorem 5.3 requires the terms Aua:, Bua: and fa; to belong to spaces
LY (0,T; (W P(G)4)) and L™ (0,T; (W, " (G)4)') instead of L¥(0,T;V,(G))
and L™ (0,T;V.(G)), respectively. In fact, in the definitions of the opera-
tors A and B in Section 3.1 and 3.2.4 it is not necessary to assume that the
arguments vanish on the boundary or are divergence-free. Furthermore, Av
and Bv can in fact be considered as functions in L? (0, T; (W, P(G)%)’) and
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L7 (0,T; (Wy " ()4 for v € LP(0,T; WP(G)4) and L (0,T; L* (G)?) re-
spectively. Then of course, the concept of monotonicity is no longer available
for the operator A, which finally forces us to employ the pointwise monotonicity
of the function S.

Employing Theorem 5.3 to the difference of the limit equation (8.13) and
the approximation (8.5), namely

(w—wvae) = (f = far) + (Auar — a) + (Buay — Bu) in L™ (0,T;Vi(G)),
provides unique functions
myar € LP (0, T Lgl(G))v
maa € LY (0,T; LE (Q)),
TB.ar € L7 (0,T; LY (G)),
Tnat € Cu([0,T]; WH2(G)) N Cu ([0, T); W22 (G))

loc

/
’
’

with =A@y ar =0, fG 7in,ardz = 0 and 7, A4 (0) = 0, such that
((u—var), ) =((f — far) + (Auay — a) + (Buar — Bu), ¢)

T
+ /0 /G (~mpa0) + maai+ o) diveds dt (oo

T
+/ / Vin At - Oppde dt
0 G

holds for all ¢ € C§°(G x (0,7))¢ with dive = 0. Moreover, the estimates

1ms.aell o 0.2 Gy < €I = Faell Lo o, rywid vy
7 aaell Lo 0,708 @) = €A = all o rwi 2@y
1788l L 0,125 (@) < € 1Buar = Bull o rywi-rcyyy»

[7n,at(t) = Tn,at(s)[lwrze) < cllu(t) —u(s) +vat(t) —var(s)llu

and

1Th,ae(t) = Th.ae(s)|we2e @y < ellu(t) —u(s) +var(t) —va(s)|lu

hold true for all G’ CC G and t,s € [0,T].

Let us now fix a domain G’ CC G and shortly write Q' instead of G’ x (0, T).
With V7 ar € )i 0,T; (Wol’p(G’)d)') (and analogously Vs a; and V7p a¢)
we denote the functional defined through

(Vs A, w) = —/ wfacrdivwd(z,t), we LP(0,T; Wol’p(G/)d).

Lemma 8.14. For the pressure terms Vg a¢, VA at, VTR A we have

Vrpar— 0 in LP(0,T; WaP(GHY),
Vapar—0 in L7 (0,T; (We (G4
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and
<ec.

IVTa,atll Lot o, swem @ryayy
For the remaining pressure term there holds
Vinar — 0 in L0, T; Wh(G")%), (8.17)
for all s € [1,00).
Proof. We have
178,86 () lw=s oy < € (Ju(t) —vae®)lm + [w(0) — ulr,llm)
for any s € [1, 00]. Integrating over time leads to
17th,allLso.7w2e @y < € llu—vaellperm + clluo — un,llm — 0,

since var — win L*(0,T; H) for any s € [1,00) (see Lemma 8.11 and bounded-
ness in L>°(0,7'; H)). This means

Fnae— 0 in L0, T; W25(G"))

for any s € [1,00). In particular, the sequence of gradients {Va, a¢} converges
strongly in L*(0,T; Whs(G")9).

Due to Lemma 8.12, we know that {m¢a:} and {mp A} converge strongly
to zero in their respective spaces and {m4.a¢} is bounded in L* (0, T; Lg,(G)).
Hence, with Holder’s inequality we find

(Vrpan g} < / g el div o] d(a )
Q/
< lmpadll oo, @ 1Ml oo w2y

for any ¢ € C5°(Q’)4, establishing the result. For the terms mp a¢ and 74 a¢
we proceed analogously. O

Equation (8.16) then reads

(u—var+ Vanar) = f— far+ Vg
+ Aupr —a — Vg ae (8.18)
+ Buay — Bu— Vg At

in L (0, T; (Wy " (G")4)).
8.7 Application of the
Lipschitz truncation theorem
We remind that Q' = G’ x (0,T). Let us define the functions
war =u—uar in Q'

for every step-size At. Note, that these functions do not vanish on the boundary
of G.
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Since the results of the Lipschitz truncation are restricted to compact sub-
sets of the time-space cylinder, we have to localize several arguments, i.e. we
choose an arbitrary smooth function with compact support in @’ which will be
multiplied to our test function.

Let ¢ € C§° (Q’) with K = supp(¢). It is no restriction to assume, that
0<(<1.

Lemma 8.11 ensures the boundedness of the sequence {wa:} in the spaces
L>(0,T; L2(G")4), LP(0,T; WHP(G")4) and Wo2(0,T; L?(G")¢) and the weak
convergence towards zero in LP(0,T; WHP(G")4) and W7-2(0,T; L2(G")).

Thus, the premises for the Lipschitz truncation theorem (see Theorem 6.4)

for {wa¢} are fulfilled. Let Oar = y/|[wa¢ll2(grye. For any k € N, we obtain a

sequence of numbers {\; At} C [22k,22k+1] and sets { Ex At} with

limsup Y\, pas1(Er,ae) < c27F (8.19)
At—0 ’

and corresponding truncations 7wa¢ = 7Tg, ,,wa: with

1 Twal| Loo(xye < c (9At + 6_d_;||wAtHL1(Ek,m)d) ;

_d—1-1
IVTwall poo (ryaxa < c(AkﬁAtJﬂg d—1 Ume”Ll(Ek’At)d),

where 0 = dist,, (K,0Q"). In particular, this means

li T o = 2

Am | Twatll Lo (rye = 0, (8.20)
lim sup | VT wa | oo (gyaxa < 22 (8.21)
At—0

since HwAtHLl(Ek’At)d — 0.

Furthermore, we have
Hm sup | VT wael| 1oz, oynicyaxa < 275/, (8.22)
At—0 ’

8.8 Almost everywhere convergence of the gradients

In order to efficiently deal with the diffusion term, we want to employ the iden-
tity Twar = war on Q' \ Ex . Therefore, it is necessary to have a local
representation of it. Moreover, we want to show the almost everywhere con-
vergence of the (symmetric parts of the) gradients of {ua:}, which requires the
coercivity, strict monotonicity and growth condition to be given pointwise. Let
us employ the special integral form of the operator A, namely

(Av,w) = /, S(Dv) : Dwd(z,t),

for any v € LP(0, T; W'P(G)?) and w € LP(0,T; Wy P (G)%).

The weak convergence of {Aua} in LP (0, T; (W, P(G")?)) corresponds to
the weak convergence of {S(Dua)} in LP (Q')?*?. Indeed, with the growth
condition (1.8) of S and the boundedness of {Dua;} in L (Q')¥*? (even in
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¥ (2 x (0,7))4%?) we can, if necessary, pass to a weakly convergent subse-
quence. Let us denote the limit of this sequence with S € LP' (Q’)?*?. Then for
w € LP(0,T; Wy P(G")?) there holds

(a,w>:/l}§:Dwd(z,t).

Studying the convergence of the (symmetric parts of the) gradients {Dua;}
leads to the question of convergence of the term

// (S(Du) — S(Duay)) : Dl — uar)C d(z,1).

see e.g. [41, Chapter 2, Lemma 2.2, p.184] for a similar problem without the
function (.

For that, we test (8.18) with the truncation ¢Zwa; € L>(0,T; Wy > (G")%)
and receive

(Au — Aupat, CTwat) = —<a — Au, QTwAt>
- <(U —vae + Vipae), CTwAt>
+(f = far+ Vmsae, (Twar)
+ <BuAt — Bu — V1B at, CTwAt>
— (Vra,at, (Twae).
It is easy to verify the identity

V(€T wat) = V(Twar)¢ + Twar @ VC.

For the symmetric part of the gradient it then follows by simple calculations
D((Twat) = D(Twa)¢ + % (Twar @ VC+ V(@ Tway) -
Having this in mind, we can write
(Au — Auat, CTwat)
_ /Q (S(Du) — S(Duse)) : D(Twar) d(a, 1)

+ % / (S(Du) = S(Duay)) : (Twar ® V¢ + V6 & Twar) d(e,1).

Altogether, we end up with the equation

/Q, (S(Du) — S(Duay)) : D(Twae)¢ d(z, t)

_ 7% / (S(Du) — S(Duar)) : (Twar ® V¢ + V@ Tway) d(x, 1)
— // (S = S(Du)) : D(CTwa) d(z,t) (8.23)
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Lemma 8.15. There holds

lim sup/l (S(Du) — S(Duny)) : D(Twar)¢ d(z, t)

At—0
< c27FP _liminf — + V7 .
c imin <(u VAL Th,At) wAtC>

Proof. We consider each term on the right-hand side of (8.23). For the first
term, we estimate

% ‘/, (S(Du) — S(Duat)) : (Twar @ VE + V¢ ® Twar) d(x,t)

1 -~
< 5”5 - S(DUAt)HLp/(Q/)dxd||T’wAt ® VC + VC ® TU}AtHLp(K)dXd
< cllS = S(Duan)ll o @ryaxa | VEN o (xyal| Twaell o gre)a
< cllS = S(Dua)ll o (ryaxa | VEl o (i)l Twaell oo sy
This term vanishes with At — 0, since {S(Dua;)} is bounded in LP (Q')?*¢,
Moreover, ( is fixed and with (8.20) there holds Twa; — 0 in L= (K)<.

For the second term we remind that Theorem 6.4 states (Zwa; — 0 in
L*(0,T; Wy *(G")%) for any s € [1,00). Hence,

/, (S = S(Du)) : D((Twar)d(w,t) — 0.

We know from Lemma 8.12, that fa; — f converges strongly towards zero.
We estimate

[(fat = f,(Tway)|
< Wfae = o o ziwy r@nan IKT WAl oo rowg v @y
= ||fat — fHLp’(QT;(WUlvP(GI)d)')HV(CT'LUAIE)HLP(K)@M

<c HfAt - f||Lp/(o,T;(W(}’P(G/)d)/)||V(CTwAt)HL°°(K)dxd-

Due to (8.21) this converges to zero with At — 0. To show the convergence of
the term involving s A¢, one proceeds analogously.

The term <BuAt — Bu — Vpp A, CTwAt> can be handled in the same way,
replacing p’ by 7/, with ' < p(d 4 2)/(2d) chosen in Section 3.2.4.

The pressure term pertaining to the term a— Aua¢ is more difficult to handle,
because this pressure does not converge strongly. Instead we will be exploiting
the fact that it vanishes where 7wa; = wa; thanks to divwa; = 0. The
measure of the remaining set is small enough. First we split the divergence of
the product with the product rule:

[(Vpa,ae, Twae)| = ‘/ pa,ardiv ((Twae) d(z, t) ‘
< ’/ pa,ag div (TwAt)Cd(ac,t)‘

+ ‘/,pA’At (Twae - VC) d(z,t) ’ .
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Employing the convergence of {Z7wa;} in L>(K)¢ (see (8.20)) and the bound
on the pressure (see Lemma 8.14), we get for the second term

lim
At—0

/ pa.at (Twae - VQ) d(z,t)
Q/

< lim [Pa,atll o (@ Twatll Loy a | VI Loo 50y
< Aliglo ||pA,AtHLp'(Qr)||TwAtHL°°(K)d||VCHL°°(K)d

=0.

For the first term, we note 7wa; = wat on Q' \ Ex A and thus we conclude
div7Twa; = divway = divu — divuays = 0. Hence, the problem reduces to the
small set Ej o+ and we observe

‘/ ,pA,At div (Twa¢)¢ d(z, t) ‘

/ pa.ac div (Twa)¢ d(z, )
Er At

< lpa,acll L on I div Twael Lo, s 1€ 2o ()

< lpa,adll o @y IVTwatl Loy aniyixallCll Lo (x)-

Since {|[pa,atllp» (g} is bounded by a constant, (8.22) then implies together
with the results on the second term

limsup [{(Vpa,ae, Twar)| < ¢ 2~ k/p,
At—0

O

The rest of the proof of convergence will be given after a short discussion of
the remaining term on the right-hand side in Lemma 8.15.

8.8.1 Open Problem

Unfortunately, we have not yet been able to show

— hAHtli»%f ((u—=vae + Vina), Twag) < c2 kP,
The problem here lies in a suitable rule of integration by parts similar to the
one in [22, Theorem 3.21]. Only truncating the function wa¢, which implicitly
means ua¢, will not admit such a result, since ua; does not have a full time
derivative in some dual space.

One possible method would be to truncate ua; and va; simultaneously, i.e.
sharing one cutoff-set Ej A+, and use the rule of integration by parts developed
in [22, Theorem 3.21]. The problem in this method lies in the order of differ-
entiability ¢ of ua;. With ¢ < % we are not able to bound the term 0;7wa:
properly since we scale the metric o, with the exponent ¢ < ¢ < % Scaling
with % would be necessary. This however leads to problems when employing
Poincaré’s inequality from Lemma 2.11.
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Another method one could think of is truncating ua; and va; independently,
say with truncation operators 77 and 7, respectively. Then we could use 77 way
as a test function as before and employ a rule of integration by parts for 7o (u —
vat + Van,ae), which would then be possible, since we could scale the metric
with 1 for 75, see e.g. [22]. In this case, there would be a term

((u —vat + Vanat), Tiwar — Tavat)

remaining to be estimated.
Unfortunately, in the course of this thesis, we were not able to study these
or other approaches to fill this gap.

Postulation 8.16. In what follows, we will postulate

—liminf ((u—var + Vinae), Twa) < 277,

Under the foregoing postulate, the Lemma 8.15 implies
lim sup/ (S(Du) — S(Duat)) : D(Twag)¢d(z,t) < c27k/P, (8.24)
At—0 ’

We will now use 7wa; = wair = u—uar on Q"\ Ex a;. Then we can apply the
pointwise monotonicity of S. The integral over the rest Ej a; is small enough:

Lemma 8.17. There exists a subsequence {(At)r} of {At} such that for every
k € N holds

< cok/p

/ (S(Du) — S(Du(At)k)) : D(u— U(At)k)c d(z,t)
Q'\Ek,(at),

and
Ai,(m)k#dﬂ (Bx(an,) < c27F

Proof. First, let us consider the small set Ej a;. For this, we obtain from (8.22)

lim sup / (S(Du) — S(Duat)) : D(Twae)¢ d(z, t)
At—0 Ek,At
< 112813}) [1S(Du) = S(Duat)ll Lo (gryaxallClle @) IVTwatll Lo (rnm, apyaxe
< c2 kP,

This together with (8.24) implies

i sup /Q (510w = S(Dus) s Dlwa a1
~ limsup /Q (500 = S(Dus) : D(Twsicdte,
<tmsup| [ (S(Dw) = S(Duay) : DTws)Caa,n)|
+1i£i1(1)p /E » (S(Du) — S(Dunay)) : D(Twag)¢ d(x,t)

< c2 kP,
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We remind that wa; = u —ua. Finally, if the limes superior is smaller than
c27F/? we find for each k € N a number (At); € N such that

/ (S(Du) — S(Du(ar,)) : D(u—uap, )¢ d(z,t) | < co kP,
Q'\Ek,(at),

With (8.19) the same holds for )\i,(At)kud"‘l(Ekv(At)k)' O

The next step is to show the convergence of the sets Ey (as),. We accomplish
this by introducing the sequence of functions

Gk = CXQ\ By, (a0,

With this definition, the first statement of Lemma 8.17 implies

lim ‘/, (S(Du) — S(Duaty,)) : D(u —uiap, )Ced(z,t) | = 0. (8.25)

k—o00
Lemma 8.18. There holds
(G — ¢ almost everywhere in @',

Proof. First of all, it is clear that (i (x,t) — ((x,t) for every point (z,t) that
belongs to almost every set Q" \ Ej (a¢),. This means, that (x(x,t) — ((x,t)

for every
x € U ﬂ Ql \ Ek,(At)k-
=1 k=l

But this set already has full measure. Indeed,

U ﬂ Q' \ Eyap, =Q"\ <ﬂ U Ek,(At)k)
=1 k=l 1=1k=l

and with the second statement of Lemma 8.17

Hd+1 ( U Ek,(At)k) < Z“d“ (B, (a0))

k=1 k=1
o0
—ky—
< Z c2 Ava(JAt)k
k=1
<ec 271,
This gives
(o le o]
. —1
s ( (VU Brgan. ) = jim 27 =0
1=1 k=l
with the continuity of measures. [l

Lemma 8.19. Let S be as in Section 1.2 fulfilling the conditions (1.8), (1.9)
and (1.10). For k € N, let 0 < (,{ < 1 be smooth functions with ( —
¢ almost everywhere in Q' and let {uap, tren C LP(0,T; WHP(G)Y), u €
LP(0,T; WP (G)Y) with u(ag), — u in LP(0,T; WHP(G')?).
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If (8.25) holds, i.e.

k—o0

lim ‘/ (S(Du) — S(Du(ar,)) : D(u—wap, )Ced(z,t) | =0,
then
Duayy, (z,t) — Du(x,t)
for almost every (x,t) € Q" with {(x,t) > 0.
Proof. We follow the proof of [41, Chapter 2, Lemma 2.2, p. 184], where one
can find a similar result except for the cut-off function (. Let us call

Fian, = (S(Du) = S(Du(an,)) = D(u —uan, )C-

Due to the strict monotonicity (1.9) of S and ¢ > 0, we have F(a¢), > 0 for all
k € N. From the weak convergence of {u(ay), }ren in LP(0,T; WP(G")?) follows
the strong convergence in LP(Q’)?. Hence, we can extract a (not relabeled)
subsequence, such that for almost every (z,t) € @’ there holds

uan, (2, 1) — u(z,t), F(At)k(:c,t) — 0.

Let (x,t) € Q' be one of those points with additionally (;(z,t) — ((z,t) # 0.
We now will show, that the sequence {(Dwuay), )(2,t) }ren is bounded and thus
possesses a limit point. Suppose for contradiction that there exists a subse-
quence (which we do not relabel) such that

[(Duqan,) (@, t)] — oo,

With the coercivity (1.10) and the growth condition (1.8) of S, we estimate for
every k € N omitting the argument (z,t)

Foay, = Ck((S(DU(At)k) : Dugagy, ) — (S(Du) : Duay, )
— (S(Du(ag),) : Du) + (S(Du) : Du))
= Gk (CO|DU(At)k|p —c(1+ [Dul)P~ Y Duap), |
— (1 + [Dugan, )" [Dul) +0)
= Ch (CO|D“<At>k|p —e(1+ | Dugan, | + IDWAt)klp_l)),

where ¢ depends on |Du(z,t)|. This term tends to infinity, because p > 1
and ((z,t) # 0. This is a contradiction to Fiay), (2,t) — 0 and hence there
exists some limit point D(x,t) < oo and a corresponding (again not relabeled)
subsequence converging to it.

Now the continuity of S and Fiay, (z,t) — 0 give

(S(Du(z,t)) — S(D(x,t))) : (Du(z,t) — D(z,t))((z,t) =0.

The strict monotonicity (1.9) of S then implies D(z,t) = (Du)(z,t) and thus
(Ducapy,)(x,t) — (Du)(x,t) for the chosen subsequence. Since the limit is
unique, the usual argumentation by contradiction shows that this result already
holds for the whole sequence. [l
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Lemma 8.20. For the weak limit a € L¥ (0, T; V) of {Aua} from (8.10), we
have

a=Au in L”(0,T; V)

Proof. Since ¢ was chosen arbitrarily with compact support K in Q’, we can
choose for every j € N a set K; CC Q" and a function (; € C§°(Q') with
compact support in @', which does not vanish on any point of K;, such that

QI:UﬂKJa

1=1j=I

i.e. every point of @’ lies in almost every K. For every of those functions
¢j, we can proceed as for ¢ in Lemmas 8.15, 8.17, 8.18 and 8.19 to receive a
subsequence {(At)y ; }ken for which

Duayy, ; — Du, almost everywhere in Kj,

as k — oo.
Choosing the diagonal sequence {(At)g k }ren then yields

Duayy,, — Du  almost everywhere in Q.

Since the limit Du is uniquely determined (almost everywhere), the usual ar-
gumentation by contradiction shows the convergence of the original sequence
itself.!

Since G’ CC  was an arbitrary subdomain of 2 (strictly speaking, of an ar-
bitrary subdomain G' with C?-boundary), this gives the convergence of { Dua;}
almost everywhere in Q x (0, 7).

Finally, with the aid of [41, Lemma 1.3, pp. 12f.] follows

S(Duat) — S(Du) in Lp,(Q % (O,T))dXd

and hence ,
Aupy — Au in LP (0, T; Vz;)'

From (8.10) follows a = Au.

1Note that this “original sequence” itself was a subsequence, namely the one extracted in
Lemma 8.11.
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Auxiliary results

Throughout this section let (X, || - || x) denote a reflexive Banach Space.

Theorem A.1 (Separation of variables in the weak formulation). The space of
functions ¢ of the form

p(t) = Z @i(t) z;

for some x; € X, n € N and ¢; € C§°(0,T) lies dense in LP(0,T; X).

Proof. Let v € LP(0,T; X). By [25, Theorem 7.1.23 (ii)] the simple functions lie
dense in LP(0,T; X'). This means there exist some z; € X and some measurable
sets A; € (0,T),i=1,...,n, n € N, such that

n
v — E XA;ZT;
i=1

Since C§°(0,T) lies dense in LP(0,T'), we can approximate the indicator func-
tions x4, by ¢; € C§°(0,T) such that

<
Lr(0,TX)

DN ™

3

0 L —
||XA1 801||LP(O,T) = 27’LH.T7IHX

Hence, we estimate

n n
v — g PiT; < v — E XA; i
i=1 Lr(0,T;X) i=1 LP(0,T;X)
n n
+ E XA;Ti — g PiT;
i=1 i=1 Lr(0,T;X)

n
19
<243 v - pailony

i=1

n
g
<5+ > llzillx lxa, = @ill oo
=1

IN

€+in x5 =¢
e . _
2 T ol x

109
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Corollary A.2. Let A,B € L¥ (0,T;X"). Then
(4, @) = (B, )
for all ® € LP(0,T; X) holds if and only if

/ (A(t), 2)p(t) At = / (B(t), 2)(t) dt (A1)
0 0

for allx € X and p € C§°(0,T).

In other words: A € L¥ (0,T; X') is uniquely defined by testing with func-
tions gz, for x € X and ¢ € C§°(0,T).
Proof. Of course, since ¢(t)xz € LP(0,T;X) for x € X and ¢ € C5°(0,T), one
direction of the proof is obvious.

On the other hand let (A.1) hold. By continuity and Theorem A.l it is
sufficient to test with functions of the form p(t) = Y"1 | ¢;(t) ; for z € X and
¢ € C§°(0,T). The proof is finished by calculating

n

<A7 é Pi »’Cz> = (A pim)

=1

n T
-3 / (A(t), z:)pi(t) dt
n T

/ (B(t), z:)pi(t) dt

170

<Bai@i :L'7,>
i=1

.
Il

O

Lemma A.3 (Product rule). Let u,u’ € L*(0,T;X) and ¢ € C1([0,T)). then
(up) € LY(0,T; X) and the product rule

(up) = u'p + uy’
holds in the weak sense.

Proof. Clearly, up,u'p,u¢’ € L*(0,T; X). For arbitrary v € C§°(0,T) we have
o) € C§°(0,T). The definition of the weak derivative of u implies

/0 (o (o (t) + ult)e! (1) ()
T T

= [ W+ [ uos e
0 0

_ / u(t) () (£) dt + / u(t) (£ (t) dt
0 0
T

- / u(t) (o) () — & (D) (8)) dt

—— [ uetioar.

Hence (up) = u'v + uy'. O
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Lemma A.4 (Integration by parts). Letu,u’ € L'(0,T; X') and ¢ € C*([0,T]).
Then the rule of integration by parts

(', v) + (u, v¢") = (u(T), v)p(T) = (u(0),v)p(0)
holds for any v € X.

Proof. The fundamental theorem of calculus (cf. [24, Theorem 8.1.5]) gives

u(T)o(T) = u(0)p(0) = [ (up)' .
Lemma A.3 then implies
T , T ,
u(T)(T) — u(0)p(0) = / o (B)p(t) dt + / u(t)g! (1) dt.

Interchanging the integral and the dual pairing (cf. [24, Theorem 7.1.5)) yields

(u(T),v)e(T) = (u(0),v)¢(0) = (u(T)p(T), v) — (u(0)¢(0), v)

T T
= </ ' (t)p(t) dt,v> + </ u(t)y' (t) dt,v>
0 0

- / (! (£), valt)) dt + / (ult), vg! (1)) dt
0 0

= (U, vp) + (u, v').
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