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Le savant n’étudie pas la nature parce que cela est utile; il I’étudie parce qu’il y
prend plaisir et il y prend plaisir parce qu’elle est belle. Si la nature n’était pas
belle, elle ne vaudrait pas la peine d’étre connue, la vie ne vaudrait pas la peine
d’étre vécue. Je ne parle pas ici, bien entendu, de cette beauté qui frappe les sens,
de la beauté des qualités et des apparences; non que j'en fasse fi, loin de la, mais elle
n’a rien a faire avec la science; je veux parler de cette beauté plus intime qui vient
de I'ordre harmonieux des parties, et qu’'une intelligence pure peut saisir.

— Jules Henri Poincaré (1854-1912)
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Abstract

Many phenomena in nature are characterized by discontinuous processes. To describe
them by suitable mathematical models is often a challenge. Evolution inclusions can
be a suitable means to model such discontinuous processes mathematically.

The present work is devoted to the nonsmooth analysis of doubly nonlinear evolution
inclusions of first and second order with leading subdifferential operators and non-
monotone and non-variational perturbations using methods from the theory of convex
analysis. The thesis is divided into two parts.

In the first part, we prove the existence of strong solutions to abstract Cauchy
problems for perturbed generalized gradient flows for a certain class of nonlinear and
monotone subdifferential operators acting on the time derivative of the solution, and
nonlinear and non-monotone subdifferential operators acting on the solution as well
as a certain class of perturbations. As an application of the abstract existence result,
we show the existence of weak solutions of an initial-boundary value problem.

In the second part, we prove the existence of strong solutions to abstract Cauchy
problems for doubly nonlinear evolution inclusions of second order. In doing so,
we treat the equations with linear and nonlinear damping separately. In the case
of linear damping, we consider a special class of leading linear potential operators
acting on the time derivative of the solution, and nonlinear subdifferential operators
acting on the solution. In the case of nonlinear damping, we consider the reverse case.
In both cases, we allow a perturbation which depends nonlinearly on the solution as
well as its time derivative. As an application of the abstract existence results, we
prove the existence of weak solutions to certain initial-boundary value problems.






Zusammenfassung

Viele Phanomene in der Natur sind durch unstetige Prozesse charakterisiert. Diese
durch ein geeignetes mathematisches Modell zu beschreiben, stellt oftmals eine
Herausforderung dar. Evolutionsinklusionen kénnen ein geeignetes Mittel sein, solche
unstetigen Prozesse mathematisch zu modellieren.

Die vorliegende Arbeit widmet sich der nichtglatten Analyse von doppelt nichtlinearen
Evolutionsinklusionen erster und zweiter Ordnung mit fithrenden Subdifferential-
operatoren und nicht-monotonen und nicht-variationellen Stérungen mit Methoden
aus der Theorie der konvexen Analysis. Die Arbeit ist in zwei Teile gegliedert.

Im ersten Teil weisen wir die Existenz von starken Losungen zu abstrakten Cauchy
Problemen fiir gestorte verallgemeinerte Gradientenfliisse fiir eine bestimmte Klasse
von nichtlinearen und monotonen Subdifferentialoperatoren, welche auf die Zeit-
Ableitung der Losung wirken, und nichtlinearen und nicht-monotonen Subdifferential-
operatoren, welche auf die Losung wirken, sowie einer bestimmten Klasse von
Storungen nach. Als Anwendung des abstrakten Existenzresultats, zeigen wir die
Existenz von schwachen Losungen eines Anfangs-Randwertproblems.

Im zweiten Teil weisen wir die Existenz von starken Losungen zu abstrakten Cauchy
Problemen fiir doppelt nichtlineare Evolutionsinklusionen zweiter Ordnung nach.
Dabei behandeln wir hyperbolische Gleichungen mit linearer und nichtlinearer
Dampfung gesondert. Im Fall der linearen Dampfung betrachten wir eine spezielle
Klasse von fithrenden linearen Potentialoperatoren, welche auf die Zeit-Ableitung der
Losung wirken, und nichtlinearen Potentialoperatoren, welche auf die Losung wirken.
Im Fall der nichtlinearen Dampfung betrachten wir den umgekehrten Fall. In beiden
Fallen erlauben wir eine Storung, welche nichtlinear von der Losung sowie ihrer
Zeit-Ableitung abhiangt. Als Anwendung der abstrakten Existenzresultate weisen
wir die Existenz von schwachen Losungen zu gewissen Anfangs-Randwertproblemen
nach.
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Chapter 1

Introduction

People have always wrestled with understanding the essence of all things, whether it’s
been philosophers, mathematicians, artists, poets, composers, theologians, or natural
scientists. As the German poet and natural scientist Johann Wolfgang VON GOETHE
once formulated in his work Faust I, people desire to understand "what holds the
world together at its innermost core'!. Attempts at answering this question are
provided in a variety of methods, ranging from using music and painting, to language
and mathematics. And even if these attempts may all seem different and illuminate
only partial aspects of the truth (whatever that truth may be), they all agree on one
thing: there lies inherent within objects a certain harmony, which is usually identified
and described by its simplicity and beauty. The idea that objects carry such intrinsic
qualities was first developed by Greek philosopher of antiquity, PLATO, who assigned
to every sensually perceptible object an abstract metaphysical form. Regardless of
whether these abstractions are real, they undoubtedly contribute towards establishing
and recognizing deeper connections between objects. This is especially true within
the discipline of mathematics, which thrives on abstracting concrete objects. Here,
abstraction serves as an indispensable means to find common structures and gain
heuristic insights of apparently different objects for further examination. If a class
of objects is successfully described on an abstract level, suitable methods can be
developed to investigate these objects on an individual and class level, and in abstract
and concrete forms. The present thesis is devoted to the study of abstract CAUCHY
problems for doubly nonlinear evolution inclusions of first and second order.

The history of CAUCHY problems have their roots in several places. In 1926, the
Austrian physicist Erwin SCHRODINGER postulated in his seminal work [149] the
linear partial differential equation

zﬁgt@(w, t) = (—;:nA + V(a:,t)) U(x,t)

to describe a quantum mechanical state of a non-relativistic system and thus laid
the foundation of quantum mechanics. Here, ¥ denotes the so-called wave function
with the probability density |¥(a,t)|? which can be interpreted as the probability of
a particle to stay in the point x in space and at the time ¢. In 1930, the English

IThis a part of the English translation of line 382 in GOETHE’s original work [159]: "Dass ich
erkenne, was die Welt im Innersten zusammenhélt"
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physicist Paul DIRAC [60] generalized the SCHRODINGER equation to describe more
general situations, which include relativistic effects, therefore improving upon the
equation postulated by SCHRODINGER. He introduced the generalized equation in
the so-called bra-ket notation® by

e -
ih (1) = HW (1), (1.0.1)

where H is the so-called HAMILTON operator which acts on and takes values in
an abstract HILBERT space and generates the time evolution of the quantum state
described by |¥). The function |¥) can be seen as the abstract function associated
to ¥ which can be related to each other via |¥(t))(x) = ¥(x,t)>. In 1933, Paul
DirAC and Erwin SCHRODINGER received the NOBEL prize "for the discovery of
new productive forms of atomic theory".

Although the equation (1.0.1) can be seen as the first abstract evolution equation,
the notion of an abstract CAUCHY problem would not be formalized as such until
1952% by the American mathematician Einar HILLE [92] following the concept of
an CAUCHY problem first coined in 1923 by the French mathematician Jacques
HADAMARD [90] for concrete problems. HILLE investigated the abstract CAUCHY
problem

(1.0.2)

with A being a linear, unbounded, and self-adjoint operator acting on a BANACH
space X. He gave necessary and sufficient conditions for the operator A to generate a
strongly continuous semigroup (Cp-semigroup) of contractions which is directly related
to the existence and uniqueness of mild® and classical solutions®. He rediscovered
this result, known as the HILLE-Y OSIDA theorem, independently of the Japanese
mathematician Késaku YOSIDA who already gave a proof in 1948 [162]. The abstract
CAUCHY problem (1.0.2) has been subsequently studied by many authors and also
extended to the non-autonomous, i.e., the time-dependent case [93, 97, 98, 110, 132].
Nevertheless, it took more than two decades to prove the nonlinear counterpart of
the HILLE-Y OSIDA theorem, which has been provided in 1971 by the American
mathematicians Thomas M. LIGGETT and Michael G. CRANDALL [49]. They proved

2Although the bra-ket is attributed creatively to Paul Dirac, it was already introduced in the
form []-] in 1862 by the German mathematician Hermann GRASSMANN [88] to describe an inner
product.

3Nowadays, most mathematicians use for the notational convenience the same notation for the
concrete function and the corresponding abstract function.

“However, the term "evolution equation” goes back to the French mathematicians Laurent
SCHWARTZ [150] which introduced it in 1950. We refer the reader to HAZEWINKEL [91] and
FATTORINI [82] for more historical remarks on CAUCHY problems.

A function u : [0,4+00) — X is called mild solution if u(t) € dom(A) for almost every ¢ > 0,
Au(t) is locally BOCHNER integrable, and there holds u(t) = ug + fot Au(s)ds for all t > 0, see
Pazy [132].

6A function u : [0,+00) — X is called classical solution to (1.0.2) if u(t) € dom(A) for all
t > 0, it is continuous on [0, +00) and continuously differentiable on (0, +00), and it satisfies (1.0.2)
pointwise everywhere.



in particular the existence of strong solutions, i.e., an absolutely continuous function
with a certain regularity, which fulfills the initial condition and satisfies the equation
pointwise almost everywhere, to the abstract CAUCHY problem for the more general
nonlinear evolution inclusion

u'(t) + Bu(t) 30, >0,

for accretive operators B. This has first been extended in 1973 by the French
mathematician Haim BREZIS [32] to the case

AW(t) + Bu(t) 3 f(t), te(0,T), (1.0.3)

where A is a linear, unbounded, and self-adjoint operator and B is a maximal
monotone operator on a HILBERT space. This has been extended further in 1975 by
the Romanian mathematician Viorel BARBU to the fully nonlinear case on a HILBERT
spacem, where he assumed that both operators are subdifferential or subgradient
operators, i.e., A = 0¢ and B = 0¢ for proper, lower semicontinuous, and convex
functionals ¢ and ¢, see Section 2.2. This leads to the so-called generalized gradient
system

Ov(u'(t)) + 0 (u(t)) > f(t), te€(0,T),

The equation” (1.0.3) is also referred to as the doubly nonlinear evolution equation
of first type, whereas the equation

(Au(t)) + Bu(t) > f(t), te(0,T), (1.0.4)

is referred to as the doubly nonlinear evolution equation of second type [84]. Since the
equation of second type was more interesting among mathematicians and physicists
from an application point of view, it has been studied more extensively in the early
70s, see Section 1.2.

Regarding evolution equations of second order of the type

u"(t) + Au'(t) + Bu(t) = f(t), te (0,T), (1.0.5)

one can formally reduce it to a system of equations of first order by introducing the
unknown variable v = u/ obtaining

)+ (5 D))= () eeom

where I denotes the identity. However, this reduction can lead to the well-posedness®
of the problem under relatively strong assumptions on the operators A und B, e.g.,
the linearity or LIPSCHITZ continuity, which reduces the number of application
enormously. First results to fully nonlinear evolution equations have been obtained

"Although it is strictly speaking an inclusion we will sometimes refer to an inclusion as equation.

8The notion of the well-posedness of a CAUCHY problem has been introduced by Jacques
HADAMARD [90] and describes CAUCHY problems where existence and uniqueness of solutions that
continuously depend on the given data can be shown.
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in 1965 by the French mathematician Jacques-Louis LIONS and the American
mathematician Walter A. STRAUSS in their seminal work [108] where they showed
well-posedness of the CAUCHY problem for the doubly nonlinear evolution equation

u”’(t) + A(t,u(t),u'(t)) + Bu(t) = f(t), te€(0,T),

where B is an unbounded, self-adjoint, and linear operator and A is a fully nonlinear
operator which satisfies a monotonicity type condition. The peculiarity in this work
is the assumption that the operators A and B are defined on different spaces, whose
intersection is densely and continuously embedded in both spaces. This implies that
the solution u takes values in a different space than its time derivative u/. Since
then, many contributions have been made to nonlinear evolution equations; we will
include the most recent ones in Section 1.2.

This is the point of departure for the present work, which addresses the existence
of strong solutions to the abstract CAUCHY problem for nonlinear evolution inclusions
of first and second order of the type

Wy (W' (1)) + 0&(u(t)) > B(t,u(t)), te(0,T), (1.0.6)
and
U (t) + Oy (U (1)) + 0 (u(t)) + B(t,u(t),w'(t)) > f(t), te(0,T), (1.0.7)

which has not been studied before in the generality presented here, where ¥, £, and
B are called the dissipation potential, the energy functional, and the perturbation,
respectively, which satisfy certain conditions.

1.1 Structure of the thesis

This thesis is organized as follows. It consists of two parts: the first part deals with
evolution inclusions of first order, and the second part with evolution inclusions of
second order.

In Chapter 2, we give an introduction to the theory of convex analysis for the
analysis of nonsmooth functionals. We introduce the associated terminology and
notation, and present the results required for proofs in later chapters. These results
are sourced from existing literature, which are specified in the chapter, or proven by
the author, if they were not found in the literature. Section 2.1 is devoted to the
basic notions, such as the lower semicontinuity and the A-convexity of a function.
In Section 2.2, we introduce the notion of a subdifferential and characterize the
subdifferential for A-convex and for differentiable functionals. Then, in Section 2.3,
we define the LEGENDRE-FENCHEL transformation of a function and represent a
connection to its subdifferential that is essential for this work. Since the functionals
we are working with do not exhibit any kind of differentiability, it is necessary in
our existence proof to smooth, in an intermediate step, the functional acting on
the first derivative of the sought solution. This is done by the p-MOREAU—Y OSIDA
regularization, which will be defined in Section 2.5 and for which we prove important
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properties in Theorem 2.5.2. Theorem 2.5.2 is independent of our main results
presented from Chapter 3, 5, and 6, and has not been published. In Section 2.4, we
define the I'- and Mosco-convergence for s sequence of functionals, and in Section
2.6, we introduce parameterized YOUNG measures.

Part I

Chapter 3 is devoted to the strong solvability of the CAUCHY problem for
the doubly nonlinear evolution inclusion (1.0.6). In order to show the existence
of solutions, we use a semi-implicit EULER-method and establish convergence of
the approximation scheme which is formulated in Section 3.1. In Section 3.2, we
collect the assumptions concerning the functionals & and ¥, and the operator B.
After a discussion of the assumptions in Section 3.2.1, we present the main result
in Theorem 3.2.3. In Sections 3.3 and 3.4, we show a discrete energy-dissipation
inequality and derive from it a priori estimates for the interpolations. In Section 3.5,
we show the compactness of the interpolations in suitable spaces and characterize the
limit points by using parameterized YOUNG measures. We then prove the main result
in Section 3.6, first by proving the existence of strong solutions to the regularized
problem, and then by concluding the proof by passing to the limit as € \, 0 and
showing the existence strong solutions of the CAUCHY problem for (1.0.6), which
fulfills an energy dissipation balance. The results of this chapter have been published
in BACHO, EMMRICH & MIELKE [21] with stronger assumptions, which will be
discussed more in detail in Section 3.2.

In Chapter 4, we show the existence of an initial-boundary value problem with
nonlinear constraints as an application of the theorem provided in Chapter 3.

Part 11

In Chapter 5, we consider the CAUCHY problem for the second-order evolution
inclusions (1.0.7) which we refer to as linearly damped inertial system. Here, we discuss
two cases. In the first case, we assume that OV is a linear, bounded, strongly positive,
and self-adjoint operator, and in the second case, we allow a strongly continuous
nonlinear perturbation of the linear part. In both cases, the operator 9&; is nonlinear
and the subdifferential of a proper, sequentially weakly lower semicontinuous, and
A-convex functional &, and the perturbation B is a fully nonlinear and strongly
continuous operator acting on u and u’. Here, the functionals ¥ and &; are defined on
different spaces for which we assume not that either of the two spaces is continuously
embedded in the other one. For both cases, we show the existence of strong solutions
of the CAUCHY problem for (1.0.7), which fulfills an energy-dissipation inequality.
The results of this chapter have been prepublished under stronger assumptions in
BACHO [20]. The precise assumptions are presented in Section 5.1. After a discussion
of the assumptions in Section 5.1.1, we present the main result in Theorem 5.1.4.
The steps of the proof of the main result has the same structure as the proof of
the main result in Chapter 3, and is based on showing the convergence of a semi-
implicit time discretization of the inclusion (1.0.7). This is accomplished by first
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showing the solvability of the variational approximation scheme based on the time
discretization in Section 5.2. In Section 5.3, a discrete energy dissipation inequality
is shown and a priori estimates are derived. In Section 5.4, we show the compactness
of the interpolations and pass then to the limit as the step size vanishes in Section 5.5.

In Chapter 6, we switch the properties of the dissipation potential and the
energy functional, and allow the dissipation potential further dependence on the
state u. More precisely, we show the existence of strong solutions through the main
assumption that the leading or dominating part of 0&; is a linear, bounded, strongly
positive, and self-adjoint operator and 0¥, is the subdifferential of a proper, lower
semicontinuous and convex operator ¥, of p-growth. The functionals ¥, and &; again
act on different spaces for which we again assume that neither of the two spaces is
continuously embedded in the other one. The perturbation is a fully nonlinear and
strongly continuous operator acting on u and «’. Under these assumptions (which will
be made more precise in Section 6.1), we show the existence of a strong solution of
the CAUCHY problem for (1.0.7), which fulfills an energy-dissipation balance and will
be presented in Theorem 6.1.4 in the same section. The proof of the aforementioned
theorem is divided into the same steps as in Chapter 5. The results presented in this
chapter are novel and have not been published before.

In Chapter 7, we then apply the theorems proved in Chapters 5 and 6 to some
concrete examples to demonstrate the range of possible applications. In Sections 7.1
and 7.2, we consider differential inclusions, which fits into the framework of Chapter
5. In Section 7.3 and Section 7.4, we consider the equations of the martensitic
transformation in shape-memory alloys and a viscous regularization of the KLEIN—
GORDON equation. Finally, in Section 7.5, we consider a differential inclusion with
nonlinear damping.

1.2 Literature review

Results on abstract evolution inclusion or equations of type (1.0.3) and (1.0.5) have
been provided by several authors under various conditions and assumptions on the
operators A and B, as well as the underlying spaces the operators are acting on. Here
we give an overview of the most recent literature to nonlinear evolution equations of
first and second order.

Evolution equations of first order
In the above mentioned work of CoLL1 & VISINTIN [45], the authors work in

their analytical framework with a GELFAND triple® where V' is compactly embedded
in H. Under the assumption that dom(A) = H and dom(B) C V, and that either

9A triple (V, H,V*) of vector spaces is called GELFAND triple if H is a HILBERT space and
V is a reflexive BANACH space, which has the dual space V*, such that the following dense and

d d X s
continuous embeddings hold: V — H = H* — V* where H has been identified with its dual space
H* via the RIESZ isomorphism.
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B is a subdifferential operator such that the potential and the operator A satisfy
certain coercivity conditions or that A is a subdifferential operator and B is a
LipscHITZ continuous and strongly monotone operator, they showed the existence
of a strong solution with w € H'(0,7; H) NL>(0,T;V) if f € L*(0,T; H) in the first
case and a strong solution « € H'(0,T;V) if f € H'(0,T;V*) in the second case
to (1.0.3) in H and V*, respectively. Similar results for operators of p-growth with
1 < p < +oo have been obtained by ARAI [14], BARBU[24], SENBA [151], and COLLI
[44]. In order to obtain solutions, the aforementioned authors use regularization
and approximation techniques to construct functions that approximate a solution.
Some of the techniques include the MOREAU—Y OSIDA regularization and the YOSIDA
approximation for the operators, see Section 2.5.

A more elegant approach has been made by STEFANELLI by using the celebrated
BREzIS-EKELAND variational principle [26, 34, 36] in order to characterize and show
the existence of strong solutions to the CAUCHY problem

oYW (t)) + 0p(u(t)) > f(t) forae. t e (0,7), (1.2.1)

u(0) = uyp, o
for proper, lower semicontinuous and convex functionals ¢,¢ : V — (—o00, +o0]
defined on a reflexive BANACH space V' with norm || - ||y;. The BREZIS-EKELAND
variational principle states that a function is a solution to the parabolic equation
(1.2.1) if and only if it solves a minimization problem despite the equation in (1.2.1)
not having a variational structure. Rewriting (1.2.1) into the form

E(t) + 0p(u(t)) > f(t) forae. t € (0,T),
E(t) € 0(u'(t)) for a.e. t € (0,7), (1.2.2)
u(0) = uyp,

STEFANELLI [155] showed that the couple (u,&) € WHP(0,T;V) x LP(0,T; V) with
1 < p < 400 solves (1.2.2) if and only if (u,&) minimizes I : W'?(0,7;V) x
LP(0,7;V) — [0, +oc] with

+

1o = [ G0 + 5700 = 00, 0)v) e+ 60000 ~ 66000)
([ 0) + (@) = 1) = 450 = 10 ohv-ev) )

+[1v(0) — uoll¥,

where (-, -)y«xy denotes the duality pairing between V' and its dual space V*, ¢*
and ¢* again the conjugate functionals of ¢ and v (see Section 2.3), respectively,
and zt := max{x,0},z € R. Furthermore, he showed that the assumption that
¥ has p-growth with p > 1 and ¢ has compact sublevel sets in V' is sufficient to
obtain coercivity of the functional I with respect to a certain topology. He also
established a result on I'-convergence by giving sufficient conditions for a sequence
of solutions of (1.2.2) to converge to another solution of (1.2.2). All the results
presented previously rely heavily on the convexity of the functional ¢ or the maximal
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monotonicity of the operator B. MIELKE, ROSSI & SAVARE overcame this problem
by using the DE GIORGI’s energy-dissipation principle, which states that under
suitable conditions solutions to the system (1.2.2) with f = 0 can be characterized
as absolutely continuous functions satisfying the so-called energy-dissipation balance

Su(e) + [ (G (0)) + 6" (=€) dt = (up).

The idea of the existence result is based on a metric space formulation of gradient
flows introduced by DE GIORGI, MARINO & TOSQUES in their pioneering work
[54] where one replaces the FRECHET derivatives by suitable metric derivatives'”.
Based on the metric formulation, they showed first in [142] the existence of absolutely
continuous curves with values in a separable metric space. The main assumptions
are that v is proper, lower semicontinuous, convex, and has superlinear growth, and
that & is lower semicontinuous, satisfies a chain rule, has compact sublevel sets, and
its subdifferential satisfies a certain closedness condition. These results have been
further generalized by the same authors in [122] when the metric space is a reflexive
BANACH space where they considered the CAUCHY problem for the generalized
gradient system of the form

Wy (W' (t)) + Fe(u(t)) 20 forae. te (0,7),
E(u(t)) C Fe(u(t)) for a.e. t € (0,7),

by allowing a time-dependence of &; and a state-dependence of ¥,. We extended
this result to perturbed gradient systems by incorporating a non-variational and
non-monotone perturbation B in form of (1.0.6) into the equation and by avoiding
further a certain regularity assumption for ¥, which has been accomplished by
regularization arguments, see Chapter 3 and Section 3.2 for the precise assumptions.
However, the results do not include the case where ¥ has at most linear growth, which
is strictly related to rate independent systems where ¥ is positively homogeneous
of degree one, i.e. ¥(av) = |a|¥(v) for all @ € R. For results on rate-independent
systems, see Section 1.3.

Perturbed gradient systems have already been investigated by BREZIS [32] and
OTANI [126, 127], AKAGT [4] and AKAGI & MELCHIONNA [5]. In [32, 126, 127],
the authors investigate the case when A = [ and B = 0¢ for a proper, lower
semicontinuous, and convex functional ¢ on a separable HILBERT space where the
operator B is perturbed by a LIPSCHITZ or multivalued operator that satisfies certain
growth and continuity conditions. The doubly nonlinear case has been studied by
AxAcr and AKAGI & MELCHIONNA. In [4], the author assumed that ¥ = ¥, and &
are both proper, lower semicontinuous and convex, and B is a multi-valued operator
satisfying certain growth and continuity conditions in a GELFAND triple framework.
For different growth conditions for B, he showed local and global existence results.
In [5], the authors assumed in addition the GATEAUX differentiability of ¥ but
allowing more non-convex functionals of the form £ = & — &, where &;,i = 1,2, are

10We refer the reader to AMBROSIO GIGLI & SAVARE [10] for a detailed treatise of gradient flows
in metric spaces. See also AMBROSIO [8, 9] and the introduction of Chapter 3, where we elaborate
more on the metric formulation.
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again supposed to be convex. We remark that these kinds of non-convex functionals
can also be treated in our framework, see [122, 142, 143]. The perturbation is
supposed to be time-independent and continuous, which is also a special case in
our setting. Furthermore, the author works on a GELFAND triple (V, H,V*) which
excludes the case where ¢ has p-growth with p € (1,2). In addition, it has been
assumed that V is an uniformly convex BANACH space, which in particular is
reflexive. Thus, while the latter work is completely covered by our work, we do not
include multi-valued perturbations and do not consider time-dependent functionals
V,. Also, our work only focuses on the second type of abstract doubly nonlinear
equations and only covers abstract doubly nonlinear equations of the first type (1.0.4)
if A is FRECHET differentiable with an invertible derivative DA, so that formally
(Au(t)) = [DAu(t)]u(t) and therefore ¥, (v) = 3([DAu]v, v). For results on this case,
we refer to GRANGE & MIGNOT [87], BAMBERGER (23], BARBU [25], DIBENEDETTO
& SHOWALTER [56], MAITRE & WITOMSKI [111], A1zicovict & HOKKANEN |2, 3],
MATAS & MERKER [113] and the references therein. For nonlinear equations
with VOLTERRA operators, we refer to, e.g., GAJEWSKI, GROGER & ZACHARIAS
[84, Kapitel V], GILARDI & STEFANELLI [85, 86|, EIKMEIER & EMMRICH [66],
EIKMEIER, EMMRICH & KREUSLER [67] and the references therein.

In the case of single-valued operators, EMMRICH & VALLET [78] investigate the
CAucHY problem for the equation of BARENBLATT-type

AW (t)) + B(u(t),u'(t)) = f(t) forae. t € (0,7),

where A is a hemicontinuous, monotone and coercive operator and B a strongly
continuous operator. The operator A is, in particular, maximal monotone (see, e.g.,
BARBU [26, Theorem 2.4, p. 36]) but not necessarily cyclical monotone and therefore
not necessarily a subdifferential operator, or in this case, potential operator, see
BRrEzIs [32, Chapter II, Section 7, p. 38]. The operator B is not supposed to satisfy
any monotonicity assumption. For these types of equations, see also BAUZET &
VALLET [29] and the references therein. For abstract evolution equations, we also
refer to the monographs ROUBICEK [145, Part II], WLOKA [160, Chapter IV], and
ZEIDLER [164, Chapter 30].

Evolution equations of second order

Results on abstract evolution equations of second order are in general much more
delicate and difficult. The reason is that, roughly speaking, the equations possess
the additional term Jyu describing the propagation of waves that, as opposed to
parabolic equations, has a nonsmoothing effect in the time evolution for the solution
u. As a consequence, much less existence results are available.

Evolution inclusions of second order of the form

W)+ A (t) + B(t)ult) > f(t), te(0,T),

i.e., in the multivalued case, have been studied by Rossi & THOMAS in [144] where
A(t) = A:V — V*is a linear, bounded, strongly positive and symmetric defined on
the reflexive and separable BANACH space, and B(t) = 9&; is the subdifferential of
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a A-convex functional with effective domain in a reflexive and separable BANACH
space U. In the framework of the GELFAND quintuplet

vbvS gLy

and under the assumption that & satisfies a chain rule and 0&; satisfies a closedness
condition, they showed the existence of a strong solution. While this work is
completely covered with the result of Chapter 5, we allow further a strongly continuous
non-monotone and non-variational perturbation that depends on u and u' as well
as a nonlinear monotone perturbation of A of variational type. We furthermore

do not assume the rather restrictive assumption that U Ly Furthermore, the
strong closedness condition of 9&; assumed in [144] excludes the application to
nonlinear elastodynamics where the operator satisfies a so-called ANDREWS—BALL
type condition, see Section 7.3. In EMMRICH & SISKA [74], the authors develop an
abstract theory in the smooth setting with the application to nonlinear elastodynamics.
They prove the existence of strong solutions for the case where A : Vy — V} is
linear, bounded, strongly positive and symmetric, and B : Vg — Vj is supposed to
be demicontinuous and a bounded potential operator. In addition, B satisfies an
ANDREWS—BALL-type condition, meaning that (B + A\A) : V' — V* is monotone
where V' : =V, N Vg is densely and continuously embedded into the separable and
reflexive BANACH spaces, V4 and Vp, for which we assume not that either of the two
spaces is continuously embedded in the other one. Since we allow a more general
nonsmooth functional &, this result is also covered by the main result presented
in Chapter 5. The case where the operator A is nonlinear has also been discussed
by several authors. Apart from the well-posedness result of LIONS & STRAUSS
[108], EMMRICH & THALHAMMER [75] showed the existence of solutions where for
each t € [0,T], A(t) : V4 — V} is a hemicontinuous operator that satisfy a suitable
growth condition such that A + xI is monotone and coercive, and the operator
B(t) = By + C(t) : Vg — V} is the sum of a linear, bounded, symmetric, and
strongly positive operator and a strongly continuous perturbation C(t) with the
same assumptions on V4 and Vg as above. As mentioned before, the assumptions on
A imply that A + kI is maximal monotone and therefore not necessarily a potential
operator. Therefore, the result obtained in Chapter 6 only partially generalizes the
above mentioned results. However, to the best of the authors’ knowledge, results
on the existence of strong solutions for multivalued operators A do not exist in the
literature.

Doubly nonlinear evolution inclusions where the leading parts of A and B are
both nonlinear and contain in the applications the same order of spatial derivatives,
is unfortunately not treatable in our framework. The main difficulty that arises in
showing the existence of global (weak, strong or classical) solutions is the identification
of the weak limits, which arise after applying a discretization method, in both
nonlinearities, A and B. If one of the operators is linear, then the identification is
usually accomplished by using monotonicity, compactness or fixed-point arguments.
However, in some concrete problems, this can been shown by exploiting the special
structure of the operators. For example, PUHST [134] showed the existence of
weak solutions under the assumption that the operators A and B are nonlocal
operators. FRIEDMAN & NECAS [83] showed the existence of weak solutions under
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the assumptions that the operators are potential operators that are twice differenti-
able such that the HESSIAN matrices are uniformly positive definite and bounded.
BULICEK, MALEK & RAJAGOPAL [38] and BULICEK, KAPLICKY & STEINHAUER
[37] showed the existence of weak solutions under the assumptions that the operators
satisfy strong monotonicity, LIPSCHITZ, and growth conditions, which has been
shown to be classical solutions under stronger regularity conditions on the operators.

For further results on nonlinear evolution equations, we refer to LERAY [105],
DIONNE [59], EMMRICH & THALHAMMER [76, 77], EMMRICH, & SISKA [73]
including stochastic perturbations, EMMRICH,SISKA & THALHAMMER [75] for
a numerical analysis, EMMRICH, SISKA & WROBLEWSKA-KAMIKSKA [79] and RUF
[146] for results on ORLICZ spaces, and the monographs LIONS [106], LIONS &
MAGENES [107, Chapitre 3.8], BARBU [24, Chapter V]|, WLOKA [160, Chapter V],
ZEIDLER [164, Chapter 33], ROUBICEK [145, Chapter 11] and the references therein.

The list of literature presented in this section is not intended to be exhaustive.

1.3 Outlook

There are still many open questions concerning doubly nonlinear abstract evolution
inclusions of first and second order with respect to their generalizations, and a
corresponding solution concept to them. Some of these questions are directly related
to our work and will be discussed here. The following list of problems is, of course,
not intended to be exhaustive.

Non-reflexive Banach spaces

The assumption that the underlying spaces are reflexive BANACH spaces excludes
many spaces, including the function spaces C(£2),L'(£2) and L>({2), in general
ORLICZ spaces, the space of functions with bounded variation, the space of RADON
measures, etc., and therefore excludes many important applications. Therefore, it
is interesting to consider problems on BANACH spaces that are not reflexive. By
employing the theory of semigroups, this has been accomplished by HILLE [92]
and CRANDALL & LIGGETT [49] where they show the existence and uniqueness
of mild solutions to the parabolic equation (1.0.2) for unbounded, linear, and self-
adjoint operators or nonlinear accretive operators. The result for nonlinear accretive
operators can be extended to the case where A is perturbed by a locally LIPSCHITZ
continuous operator, see, e.g., BARBU [26, Theorem 4.8, p. 150,]. An important
factor in the existence result of mild solutions is the fact that in the definition of a
mild solution, the solution is not required to possess any vector differentiability. This
is a problem if one asks for strong solutions, i.e., absolutely continuous functions with
a certain regularity that fulfill the differential inclusion pointwise almost everywhere.
The problem is based on the fact that absolutely continuous functions w : [0,7] — X
with values in a BANACH space do not possess the so-called RADON—NIKODYM



12 Chapter 1. Introduction

property!!: these functions are in general not differentiable almost everywhere!2.
This problem has been overcome for gradient flows of type (1.2.1) by introducing a
metric formulation of the gradient flow equation, where one replaces the derivative
v’ of an absolutely continuous function w : [0, 7] — X by its metric derivative |u/|
defined by

which always exists for almost every ¢ € (0,7), see AMBROSIO et al. [10, Theorem
1.1.2, p. 24]. However, due to the lack of a linear structure of the underlying space,
there is a need for an appropriate definition of a perturbed gradient flow in metric
spaces.

Rate independent systems.

An essential condition to obtain the existence of strong solutions is the superlinearity
of the dissipation potential ¥, and its convex conjugate ;. The superlinearity
guarantees that the derivatives of the approximate solutions are equi-integrable, so
that we obtain a solution which is absolutely continuous. This is no longer given
if ¥, has at most linear growth. Nevertheless, this is an interesting case from a
mathematical and physical point of view and leads to the notion of so-called rate-
independent systems, which refers to systems where the dissipation potential is
homogeneously positive of degree one, i.e., ¥,(\v) = [A|¥(v) for all A > 0,v € V
which implies that 0¥ (Av) = 0¥ (v) for all v € V. Therefore, the class of solutions to
rate-independent systems is time scale invariant. Due to the lack of superlinearity, the
analysis of rate-independent systems are completely different from the case studied
here and therefore necessitates a different solution concept. Relying on the so-called
energetic formulation, rate-independent systems have been extensively studied for
the unperturbed case by MIELKE and coauthors, see, e.g., [115, 116, 120, 121, 123]
and the references therein. In the energetic formulation, a curve u : [0,7] — V
is called an energetic solution to a rate-independent system if it fulfills the global
stability condition

E(u(t)) <U(u(t) —v)+ &(v) forallvelV,

and the energy balance

Vary (u; [0,t]) + E(u(t)) = Eo(ult)) + /Ot 0-Er(u(r))dr forall t € [0,T7,

1A BANACH space X does possess the RADON-NIKODYM property if and only if every absolutely
continuous function w : [0,7] — X is differentiable amost everywhere in which case there holds
u(t) —u(s) = f: u'(r)dr for all s,t € [0,T]. A sufficient condition for a BANACH space X to have
the RADON-NIKODYM property is the reflexivity of X or if X is separable and the dual space of
another BANACH space, see p. 217 and pp. 61 in DIESTEL & UHL [58] for more sufficient and
necessary conditions and for the definition of the RADON-NIKODYM property, respectively.

12See, e.g., EMMRICH [71, Beispiel 7.1.21, p. 162 | for an example of an abstract function with
values in a non-reflexive BANACH space which is nowhere differentable.
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where
Varg (v; [a, b)) = sup{z U(v(ty) —v(tg—1)) ra=ty < --- <ty =b}

is the total variation of a function v : [0,7] — V on [a, b] C [0,7] induced by ¥. The
question is whether the solution concepts can be modified in a mathematically and
physically reasonable way to a perturbed problem. We refer the interested reader to
MIELKE & ROUBICEK [124] for a detailed treatise of rate-independent systems.

Periodicity of solutions.

An important question to address is the periodicity of solutions to abstract evolution
inclusions of first and second order. In the generality of our setting, there are no
such results known. However, under stronger assumptions, there are results available
for doubly nonlinear evolution inclusions of first order. AKAGI & STEFANELLI
[6] have shown the existence of periodic solutions to the doubly nonlinear case
where A is a maximal monotone operator of at most linear growth and B is the
subdifferential of a proper, lower semicontinuous and convex functional. Within the
class of subdifferential operators, this has very recently been extended by KOIKE,
OTANI & UcCHIDA [103] to the case where A is the GATEAUX derivative and B
is the subdifferential of proper, lower semicontinuous and convex functionals of
polynomial growth defined on an uniformly convex BANACH space. To the authors’
best knowledge, there are no more results available for doubly nonlinear equations of
the first type (1.0.3). In contrast, the existence of periodic solutions to the second
type of equation (1.0.4) has been vigorously studied by many authors, see, e.g.,
[3, 94, 100, 101] and the references therein. For evolution equations of second order,
the existence of solutions has been shown in GAJEWSKI et al. [84] when the operator
A is radially continuous, monotone and coercive and B is a linear, bounded, positive,
and self-adjoint operator, and both operators are defined on a HILBERT space.



Chapter 2

An Introduction to Convex
Analysis

In this preliminary chapter, we will introduce some useful tools from the theory of
convex analysis, and try to highlight their general importance and their relevance in
regard to the present work.

The theory of convex analysis deals in essence with the study of convex functions
and convex sets, and has numerous applications in various areas, e.g., convex
optimization, economics, mechanics and numerical analysis. The application in convex
optimization was motivated by the seminal results obtained in linear programming,
where minimization problems of linear functionals over polytopes, which are expressed
by linear constraints, are studied, in the hope of obtaining similar results for nonlinear
functionals subject to nonlinear constraints. As a result, the duality principle from
linear programming was extended to nonlinear problems and led to the notion of
the LEGENDRE-FENCHEL transformation and the subdifferentiability, which will be
defined in Section 2.3 and 2.2, respectively. Besides, we will introduce the MOREAU—
Y 0SIDA regularization in Section 2.5, the M0OSCO-convergence in Section 2.4, and
parameterized YOUNG measures in Section 2.6.

This chapter is mainly based on the excellent and self-contained monographs
of EKELAND & TEMAM [69], ROCKAFELLAR [139], BARBU & PRECUPANU [27],
BARBU [26]. More specific literature will be mentioned in the related sections.

2.1 Preliminaries and notation

The main objects of our study are defined on BANACH spaces. However, many
properties and tools we present in this chapter are also available on more general
spaces. Therefore, if not otherwise specified, we consider a real BANACH space X
equipped with the norm || - || and we denote with X* its topological dual space
equipped with the norm || - ||. The duality pairing between X and X* is denoted by
(-,-). Furthermore, we denote with R := R U {—o0, 400} the extended real line. On
R, we define a total order by setting —oo < a < 400 for all a € R so that the set
can be equipped with the order topology. We extend the arithmetic operations of R
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to R by setting

a+00=+00+a=+00, a# —00,
a—00=—-00+a=—00, a# 400,
a(+o0) = (£o0)a = +oo0, a € (0, 00],
a(£o0) = (£o0)a = Foo, a € [—0,0),

a

— =0, e R,

+oo “

+

= _ +oo, a€ (0,+00),
a

+

= Foo, a € (—00,0).
a

Many real world problems are optimization problems of the form

)
where the objective is to find a value v € C' in an arbitrary set ¢ C X which
minimizes the real-valued functional f : C' — R. The functional f is often not
defined outside of the set C'. Nevertheless, one can introduce the extended functional
f + X — R which takes values in the extended real line R by setting

o) = { flv) ifved,

+00  otherwise.

Introducing extended functionals, not only simplifies the analysis from a notational
point of view, but has also the advantage that properties of sets can be translated to
properties of the functionals. If we consider, e.g., the indicator function 1o : C' — R
of a convex and closed set C' € X, defined by

1o(v) =
c(v) 400 otherweise,

{0 if vedC,
then, there holds v € C' if and only if 1¢(v) < 400. Furthermore, it can be shown
that C' is closed or convex if and only if 2 is a lower semicontinuous or convex
function, respectively. As a consequence, one can focus on optimization problems
with functionals that are defined on the whole space such as

gg)f(f(v) (2.1.1)
A necessary condition for the solvability! of such a minimization problem is indeed

that the set C' is non-empty, or, in other words, the extended functional f is not
identically +o0, i.e., if the effective domain

dom(f) :=={ve X : f(v) <+oo}

!The minimization problem (2.1.1) is called solvable if there exists at least one element in X
that minimizes f and where f is finite.
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of f is non-empty. We call the functional f proper if it has a non-empty effective
domain and if it takes nowhere the value —oo. In what follows, we constantly assume
that f: X — (—o00,400] is an extended and proper functional.

Further properties of f that are indispensable for guaranteeing the solvability
of (2.1.1), are indeed the sequential (weak) lower semicontinuity, convexity and
coercivity, which are defined for extended functionals in the same manner as for real
valued functionals by respecting the arithmetic operations on R.

Definition 2.1.1 Let (X,7) be a topological space. The functional f : X —
(—o0, +00] is called lower semicontinuous in uw € X if there holds

f(w) < liminf f(v),

The functional f is called sequentially lower semicontinuous in uw € X if for all
sequences (Up)neny C X with u, — u as n — oo there holds

f(u) < liminf f(uy).

Finally, the functional f is called lower semicontinuous or sequentially lower semi-
continuous if it is lower semicontinuous or sequentially semicontinuous at every
point. If 7 = o(X, X*) is the weak topology, we say f is sequentially weakly lower
semicontinuous or weakly lower semicontinuous.

Since we work with functionals that can take the value 400, it is beneficial to
give equivalent characterizations of the lower semicontinuity in terms of the epigraph
and the sublevel sets of f, which is very useful in practice.

Lemma 2.1.2 Let (X, 7) be a topological space and f : X — (—o0,+00| be a proper
function. Then, the following assertions are equivalent:

i) The functional f is (sequentially) lower semicontinuous.
it) For all v € R, the sublevel set {v € V : f(v) <~} is (sequentially) closed in' V.
iii) The epigraph of f, defined by
epi f:={(v,7) € VXR: f(v) <},
is (sequentially) closed in V x R.
Proof. This is proven in DIXMIER [61, Theorem 7.4.11, p. 79]. ]

Since on a metric space, the sequential lower semicontinuity and lower semicontinu-
ity coincide, we will not distinguish between both terms. Furthermore, it is readily
seen that weak lower semicontinuity implies lower semicontinuity. The converse holds
true for convex functions, see, e.g., BREZIS [35, Corollary 3.8, p. 61]. However, this,
in general, does not hold true for A-convex functionals.

Definition 2.1.3 Let A € R. Then, the functional f : X — (—o0,+0o0] is called
A-convez if for all u,v € X and t € (0,1) there holds

ftvo+ (1 —t)u) <tf(v) + (1 —t)f(u) + M1 —t)|lv — ul]> (2.1.2)

The functional f is called convex if it is 0-convex and strictly convex if it is 0-convex
and the inequality (2.1.2) is strict for all u # v.
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Remark 2.1.4 If X is a HILBERT space, the \-convexity of f is equivalent to the
convexity of the functional f + A|| - || when the norm || - || is induced by the inner
product on X.

2.2 Subdifferential calculus

From the theory of calculus of variations, it is well-known that solutions (in particular
stationary solutions) to a large class of partial differential equations correspond, by
the variation principle, to critical or stationary points of functionals, which are also
called energy functionals. Critical points of a functional are those points where the
(GATEAUX) derivative of the functional is zero. For example, if v € X solves the
minimization problem (2.1.1), and the functional f is GATEAUX differentiable in
v € X, then by FERMAT’s theorem, the point v € X is a critical point of f, i.e.,

D¢ f(7) = 0, (2.2.1)

where D¢ denotes the GATEAUX derivative of f. The equation (2.2.1) is also called
EULER-LAGRANGE equation associated to f.

Even if we deal with instationary (time-dependent) problems, we will encounter
minimization problems of the form (2.1.1) after discretizing the evolution inclusions
(1.0.6) and (1.0.7) in time and solving the discretized inclusions, see Sections 3.1,
5.2, and 6.2. However, the functionals we deal with are, in general, not GATEAUX
differentiable. Therefore, we need a generalization of FERMAT’s theorem for a non-
differentiable functional f, which in fact is given by the (FRECHET) subdifferential
of f. The (FRECHET) subdifferential or subderivative of f is a generalized notion
of derivative, and is, unlike the weak derivative, a locally defined object, and, in
general, a multi-valued map from X to X*.

Definition 2.2.1 (Fréchet subdifferential) Let f : X — R be proper and u €
dom(f). Then, the FRECHET subdifferential Of : X = X* of f at the point u is
defined by the set

Of (u) == {w e X* iming L =S = twv=u) o} (2.2.2)

v lv =l

and the elements of Of are called subgradients. Furthermore, the domain of Of is
defined by

dom(Af) := {u € dom(f) : df(u) # 0}.
Finally, f is called subdifferentiable at the point u € dom(f) if u € dom(9f).

We refer to the FRECHET subdifferential simply as subdifferential. If we want to
highlight that the subdifferential of f has been taken on the space X, we write dx f.
The reason for that is that the subdifferential always depends on the topology of
the underlying space. However, we can always extend the functional f to a larger
space which contains the space X by setting the value to 400 outside its domain so
that specifying the subdifferential is in certain cases useful. We note that endowing
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the space X with an equivalent norm does not change the set (2.2.2). One can
also easily check that the subdifferential df(u) is a closed and convex set for all
u € dom(0f). Moreover, from the definition of subdifferentiability, it is readily seen
that FRECHET differentiable functionals are in particular subdifferentiable, and that
the subdifferential becomes a singleton with the FRECHET derivative as a single
value. Therefore, the subdifferential is indeed a generalized notion of differentiability.
Similarly, for a GATEAUX-differentiable and convex function, the subdifferential
contains only the GATEAUX derivative, which is stated in Lemma 2.2.7 below.

The following lemma gives a characterization of the subdifferential of a A-convex
functional, which is very useful in practice. The same characterization for convex
functionals is often used as a definition of the subdifferential. The lemma gives also
a sufficient condition for the graph Gr(0f) := {(u,0f(u)) C X x X*:u € X} of Of
to be strongly-weakly closed.

Lemma 2.2.2 Let f : X — (—o00, +00] be subdifferentiable in u € dom(0f). Then,
the following assertions hold:

i) Let f be A\-conver with A € R. Then, £ € 0f(u) if and only if
flu) = fv) < (Eu—v)+ Mu—o|*>  forallveX. (2.2.3)
If f is lower semicontinuous, then Gr(0f) is strongly-weakly closed.

ii) Let f be GATEAUX differentiable on a convexr set A C X. Then, f is convex
over A if and only if

fu)— flv) <{f'(u),u—v) forallu,ve A

Proof. Ad 7). Let € € f(u). Since the inequality (2.2.3) is trivially fulfilled for all
v € X\ dom(f), it is sufficient to show (2.2.3) for all v € dom(f). Therefore, let
v € dom(f). Since the inequality (2.2.3) for v = w is obviously fulfilled, we assume
v # u. Then, by definition

f(0) = fu) = (€0 —u)

0 < liminf -

VU H,U _uH
< liminf flu+t(v—u)) = f(u) = (& tlv—u))

t—0+ Ht(v _ U)H
i inf @+ A =) f(u) + 81— OA[lu — ol = £w) = (6o = w))
—  to0t ||t(U—u)||
_ SO S Mu—oP = Ev—w)

lv = ull :

where we have used the A-convexity of f. The converse is clearly fulfilled. Now, let
U, — uwin V and &, — £ in V* as n — oo be convergent sequences with &, € 0f(u,,)
for all n € N. Then, the lower semicontinuity of f and the characterization (2.2.3)
yields

(1)~ £(0) < amint(7 ) — £(0)
< lim inf ({60, un = v) + Allun = 0]?)
= (&, u—v) + AN|u—0v|]* forallveX,
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whence £ € 0f (u).
Ad i7). This follows from EKELAND & TEMAM [69, Proposition 5.3 & 5.4]. O

Remark 2.2.3 Let u,v € dom(9f). Then, the characterization (2.2.3) immediately
implies

—2A|lu —v||? < (¢ —n,v—wu) forall &€ df(u),n € df(v).

The operator Jf is called strongly monotone if A < 0 and monotone if A\ = 0.
This definition indeed coincides with the definition of strong monotonicity and
monotonicity for single valued operators.

Hence, using the subdifferential, we see that v being a global or local minimizer
of f implies

0€af(v),

and the reverse holds true when f is convex. In the next example, we see a
subdifferentiable function that admits a global minimizer where the function is
not FRECHET differentiable. We also see an example of a function that is not
subdifferentiable.

Example 2.2.4 Let h: R — R and ¢ : R — R with

if
h(z) = {x itz <0, and g¢(z) = —|z|, = €R,

r° otherwise,

be given. Since the functions h and g are differentiable on R\{0}, there holds
Oh(z) = {h'(z)} and dg(z) = {¢'(x)} for all R\{0}. A simple calculation shows that
while the subdifferential of h at x = 0 is given by the closed interval [—1,0], the
subdifferential of g at x = 0 is empty. Hence, the subdifferential of h and g are given
by

-1, if x € (—00,0), 1, if x € (—00,0),
Oh(z) =< [-1,0], ifz=0, , dg(x) =<0, if 2 =0,
x, if x € (0,+00) -1, ifz € (0,400),

which is illustrated in figure 2.1.

As Figure 2.1 nicely illustrates, the subdifferential of the convex functional f in
the point £ = 0 contains all subgradients which are tangential to the graph at the
point x = 0. In particular, there holds £ = 0 € 9f(0) and therefore z = 0 is a global
minimizer of f.

An important question is whether the subdifferential operator is additive, i.e.,
the subdifferential of the sum of two functionals equals the sum of the subdifferential
of the individual functionals. In general, this is not true. Choose, e.g., fi = f
and fy, = —f with f being any functional which is not subdifferentiable. Clearly,
the sum of the functionals is subdifferentiable, but does not equal the sum of their
subdifferentials.

The following lemmas give sufficient conditions so that subdifferential operator is
indeed additive.
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h(z) Oh(x)

Figure 2.1: The figure shows the graph of the functions h and g, and their
subdifferential Oh and dg, respectively. It also shows the subgradients & = —% and
&= —% of h at the point z = 0.

Lemma 2.2.5 Let f : X — (—o0,+00| be given by f = fi + fa, where fi :
X — (—o00,400] is subdifferentiable and fs : X — R is FRECHET differentiable in
uw € dom(fy). Then, [ is subdifferentiable in u and the subdifferential is given by

Of(u) = 0f1(u) + D fo(u)
={{+ Dfa(u) : £ € 0fi(u)},

where D fo(u) is the FRECHET derivative of fo in u.

Proof. This immediately follows from the definition of the subdifferential. O]

Combining Lemma 2.2.2 and Lemma 2.2.5, we obtain

Corollary 2.2.6 Under the assumptions of Lemma 2.2.5, let f1 : X — (—00, +00]
be convex. Furthermore, let dom(9f1) # (0 and fo be FRECHET differentiable at the
point w € D(0f1). Then, £ € Of(u) if and only if

fi(u) 4+ (& — Dfy(u),v —u) < fi(v) forallv € X.

If f5 is convex, then u is a global minimizer of f if and only if —D fy(u) € 0f1(u),
i.e.,

fi(w) + (=Dfo(u),v —u) < fi(v) forallve X.
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The previous results deal with the case where at least one functional is differenti-
able and do therefore not answer the question of the additivity of the subdifferential

operator when both functionals are non-differentiable. For general finite valued
functionals fi, fo : X — R, there holds

9 (f1+ f2) (v) D Ofi(v) + D fa(v),

which immediately follows from the definition. However, this inclusion is not useful
since the right-hand side might be empty, while the left-hand side is non-empty. The
following lemma gives a satisfying answer to that question.

Lemma 2.2.7 (Variational sum rule) Let f; : X — (—oo,+0o0]| and fo : X —
(=00, +00] be proper, lower semicontinuous, and convez. Furthermore, assume that
there exists a point & € dom( f1) Ndom(fy) where fy is continuous. Then, there holds

O(f1 + f2)(v) = 0f1(v) + 0fz(v) forallv e X.

If, in addition, fy is GATEAUX differentiable on V' with GATEAUX derivative Dg fs,
then there holds 0f2(v) = {Dg f2(v)} and we obtain

I f1+ f2)(v) = 0f1(v) + Da fo(v)  for allv € X.
Proof. This has been proven in EKELAND & TEMAM [69, Proposition 5.3. & 5.6]. [

With the variational sum rule, we are able to decompose subgradients of f; + fo
in terms of the subgradients of f; and f,. Apart from that, we are also interested in
a special chain rule for the subdifferential of two composite functions A : X — Y
and f:Y — (—o0, 00|, which are defined on BANACH spaces X and Y.

Lemma 2.2.8 Let A: X — Y be a linear, bounded operator and f : Y — (—o0, + 0]
be a proper, lower semicontinuous, and convex functional. If there exists a point
Au €Y with u € X, where f is finite and continuous, then for allu € X, there holds

O(foA)(u) =A"0f(Au) for allu € X,
where A* 1 Y* — X* denotes the adjoint operator of A.

Proof. This has been proven in EKELAND & TEMAM [69, Proposition 5.7]. O

For the operator /A, we have in particular in mind the gradient operator V which
has as adjoint the divergence operator div, see Section 7.1.

2.3 Legendre—Fenchel transformation

If we take a closer look into the characterization (2.2.3) of the subdifferential of a
proper, lower semicontinuous, and convex functional, we find in particular

(& u) = 22)13{(57@ — W)} + f(u). (2.3.1)
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We define the LEGENDRE-FENCHEL transformation f*: X* — R of f by

fr(n) ==sup{(n,v) — f(v)}, neXr

veX

which is also called the conver conjugate, FENCHEL conjugate, or simply, conjugate
of f. We can then formulate 2.3.1 in terms of f and its convex conjugate by the
inequality

(€ u) = fu) + 7(6). (2.3.2)

Hence by Lemma 2.2.2, the latter inequality holds for u € V and ¢ € V* if and only if
¢ is the subgradient of f in u, i.e., £ € df(u). We note that by the FENCHEL—YOUNG
inequality

(n,v) < flo)+ f*(n) forallue X, e X*,

which, by definition, is always fulfilled, we can replace the inequality (2.3.2) with an
equality.

We found another characterization of the subdifferential in terms of the conjugate
function. This, among others, is stated in the following lemma.

Lemma 2.3.1 Let f : X — (—o0,+0o0] be a proper, lower semicontinuous, and
convex functional and let f* : X* — (—o0,+00] be the conjugate of f. Then, for all
(u, &) € X x X*, the following assertions are equivalent:

i) §€0f(u) in X
i) uwedf (&) inX;
) (& u) = flu)+ f7() inR.

Proof. This has been proven in EKELAND & TEMAM in [69, Proposition 5.1 &
Corollary 5.2]. O

111

The preceding lemma reveals a deep relationship between f and f*, and is crucial
in the existence result presented in the following chapters. Hence, it is useful to
study the properties of the LEGENDRE-FENCHEL transformation.

Lemma 2.3.2 Let f : X — (—o0,+00] be a proper, lower semicontinuous, and
convex function. Then, f is continuous over the interior of its effective domain and
the LEGENDRE-FENCHEL transformation f* is proper, lower semicontinuous, and
conver. If f >0 on X and f(0) =0, then f* > 0 on X* and f*(0) = 0. Furthermore,
if X is reflexive, then there holds f** = (f*)* = f. Finally, for general functions
h,g: X — R with h < g on X, there holds g* < h* on X*.

Proof. The fact that f is continuous over the interior of its effective domain, and
f* is proper, lower semicontinuous, and convex, follows from Corollary 2.5, pp. 13
and the discussion in Section 4 in EKELAND & TEMAM [69]. If f > 0 on X and
f(0) =0, then

(€)= ilellv){<€,v> — f(v)} > (£,0) = f(0)=0
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and

J7(0) = sup{—f(v)} = 0.

veV
If X is reflexive then f** = (f*)* = f follows from EKELAND & TEMAM [69,

Proposition 4.1, p. 18]. The last assertion immediately follows from the definition of
the LEGENDRE-FENCHEL transformation. ]

In order to provide a better understanding of Lemma 2.3.1, we consider the
following examples.

Example 2.3.3 Let p € [1,4+00) and f : R — [0,4+00] be defined by f(z) =
%|x|p, r € R. We want to calculate the conjugate f*: R — [0,4o00]. To do so, we
distinguish the cases p =1 and p > 1. First, let p = 1. We note that by Lemma
2.3.2, there holds f* > 0 on R. Then, for y € [—1, 1], we obtain

f*(y) = supfzy — [z[} <0
T€R
whence f*(y) = 0. For y € R with |y| > 1, there holds
f*(y) = sup{zy — |x[}
zeR
> sup{([y| = Dlz[} = +o0
x€R

Therefore, the conjugate is given by the indicator function, i.e., f* = 1. Now,

let p > 1. Then, by the differential calculus, x € R maximizes the function
R>7%w— Ty — %|(E|p for y € R if and only if y = 2P~2x. Hence, the conjugate is

given by f*(y) = z% y|P",y € R, where p* = p/(p — 1) is the conjugate exponent. For
p € (1,00), the FENCHEL—YOUNG inequality reads

1 1 .
vy < —[zfP + — |y’ forall z,y € R. (2.3.3)
p p
which, in fact, is YOUNG’s inequality. Lemma 2.3.1 gives now an optimality criteria
for YOUNG’s inequality: equality holds in 2.3.3 if and only if y = 2P~ 2x.

The conjugate functional on an infinite-dimensional space is, in general, difficult
to calculate explicitly. However, if the functional is radial, i.e., if it depends only on
the length of a vector, then we can reduce the calculation of the conjugate functional
to the one-dimensional case, as it is shown in the following example.

Example 2.3.4 Let f : R — [0,+00] be a proper and even function. We define
F: X — [0, +00] by

F(u) = f([lul]), veX.
Then, the conjugate F* : X* — (—o0, +0o0] of F' is given by
Fr(&) = sup{(&,v) = F(v)}
=sup sup  {(&v) — f(l|lv]})}

r>0 veX, ||v||=r

=§gro>{7"H§H* — f(r)}
= f*(ll¢]l.) forall & € X.
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We obtain for, e.g., f(x) = %Mp with p € [1,+00) the functional F(v) = %HUHP
whose conjugate is given by F*(¢) = L|[¢[[2 if p > 1 and F*(§) = 15, o1(§) if
p =1, where Bx+(0,1) denotes the closed unit ball in X*. Here, Lemma 2.3.1 gives
a characterization of the subdifferential of F', the so-called p-duality map denoted
by F%, see Section 2.5 for more details. Hence, £ € OF (u) = F%(u),u € dom(JF) if

and only if

1 1 .
& u) =~ [lul” + — €|
(€u) = Jlul + |

which by YOUNG’s inequality holds true if and only if (£, u) = ||u||||£]]« and [Ju||? =
19/

Thus, we obtain a real-valued formula that entirely describes the relation between
¢ and Of(u) in an infinite-dimensional vector space. In fact, this will allow us to
reformulate the generalized gradient flow equation by a real-valued equation, see
the introduction Chapter 3, where we elaborate more on this and stress why this is
crucial for our approach.

We may also ask, how the conjugate of the sum of two functionals can explicitly
be expressed in terms of conjugate of the individual functionals.

Lemma 2.3.5 Let (X, ||-||) be a BANACH space, fi: X — (—o00,+0o0] and fo : X —
(—o00, +00| be proper, lower semicontinuous, and convex functionals such that

() A(dom(f1) — dom(f2)) s a closed vector space,

A>0

where A — B :={a—0b:a € Ab € B} for two sets A,B C X. Moreover, let
i [ X* = (=00, +00] be the associated conjugate functional of fi and fy. Then,
there holds

(fi 4+ £2)7(6) = min (f{(€ —n) + fs(n))  for all § € X". (2.3.4)
Proof. This is proven in ATTOUCH & BREZIS [18, Theorem 1.1, pp. 126]. O

For an illustration of the preceding lemma, we consider

Example 2.3.6 Let (X,| - ||x) and (Y, || - ||y) be two BANACH spaces such that
X NY, equipped with the norm || - ||xny = || - [|x + || - |y, is dense in both X and
Y. Furthermore, we assume that X and Y are each continuously embedded into
another BANACH space Z. Then, the space X N'Y becomes a BANACH space itself
and the dual space can be identified as X* + Y* with the dual norm ||{|

infe, exs gyev- max{||&| |&a|
§=61+&2
5]. Let p,q € (1,400) and the functionals fi, fo : X NY — R be defined by

X*+Y* —
v+}, see, e.g., GAJEWSKI et al. [84, Chapter I, Section

X*,

1 1
fi(u) = ];||u||§<, fo(u) = 6||u||‘§/, ueXNY.
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Then, according to Lemma 2.3.5, the conjugate (f; + f2)* : X* +Y* — (—o0, + 0]
is given by

§1E€EX* Eo€Y™

i+ f2)(€) = min (U&
£=61+8& p

* 1 *
Gt lelf.) oralge Xty (235)

where p* > 1 and ¢* > 1 again denotes the conjugate exponent of p and ¢, respectively.
Applying YOUNG’s inequality to (2.3.5), we obtain the estimates

(fi+ f2)(u) > Cllul|xpy —C  forallue XNY
(fi+ f2)° (&) = Cllél|xr4y- —C forall £ € X*+Y~

for some constant C' > 0. We will make use of the latter estimates in Chapter 5 by
choosing X = 1L2(0,T;V) and Y = L"(0,T; W).

We continue with addressing the following problem: let f(t,-) — (—o0,400] be
a proper, lower semicontinuous, and convex functional for each ¢ € [0,7] and define
the integral functional

We want to know whether the properties of f are inherited by F'. The following lemma
provides sufficient condition to give a positive answer to this question. Furthermore,
it gives a relation between the subdifferential of F' on BOCHNER-LEBESGUE spaces
and f. To ensure that the mapping ¢ — f(t,v(¢)) is LEBESGUE measurable for
any BOCHNER measurable (strongly measurable) functional v : [0,7] — X, we
introduce the notion of a normal integrand, which was introduced by the American
mathematician Ralph T. ROCKAFELLAR [138, 140, 141] in order to study integrals of
the form (2.3.6) for a wider class of integrands f than the classical CARATHEODORY
function?.

We denote with Zjo ) the LEBESGUE c-algebra of the interval [0, 7] and with
A(X) the BOREL o-algebra of X. A functional f : [0,7] x X — (—o0,+0o0] is
called normal integrand if it is Z{o 1) ® Z(X)-measurable on [0,7] x X and for a.e.
t € (0,7T) the mapping v — f(t,v) is lower semicontinuous on X. Note that if f is a
normal integrand and X is a separable BANACH space, then by the PETTIS theorem,
see, e.g., DIESTEL & UHL [58, Theorem 2, p. 42], the mapping ¢t — f(t,v(t)) is
LEBESGUE measurable for any BOCHNER measurable functional v : [0, 7] — X.

The BOCHNER-LEBESGUE spaces® are as usual denoted by L?(0,T; X) for p €
[1, +00].

Theorem 2.3.7 Let X be a separable and reflevive BANACH space and f : [0,T] x
X — (—o0,+00] be a normal integrand such that f(t,-) : X — (—o0,+o0] is for
a.e. t € (0,T) a proper, lower semicontinuous and convex functional. Denote

2The functional f(t,-) — R is called CARATHEODORY functional if the mapping t + f(¢,v) is
LEBESGUE measurable for all v € X and the mapping v — f(¢,v) is continuous for almost every
te(0,7).

3See ROUBICEK [145, Section 1.5] for a definition of the BOCHNER—LEBESGUE spaces.
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with f* : [0, T] x X* — (—o00,+00] the conjugate functional given by f*(t,-) =
(f(t, )", t €[0,T], and assume that there exists constants o, a*, B, f* > 0 such that

ft,v)+allv]|+8>0 forae tel0,T] and allv € X,
and
@8 +a*|éll«+ 85 >0 forae tel0,T] and all £ € X*.
Then following assertions hold

i) The functional f*:[0,T] x X* — (—o0, +0oq] is a normal integrand, and if F
is proper, then the conjugate functional F* : L (0,T; X*) — R is proper, lower
semicontinuous and convex, and is given by the integral functional

Jo @) dt if f2(€() € LY0,T),

+00 otherwise.

F*(ﬁ)z{

it) The functional F is lower semicontinuous and convex on LP(0,T; X), and there
holds F(v) > —oo for all v € LP(0,T; X).

iii) Let I be proper, and let v € dom(F) and & € LP" (0, T; X*). Then, £ € OF(v) C
LP"(0,T; X*) if and only if £(t) € Of(t,v(t)) C X* for a.e. t € (0,T).

Proof. Assertions ¢) and i) follow from KENMOCHI [99] and ROCKAFELLAR [140,
Proposition 2 & Theorem 2| as well as Lemma 2.3.2, respectively. Assertion i)
follows from ), 4i), Lemma 2.3.1, and the fact that

[ (w00 + £, €60)) — Ge(6), w(6)) =0 (237
if and only if

f(t0@) + £7(t,€(1) — (€(),v(t)) =0 a.e. in (0,T),

which in turn follows from the fact that the integrand in (2.3.7) is by the FENCHEL—-
YOUNG inequality always non-negative. O

2.4 Mosco-convergence

In this section, we introduce the notion of the MOSCO-convergence, which was
originally introduced by the Italian mathematician Umberto Mosco [125] in order
to study variational inequalities. Before we motivate the M0OSCO-convergence, we
provide a definition.

Definition 2.4.1 A sequence of functionals f, : X — (—o00,400] converges to
f: X = (—00,+00] in the sense of Mosco (we write f, M, f) if and only if for
allu e X

a) f(u) <liminf, o fu(u,) for all u, — u in X,
b) 3Jh, — u in V such that f(u) > limsup,,_, . fn(ly,)-
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We note that the implication in b) can be replaced by f(u) = lim, e fn(ly)
since the other direction of the inequality already follows from a). The existence of
a strongly convergent sequence in b) is often referred to as the recovery sequence.
We note further that constant sequences of functions do not, in general, converge
in the sense of M0SCO since the functional is by a) assumed to be weakly lower
semicontinuous. However, if we deal with functionals that are lower semicontinuous
and convex, and thus weakly lower semicontinuous, then constant sequences converge
in the sense of M0osco. The Mosco-convergence is related to the notion of I'-
convergence* where the convergences in a) and b) in Definition 2.4.1 are assumed to
hold with respect to the same topology, which usually is either the strong topology
or the weak topology. The I'-convergence gives a sufficient condition to conclude
that a sequence of solutions u,, to the minimization problems

2 )

converge in a certain topology to a solution to a limiting minimization problem
as n — oo. The Mosco-convergence, which is a stronger notion of convergence,
provides a sufficient condition to conclude that a sequence of subgradients converge
to a subgradient of a limiting functional as we will see. Therefore, the MoOSCo-
convergence and the I'-convergence are very useful tools in, e.g., phase transitions,
homogenization theory, dimension reduction, the formalization of the passage of a
discrete model to a continuous model, etc., see [30, 114, 117-119, 147, 152]. We refer
the interested reader to the monographs BRAIDES [31] and DAL MASo [50] for an
introduction to I'-convergence.

In Lemma 2.2.2, we have seen that the lower semicontinuity and A-convexity
of a functional yields the strong-weak closedness of the graph of its subdifferential.
However, sometimes we do only have weakly convergent sequences u, — u and
& — & with &, € 0f(uy,), n € N, at our disposal which is, in general, not enough
to conclude £ € df(u). However, for a proper, lower semicontinuous, and convex
functional, a sufficient condition to make this conclusion is in fact given by the limsup
estimate

limsup(§, — &, u, —u) < 0.
n—oo
This holds even true for maximal monotone operators, see, e.g., BREzIS, CRANDALL
& Pazy [33, Lemma 1.2], which in particular contain the set of subdifferential
operators of proper, lower semicontinuous, and convex functionals, see ROCKAFELLAR
[137, Theorem 4]. If we consider a sequence of functionals (f,,),en so that &, € 0f(u,)
is replaced by &, € 0f,(u,), our next question is: what type of convergence for the
sequence (f,)nen to a functional f is sufficient to conclude £ € df(u). In fact, as we
mentioned before, such a convergence is given by the MOscoO-convergence.

Lemma 2.4.2 Let f, f, : X — (—o0,+00| be proper, lower semicontinuous, and
convex functionals for all n € N, and denote with f, f* : X* — (—o0,+0o0] the

4The I'-convergence has originally been introduced by the Italian mathematician Ennio DE
GIORGI [51-53, 55] in a series of articles, a couple of years after the introduction of the Mosco-
convergence, where he studied GREEN functions.
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associated conjugate functionals. Moreover, let v, — v in X and &, — & in X* as
n — oo with &, € 0f,(u,),n € N such that

lim sup(€, — &, un — u) < 0.

If
fo == f o f(u) 4 £1(6) < liminf (fo(un) + £1(60)),
then u € 0f(u) and

lim f(u,) = flu), T f£2(€) = F(€) or f(u)+ /(€)= lim (f(u) + [*(6)).

n—oo n—oo

respectively.

Proof. We assume first that f, M, f. Let v € X, then by the Mosco-convergence of
(fn)nen there exists a strongly convergent sequence 9, — v in X as n — oo such that
f(v) > limsup,,_, . fn(0,). With the liminf estimate a) for the M0Osco-convergence,
we obtain

f(u> - f(’U) < lim inf fn(un) — lim sup fn(@n)

n—oo n—o0
< limsup(&,, u, — 0y)

n—o0

= (&, u—v) forallve X,

whence € f(u). Now, let @, — win X asn — oo such that f(u) > limsup,,_, . fn(ln).
Then, we obtain

f(u) < liminf f, (u,)

< lim sup f,, (uy,)

n—00
< limsup ((&n, Un — Un) + fn(in))
n—o0
< limsup ((§n — & Un — Un) + (€, un — ) + frlin))
n—oo
S lim Sup<fn - 5, Up — an> + lim Sup<§7 Up — ﬁn) + lim sSup fn(ﬁ'n)
n—00 n—00

< f(u),
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and hence lim, o fn(u,) = f(u). Exploiting Lemma 2.3.1, we also obtain
(&) = (& u) — f(u)
< liminf sup ((§,,v) — fu(v))
n—oo UGX

= liminf (., un) — fa(un))

< limsup f;(fn)

= lmsup (&, un) = folun))

= 112118;}1) ((fn - £7un - ’U,) + <€7u> - fn(un))

<limsup(§, — & up — u) + (§,u) — Jim S (un)
su) — f(u)
£)

n) = [*(&) follows. Now, we assume that f(u) + f*(¢) <
€,)). Then, with Lemma 2.3.1 and the FENCHEL-YOUNG

<

(

f*

from which lim,, o f(§
(

liminf, o0 (fr(un) + £
inequality, we find

~— o~

(& u) < flu)+ f7(§)
< liminf (fu (o) + £3(62)

< limsup (fu(un) + £1(6))

< lim sup(&,, un)

n—oo

< (& u)
whence § € 9f(u) and f(u) + f*(€) = limn oo (fn(un) + £7(6n))- =

In view of Lemma 2.3.1, we obtain the same implication in the previous result

by replacing f, M, f with f M, f*. So it seems natural to assume that there is
a relation between these two convergences. In fact, ATTOUCH [17, Theorem 3.18,
p. 295] has shown that they are equivalent if the underlying BANACH space X is
reflexive. Based on that, STEFANELLI showed the following equivalence.

Lemma 2.4.3 Let X be a reflexive BANACH space and let f, f, : X — (—00, +0o0]
be proper, lower semicontinuous, and convex functionals for alln € N, and denote

with f*, f*: X — (—o00, +00] the associated conjugate functionals. Then, f, M, ff
and only if

a) f(u) <inf{liminf, . fuo(u,) : w, — w in X},

b) (&) < inf{liminf, o, [ (&) 1 & — € in X'},

¢)  (fF)nen is uniformly proper,

where point iii) means that there exists a bounded sequence (&,)nen C X such that
& € dom(f)) for alln € N.
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Proof. This has been proven in STEFANELLI [155, Lemma 4.1]. ]

Lemma 2.4.3 gives a characterization of the M0OSCO-convergence in terms of a
functional and its conjugate without assuming the existence of a recovery sequence,
which makes it easier to verify in practice. The lemma also shows that the Mosco-
convergence f, M, f actually implies the liminf estimate for the sum f, + f in
Lemma 2.4.2.

We want to employ the previous results in Chapter 3 where we study perturbed
gradient systems and in Chapter 6 where we study nonlinearly damped inertial
systems by choosing f,, = ¥,,. More precisely, we will choose f, = ¥y () where
U, are the piecewise constant interpolations, see Section 3.4. In Chapnter 3, we
will obtain a strong convergence of the sequence (U, )nen uniformly on [0, 7], which
makes it reasonable to assume the Mosco-convergence of the sequence (¥, )nen for
strongly convergent sequences u,, — u. However, for nonlinearly damped inertial
systems, we only obtain a pointwise weak convergence of (U, )nen so that assuming
the Mosco-convergence of the sequence (¥, )nen is too restrictive and not necessary
as we will see. Therefore, we will assume in Chapter 6 a liminf estimate for the sum
ng ) + LP&T (1) on suitable BOCHNER-LEBESGUE spaces, which is already implied
by the MOSCnO—convergence. The following lemma shows that this will be sufficient
in order to obtain the weak-weak closedness of the graph of the subdifferential.

Lemma 2.4.4 Let the functionals f, f, : [0,T] x X — (—o0,+0o0] be given and
fulfill the assumptions of Theorem 2.3.7, and let p € (1,400). Furthermore, let
(Vp)nen C LP(0,T;X) and (&)neny C LP7(0,T; X*) with &, € OF,(v,) such that
v, — v in LP(0,T;X) and &, — & in LP"(0,T; X*) as n — oo where F, is the
integral functional associated to f,. If

[ we) + £ 60) dt < tming [ (Gt val6) + Fole £a(0) dt - (241)
and there holds

lim sup
n—oo

then &(t) € Of(t,v(t)) a.e. in (0,T) and

[ (ealt) — €00 0a(0) — o0t <0,

[ o) + 7€) i = Jim

Tim [ (Faltva(®) + Fi(t,€a(0)))
Proof. This immediately follows from Lemma 2.4.2 and Theorem 2.3.7. O]

Remark 2.4.5 It has been shown in STEFANELLI [155, Lemma 4.1] that under the

assumptions of Lemma 2.4.4, the convergence f, BN f implies F, Ny , which in
turn implies the liminf estimate (2.4.1).

2.5 The MOREAU—-YOSIDA regularization

In this section, we study for a general proper, lower semicontinuous, and convex
functional f : X — (—o0,400] on a normed space (X, | - ||) the properties of the
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so-called Moreau—Yosida reqularization

folw) = inf { - Ju =l + )} e X,

of f, where ¢ > 0 is called the regularization parameter. In this section, we are
primarily guided by BARBU [26] and BARBU & PRECUPANU [27]. We show in this
section to what extent the geometrical properties of the dual space X* are translated
to the regularity properties of the regularization f.. Roughly speaking, the better
the geometrical properties of the dual space X* are, the better the regularization
becomes.

We recall the definition of the duality map Fx : X = X*, which is given by
Fx(v) :=={& € X*: (&,v) = ||v]|* = ||€||?}. As we have shown in Example 2.3.4, the
duality map is given by the subdifferential of || - ||?, i.e., Fx(u) = d(3|u/|?) for all
u € X. Furthermore, it is well-known that the set Fx(u) is in every point u € X
non-empty, convex, bounded, and weakx-closed °, see, e.g., BARBU & PRECUPANU
[27, Section 1.2.4]. The duality map has also a geometrical interpretation: by the
HAHN-BANACH theorem®, there holds

lull = max (Cu) = max (Cu) o 6wy ol € € X with [l€]l = [Jul].

N cexs - lull T flull
I¢ll=1 I¢lh=lul

Thus, an element of the dual space belongs to the duality map £* € Fx(u) if and
only if it solves the maximization problem

(¢, w)
lull ~

for which the set of maximizers is non-empty. In other words, £* generates a closed
supporting hyperplane to the closed ball B(0, ||lu||). We call a norm smooth if and
only if the duality map is single-valued, or geometrically speaking, each supporting
hyperplane which passes through a boundary point of the sphere S(0, |jul|) with
radius ||u|| is also a tangential hyperplane. We call a normed space smooth if there
is an equivalent smooth norm. From (2.5.1), it is readily seen that if the dual space
X* is strictly convex, i.e., the dual norm || - ||, is strictly convex, the element which
generates the supporting hyperplane is unique, meaning that the duality map Fy (u)
is single-valued. In this case, the duality map is also demicontinuous *, which implies
that the norm on X is GATEAUX differentiable. If the dual space X* is uniformly
convex®, then the duality map is uniformly continuous on every bounded subset of X
and the norm on X is uniformly FRECHET differentiable in the sense that the limit

(2.5.1)

max

cex*
[CH=Ilull

|| —1
Lol

A—0 /\

STherefore, Fx(u) is weakx-compact.

6See, e.g., BREZIS [35, Theorem 1.1, p. 1].

"A map f: X — Y between two normed spaces X and Y is called demicontinuous if it is
strong-to-weak* continuous.

8The normed space X is called uniformly convex if for every 0 < € < 2 there exists § > 0 such
that for any two vectors x,y € X with ||z||x = ||y||x = 1 the condition ||z — y||x > e implies that
H%H v <1—94. An uniformly convex space is in particular strict convex.
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exists uniformly in z,y € 5(0,1), see [26, 102]. Obviously, the regularity of the
norm of a BANACH space is deeply related to the geometrical properties of its dual
space. If X is a reflexive BANACH space, then by the renorming theorem due to
ASPLUND [16], there exist always equivalent norms || - || of X and || - ||« of the dual
space X* such that both X and X* equipped with these norms are strictly convex
and smooth, see BARBU & PRECUPANU [27, Theorem 1.105, p. 36]. Consequently, a
reflexive BANACH space can be equipped with an equivalent GATEAUX differentiable
norm such that the duality map is demicontinuous. It is well-known that a HILBERT
space, in particular, is reflexive and that the duality map is identical with the RiESz
isomorphism between the HILBERT space and its dual. For a more detailed discussion
of the geometry of BANACH spaces, and in particular, concerning the duality maps,
we refer the interested reader to [24, 26, 27, 39, 40, 57, 102, 165].

The question arises, if and to what extent the properties of the duality map are
related to the regularization properties of the MOREAU-Y OSIDA regularization. We
will see that the properties of the duality map are inherited by the subdifferential of
the MOREAU-YOSIDA regularization. In fact, we will answer the question for the
more general so-called p-MOREAU—Y OSIDA regularization, which is for p > 1 given
by

u—v

£

f-(u) = in {5

p
inf 1~ + f(v)} u€X. (2.5.2)
The reason why we want to study p-MOREAU—-YOSIDA regularization is simply
because it maintains the growth of the functional f if it has p-growth, see Section
3.2.
The following lemma shows some basic properties of the p-MOREAU—Y OSIDA
regularization on general normed spaces.

Lemma 2.5.1 Let f : X — (—o00,4+00] be a proper and convex functional, and,
fore >0 and p > 1, let f. be the p-MOREAU—YOSIDA reqularization defined by
(2.5.2). Then, f. is finite, convex, and locally LIPSCHITZ continuous on X. If f
is in addition lower semicontinuous, and X is a reflezive BANACH space, then the
infimum in f.(u) = inf,cx { gt f(v)} is attained at every point u € X.

£
p

u—v

5

Proof. Let @ € dom(f) # (. Then, on the one hand, there holds

1
per~!

fe(u) < |lu—al|l” + f(a) < oo for every u € X. (2.5.3)

On the other hand, by EKELAND & TEMAM [69, Proposition 3.1, p. 14], there exists
an affine linear minorant to f, i.e., there exist £ € X* and a € R such that

fv) > a+{&v) foralveX,

so that f.(u) > —oo for every u € X, whence dom(f.) = X. Now, let for A\ € (0, 1)
and uy,ug € V, (v))nen € X be a minimizing sequence for f.(u;) for i = 1,2. We
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set w, 1= Av} + (1 — X\)v2, n € N. Then, by the convexity of f, there holds

£+ (1= Nug) = inf {1||)\u1 (1= Nug — o+ f(v)}

veV pé‘p*l
1
< ol (= X = w4 F )

1
=2 (psp—1 lur = v || + f(%i))

peP~1

] O ()
— Me(ur) + (1 = N) fe(uz) asn — oo,

which means that f. is convex. We note that by (2.5.3), f. is bounded on every open
bounded set of X. Hence, EKELAND & TEMAM [69, by Corollary 2.4, p. 12], f. is
locally L1PSCHITZ continuous on X. Finally, if X is a reflexive BANACH space, then
the infimum in f.(u) = inf,ex {§ "y f(v)} is attained at every point u € X

e
by the direct method of calculus ol variations. O]

In the next theorem, we will show properties of the p-MOREAU—Y OSIDA regulari-
zation under the assumption that X is reflexive such that, by the renorming theorem,
X and X* are simultaneously strictly convex and smooth. Before we progress to
the next theorem, we recall that the p-duality map F% is given by F% := (%H - |P
for p > 1. Then, since the mapping v %HUHP is continuous and convex on X,
EKELAND & TEMAM [69, Proposition 5.1 & 5.2, Corollary 5.1, pp. 21] ensure that
F% is a bounded and set-valued map such that F%(u) is non-empty, convex, and
weak*-closed for all u € X, and by Example 2.3.4, characterized by

FR(u) ={€ € X*: (& u) = [lull” = €]} (2.5.4)

As for p = 2, if the dual space is strictly convex, then by KIEN [102, Proposition 2.3]
and AKAGI & MELCHIONNA [5, Lemma 19], the p-duality map is demicontinuous,
single-valued, and monotone in the sense that

(FR(u) = FR(),u—v) > (lul"= = [[o]"~) (lul = [lv]) ~ for all u,v € X.

With the above-mentioned properties of the p-duality map, we are able to proof in
the following theorem that the p-MOREAU—-Y OSIDA regularization is under suitable
conditions GATEAUX differentiable with a demicontinuous GATEAUX derivative. This
result generalizes and follows the proof of Theorem 2.58, p. 98, in BARBU [26] where
the case p = 2 has been studied.

Theorem 2.5.2 Let X be reflexive such that X and its dual X™* are strictly convex
and smooth, and let p > 1 and € > 0. Furthermore, let f : X — (—o0, +00| be proper,
lower semicontinuous, and convex. Then, the p-MOREAU—YOSIDA reqularization
is convex and locally LIPSCHITZ continuous and if f is strictly convex, so is f..
Moreover, f.(u) = inf,cy {ﬁ”u—v“p—kf(v)} attains at every point u € X
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its unique minimizer denoted by u. ‘= argmin .y {]%Hu —o||” + f(v)}, and u,
satisfies the EULER-LAGRANGE equation

Us — U

OEF§( >+8ﬂ%) (2.5.5)

Furthermore, f. is GATEAUX-differentiable at every point u € X with the GATEAUX-
derivative A; : X — X* being demicontinuous on X and satisfying A:(u) =

—F% (%) Moreover, the following assertions hold

i) fe(u) = J[[Ac(u)
1) flue) < foy(u) < fo,(u) < f(u) for allu € X and alle; > €9 > 0,

P+ f(u.) for everyu € X,

*

i4i) lim. o ||ue —u|| =0 for all u € dom(f),
i) lim. o fo(u) = f(u) for every u € X.
Finally, the mapping € — f.(u) is differentiable on (0, +o00) with

d 1
Efa(u) ==

l|lue — u||P  for alle > 0. (2.5.6)

prep

Proof. By Lemma 2.5.1, the p-MOREAU—-Y OSIDA regularization is convex and locally
LipscHITZ continuous on X. Now, let f be strictly convex and let u°, u' € X and
t € (0,1). Then, we define u’ = tu® + (1 — t)u' and assume

fe(u') = tfe(u®) + (1 = t) fo(u').
Then, using the convexity of || - [P and f, we obtain
tf() + (1 = t) fo(u') = fo(u)
:ﬂﬁ{1|W—wm¢@}

veX | pep—1
1
< ol =l (= b+ F (0 + (1= )
(-1
< p— Ju® — u2||” + W“Ul — ul|? (2.5.7)

() 4+ (1 —t) f(ul)
= tfo(u) + (1 = 1) fo(u),

where u! := argmin . y {WHM —v||P + f(v)} ,i = 0,1. Therefore, the inequality

(2.5.7) becomes an equality that implies the two equalities

1

pep—1 lE(u” = u2) + (1= t)(u' —u)||” =

[’ = (tug + (1 = t)ug)||”

peP!
t (1—1)
= FHUO —ul|” + FHUI — ul|]?
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and

ftud + (1= tyul) = tf (ud) + (1 — ) f (ul).

Then the strict convexity of the norm || - || implies u° — u? =

convexity of f implies u? = u! whence u® = u! and the strict convexity of f..
The strict convexity of the norm also implies that the resolvent operator J.(u) :=

= u' —u! and the strict

argmin . y {ﬁ“u —v||P + f(v)} is single-valued for every u € X and satisfies by
Lemma 2.2.7 the inclusion (2.5.5). We define A.(u) := —F% (u>, and note that

&

from the characterization (2.5.4) of the p-duality map, there holds
p

H + f(ue)

€ Us — u\ [P

s ()] o

S - + flue)

5

= [A (IS + f(ue).

Us — U
€

*

If we show that the operator A, is the GATEAUX derivative of f., i) follows. First,
AKAGI & MELCHIONNA [5, Lemma 19] have shown that the operator A, : X — X*
is demicontinuous, i.e., for all sequences u, — w in X as n — oo, there holds
A (up) — A.(u) in X* as n — oo. Second, we show that A.(u) belongs to the
subdifferential df.(u) for every u € V. Let u,v € X and u. = J.(u),v. = Jo(v).
Then, in view of (2.5.4) and the fact that A.(u) = —F% (%) € df(u), we find

Ue — w||P € ||ve —v|P

€
fa(u) - fa(v) - 5 c + f(us) - c - f(va)
D 3 D € €
— p — .
:f Ue —ul|® € |ve - _<F§(u5 u>7u€_u>
p € p € €
(A () )~ (B () o)
€
e lus —ullP € ||ve —v|P Us — U||P
< - - = —£
D € D € €
_<Fp (uﬁ_u> u—v>—i—6 I (ug_u> g Lk
X € ’ pe |l £ « pl e
Ue — U
() )
<X 5 U—v
= (A.(u),u —v) forallve X, (2.5.8)

whence A.(u) € 0f.(u). Subtracting each side of (2.5.8) by (A.(v),u — v), we obtain
0 < fo(u) = fe(v) = (Ac(v),u —v) < (A (u) — Ac(v),u —v) (2.5.9)

for all € and u,v € X. Choosing u = v + tw, where t > 0 and w € X, and dividing
(2.5.9) by t, we obtain

lim fe(v + tw) — fo(v)
t\,0 t

= (A.(v),w) forallw eV,
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where we used the demicontinuity of A.. Hence, the functional f. is GATEAUX
differentiable with derivative A.. We prove now the assertion éi). The chain of
inequalities f(u.) < f.(u) < f(u) follows immediately from the definition of the
p-MOREAU—Y OSIDA regularization. To conclude i), it remains to show that the
mapping € — f.(u) is monotonically decreasing on (0, 00) for every fixed u € X. Let
u € X and 0 < g9 < £1. Then, by the definition of a minimizer

€9 ||Ue, — w||P
Fal) = 2 | = )

€9 usl—qu

< =/ + flue
e

1 €1 uel—qu

= — —1 | lJue, —ulfP + —||——| +/f(u

(= o) o e 2
1 1 »

=1 — 1 ) llue, —ull” + for (w) (2.5.10)
be3 bey

§f81(u)a

where we used 0 < g9 < €7 in the last inequality. Now, we aim to show (2.5.6). First,
switching the roles of £; and &9 in the inequality (2.5.10), and dividing both sides by
g1 — €9 > 0, we obtain the chain of inequalities

L (e e
p(eaer )Pt €1 — &2 =

_f61(u) - f62(u>

< — (2.5.11)
p—1 _ _p-1
< (o) e -l
for all 0 < 5 < &1, which also implies
|lue, — u|| < JJue, —ul] for all 0 < ey < &. (2.5.12)

Second, since the real-valued mapping ¢ — f.(u) is, by LEBESGUE’s differentiation
theorem for monotone functions? for every fixed u € X monotone, it is differentiable
almost everywhere and there holds

df.(u) < df:(u)
det = de-

for all e > 0,u € X,

where %&“) and %(_“) denote the right and left derivative of € — fz(u) in € = ¢,
respectively. Let ¢ > 0 and h > 0 be sufficiently small. Then, choosing ¢ =<+ h
and €5 = ¢ in the first inequality as well as ¢y = € and €, = € — h in the second

inequality of (2.5.11) yields

1 (e + h)P~t — ep-! o o) — fo(u)
p((e + h)e)rt ( h ) lute = ull” < . (2.5.13)

9See, e.g., ELSTRODT [70, Satz 4.5, p. 299]
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and

_fe(u) — fe—n(u) 1 ep—1 _ (e — h)p—l T
h < p((s— h)€1>p—1 < h > H e—h H (2.5.14)

1 et~ — (e — h)P! »
< ) e

respectively, where we employed inequality (2.5.12). Finally, letting A — 0 in (2.5.13)
and (2.5.14) yields

dfe 1

= = *ngue —ullP for all e > 0.
p

We continue with showing assertion éii). Let u € dom(f), then the first inequality of
(2.5.11) implies

oy =l < (55205 ) (Gt = (o) (25.15)
< (5505 ) g - fatw)

for all 0 < g9 < 1. Thus, we obtain lim., o ||ue, — u|| = 0. Taking into account the
latter convergence and the lower semicontinuity of f, assertion i) yields

f(u) < liminf f(u.)

e—0

< liminf f.(u)

e—0

<limsup f.(u) < f(u) for all u € dom(f).

e—0

If u e X\ dom(f), we assume that there exists a sequence (&,)nen C (0,00) with
en — 0 as m — oo such that f. (u) < C for all n € N for a constant C' > 0.
However, Inequality (2.5.15) yields lim,, o ||ue, — u|| = 0, and we obtain f(u) <
liminf f., (u) < C, which is a contradiction to u € X'\ dom(f). O

The theorem showed us that the MOREAU—Y OSIDA regularization has indeed a
regularizing effect. In fact, in view of assertion iv) and (2.5.6), one can interpret the
MOREAU—Y OSIDA regularization as a regularizing process described by the following
HAMILTON—-JACOBI equation supplemented with an initial condition

Lu(t,z)[P=0, z€X,t>0

(t2) + 5 (2.5.16)
u(0+,z) = f(x ) r € X, o

where a solution u : [0,00) X X — R is given by the so-called LAX—OLEINIK formula

(y)} ,

T—y|P
t

u(t,x) = fi(x) = inf {t

yeX p

see, e.g., LIONS [109].
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Moreover, we have seen to what extent these regularizing and approximating
properties depend on the properties of X* . This, as previously mentioned, becomes
more clear when X = H is a HILBERT space. In this case, the MOREAU—Y OSIDA
regularization is even FRECHET-differentiable and has a LIPSCHITZ continuous
derivative with LIPSCHITZ constant equal to the reciprocal of the regularization
parameter ¢, see, e.g., BARBU & PRECUPANU [27, Corollary 2.59, p. 99]. Thanks
to these nice properties of the regularization and its derivative only available on
a HILBERT space, the MOREAU—Y OSIDA regularization is more often applied on
HILBERT spaces, see, e.g., BAUSCHKE & COMBETTES [28] for a detailed treatise on
HILBERT spaces. The MOREAU—YOSIDA regularization is related to the so-called
Y OSIDA approximation, which for a given operator A and ¢ > 0, refers to the
operator A, = e~ !(I — S.), which is approximative to A, where S. = (I +cA)™'.
The YOSIDA approximation is successfully employed in the theory of semigroups in
order to generate strongly continuous semigroups as in the eminent HILLE-Y OSIDA
theorem [92, 162] or the nonlinear counterpart [49, 63] as well as in the theory of
maximal monotone operators in BREZzIS [32].

2.6 Parameterized Young measures

In this section, we introduce parameterized Y OUNG measures on infinite-dimensional
spaces. The notion of a YOUNG measure was invented by the British mathematician
Laurence C. YOUNG [163] in 1937 where he introduced them as GENERALIZED
CURVES. He introduced generalized curves in order to overcome, for a special class
of functionals, the general problem in the theory of calculus of variations that the
minimum in the minimization problem (2.1.1) may not be achieved on the space
X, but on a larger space X, even though, by EKELAND’s variational principle [68],
one might find a sequence of elements in X that can get f arbitrarily close to the
optimal value in (2.1.1). As we mentioned before, solutions to variational problems
correlate with weak solutions of differential equations. Therefore, by extending the
solution space to generalized curves (YOUNG measures), he generalized the notion of
a solution. However, our purpose of introducing parameterized YOUNG measures is
not to show existence of measure-valued solutions, but to use it as a tool in order to
characterize the weak limits of sequences in terms of YOUNG measures. This section
is mainly guided by STEFANELLI [155]. For a comprehensive treatise of YOUNG
measures, we refer the reader to CASTAING, RAYNAUD DE FITTE, & VALADIER
[42] for YOUNG measures on separable BANACH spaces, and to MALEK, NECAS,
ROKYTA, & RUZICKA [112] and EvANs [81] for the classical YOUNG measures on
finite-dimensional spaces.

First, we introduce some notions and functional spaces. Here, X is a reflexive and
separable BANACH space. A (o) ® #(X)-measurable functional f:[0,7] x X —
(—o00, +00] is called weakly-normal integrand if for a.e. t € (0,T) the mapping
w — f(t,w) is sequentially lower semicontinuous with respect to the weak topology
of X. Furthermore, a family g = (44t):c(0,r) of BOREL probability measures on X is
called YOUNG measure if the mapping (0,7") 3 t + (B) is Z{o,r)-measurable for
all B € #(X). We denote with #/(0,7"; X) the set of all YOUNG measures in X.
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The following theorem, the so-called fundamental theorem for weak topologies,
provides an infinite-dimensional and lower semicontinuous version of the classical
fundamental theorem for YOUNG measures, see, e.g., Ball [22].

Theorem 2.6.1 (Fundamental theorem for weak topologies) Let f,,, f : (0,T) x X —
(=00, +00] be for all n € N a weakly normal integrand such that for all w € X and
for almost every t € (0,T), there holds

ft,w) < inf{li&)é}gf falt,wy) s w, = w  in X}, (2.6.1)

For p € [1,+00], let (w,)nen C LP(0,7;X) be a bounded sequence. If p =1, we
suppose further that (wy,)nen is equi-integrable in LY(0,T; X). Then, there exists a
subsequence (Wn, )ken and a YOUNG measure b = (fit)ie(o,r) such that for almost
every t € (0,T), there holds

o0

sppt(pe) C Li(t) == () closweak({wnk (t): k> p}),

p=1

i.e., p is concentrated on the set of all weak limit points of (wy, )ren, and, if the

sequence (f~ (-, wn, (+))ken, with f, (t,w,, (t)) = max{—f.(t, wn,(t)),0}, is equi-
integrable, there holds

/()T/Xf(t,w)dut )dt < hmlnf/ fy, (t, w0y, (£))dt

Setting

:/ wdp(w) a.e. t€(0,T),
X
there holds

Wy, = W in LP(0,T;X) ask— oo,

with — replaced by = if p = cc.

Proof. This has been shown in Theorem 4.3 and a subsequent discussion of the same
theorem in STEFANELLI [155]. O

For the sake of completeness, we want to introduce the BOCHNER spaces we
deal with throughout the thesis: for & € N and p € [1,400], we denote with
WHP(0,T; X) the space of abstract functions v : [0,7] — X which are weakly
differentiable up to the order k£ and whose k-th derivative is in the BOCHNER—
LEBESGUE space LP(0,T;X). If p = 2, we write H"(0,7; X) = WP?(0,T; X).
Furthermore, with AC([0, T; X), C([0,T]; X) and C,,([0,T]; X) we denote the space
of abstract functions which are absolutely continuous, continuous, and continuous
with respect to the weak topology of X, respectively. All spaces are equipped with
the standard norm.
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Evolution Inclusion of First Order



Chapter 3

Perturbed Gradient System

In this chapter, we investigate the abstract CAUCHY problem

{a%(t>(U’(t)) +0&(u(t)) 3 Bt u(t)) inV* forae. tec(0,T), (3.0.1)

u(0) = ug € dom(&)

on a separable and reflexive BANACH space (V|| -||), where & : V x V — R, (u,v) —
W, (v) is the dissipation potential or dissipation mechanism, € : [0,T] x V —
(—o0, 400, (t,u) — &(u) is the energy or driving functional, and B : [0,T]xV — V*
is the perturbation. As the name suggests, the dissipation potential describes
dissipative or irreversible processes! of a physical system modeled by (3.0.1). The
free energy or the entropy itself is described by the energy functional that drives the
evolution of the system. In a pure gradient system, i.e., if B = 0, the dissipation
potential and the energy functional completely determine the evolution of the system.
The equation, on the other hand, does not uniquely determine the dissipation
mechanism and the energy functional of the system, since there might be various
choices for them as we will see in some examples below. The perturbation in turn,
perturbs the subdifferential of the energy functional and is non-variational, i.e., does
not have a potential. The perturbed gradient system does, in general, not possess
a gradient flow structure, which means that the equations can not be formulated
as a generalized gradient system. However, to conclude that a concrete example
does not have gradient flow structure can be fairly non-trivial, since it depends
on the underlying space V', the choice of the dissipation potential as well as the
energy functional. If it can be shown that concrete equations are a perturbed
gradient system, this special structure of the equation can be used to characterize
and equivalently describe solutions. In order to demonstrate this heuristically, we
consider the classical gradient flow equation

W' (t) = —VE(u(t)) in H for ae. t € (0,7), (3.0.2)

with a FRECHET differentiable energy functional £ : H — R defined on a HILBERT
space H with norm | - | and inner product (-,-). The gradient of E is related with
its FRECHET differential DE via the RIESZ isomorphism by (DE(u),v)gxy =

IDissipative or irreversible processes are those processes which lead to an irreversible
transformation of the free energy or the entropy to thermal energy, e.g., through friction.
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(VE(u),v),v € H. Then, by Lemma 2.3.1, an absolutely continuous curve u :
[0,7] — H satisfies (3.0.2) if and only if

d

G Ew®) = (VE(u(®), (1)) = =[VE@®)]* = —[«' (1)’

— —;|VE(u(t)|2 — ;|u’(t)|2 for a.e. t € (0,7).

The latter equality can be replaced by the inequality

d 1 1

—B(u(t)) < —=|VE(ut)* — |/ (t)|? 0.
ZB(u(t) < —5[VE@®P - S0, (303)
since the reversed inequality holds true by YOUNG’s inequality. Integrating the latter

inequality over [0, 7] yields the so-called energy-dissipation balance

T+ [ (GIVE@)E + 50 (0)F) dr < Bulo)) (3.0.4)

Conversely, if an absolutely continuous curve w : [0,7] — H fulfills (3.0.4), then
there holds

[ (GIVEG@ONE + S0 + (VE@(), () ) dr <0
and by the non-negativity of the integrand,
;|VE(u(7f))|2 + ;|u'(1§)|2 = (=VE(u(t)),u'(t)) forae. te(0,T).

Again, by Lemma 2.3.1, u satisfies (3.0.2). We conclude that u is a classical solution
0 (3.0.2), thus is in a smooth setting entirely characterized by the energy-dissipation
balance (3.0.4). Generalizing the solution concept, one can define a solution to
(3.0.2) as any absolutely continuous curve fulfilling the energy-dissipation balance
(3.0.4). This allows us to generalize the solution concept even further for complete
metric spaces (-, d) based on metric formulation of gradient flows introduced by
DE GIORGI et al. [54]. The idea is to replace the norm of the time derivative |u/(t)|
by the so-called metric derivative

lul'(t) = limw

s—t |t — 5’

and the norm of the gradient of the energy functional |VE(u(t)| by the so-called
upper gradient

T (BE(u(t) — E(v))*
OBI(ult)) = limsup =00 =)

where (E(u(t) — E(v))" = max{(E(u(t) — E(v)),0}. In a BANACH space setting, we
have

[W/|(t) = lu@)]|  and |OE|(u(t)) = [|0°E(u(t))
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where 0°E(u(t)) denotes the subdifferential of F in w(t) with the smallest norm. A
solution to a gradient flow on a metric space can then be defined as any absolutely
continuous curve u € AC([0,7];.#) (for which the metric derivative always exists
a.e.) satisfying the energy-dissipation balance (3.0.4). Hence, in the case . is not a
linear space, solutions to (3.0.4) do not need to satisfy any vector differentiability
property. Therefore, the metric formulation of gradient flows has many advantages.
An obvious point is that the spaces can have a nonlinear structure. This implies that
nonlinear side conditions can be incorporated into the space or that the initial data
can be quite general. A particular case for the metric space .# has revealed to be
very fruitful, not only from a theoretical point of view, but also from a numerical
point of view: when .7 is the WASSERSTEIN space (Z,(X,W,), p > 1, the space of
all BOREL probability measures p: X — [0, 1] on a separable Hilbert space (X, d)
with finite p-moments

/ dP(z,zo)du(z) < oo for some zp € X,
X

endowed with the p'" WASSERSTEIN distance

Wy(p, v) == ( inf d(:c,y)d’y(:c,y))p, p,v € Zy(X),

vel'(pv) J X xX

where I'(u,v) denotes the set of all couplings of p and v. It has been shown
that various partial differential equations can be viewed as a gradient flow in a
WASSERSTEIN space, e.g., the FOKKER-PLANCK equation, the porous medium
equation, the LANDAU equation, the BOLTZMANN equation, and other equations of
diffusion type, which was first pointed out by OTTO in a series of seminal works
[96, 128-130], see also [11, 41, 80]. Besides, it has also been used to prove and
improve functional inequalities as the SOBOLEV, GAGLIARDO—NIRENBERG, BRUNN—
MINKOWSKI, PREKOPA—LEINDLER, isoperimetric inequality and other inequalities,
see, e.g., [1, 46-48, 131] We refer the reader to the monograph AMBROSIO et al. [10]
for a comprehensive presentation of the theory of gradient flows in metric spaces and
in the space of probability measures and to VILLANI [158] for a description of the
interplay with the theory of optimal transportation.

The following simple example illustrates how the dissipation mechanism as well
as the driving functional can be chosen in multiple and non-trivial ways in order
to describe the same equation as a gradient system. We consider the homogeneous
diffusion or heat equation

ou(x,t) = aAu(z,t), (z,t) € R x (0,7),
u(z, 0) = ug(z), v e R

which is a model to describe the heat in a homogeneous and isotropic medium
evolving over time for a given initial heat distribution ug and possible boundary
conditions, where u(x,t) describes the temperature at point x € R% d € N, and time
t > 0, and a > 0 is the thermal conductivity. It is well-known that the heat equation
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is the gradient flow of the DIRICHLET energy F : L2(RY) — [0, +00] defined by

E(v) = {fRd \Vo(z)|?dz  if Vo € L2(R?),

400 otherwise,

with respect to the L2-metric, which is therefore the dissipation mechanism, see, e.g.,
AMBROSIO et al. [10, Remark 2.3.9., p. 49]. Another choice for the energy functional
is £ : HY(R?) — [0, +-00] with

(o) = {wa (z)dz if v € LA(RY),

~+00 otherwise,

on the HILBERT space H™!(R?) which formally leads to the equation

(=) oz, t) = au(z,t), (x,t) € R x (0,T),

see, e.g., ROSSI & SAVARE [143]. Furthermore, JORDAN, KINDERLEHRER & OTTO
[96] have shown that the more general FOKKER-PLANCK equation?

do(x,t) =V - (V¥(z)o(z,t)) + alo(z,t), (x,t) € R* x (0,T),
o(x,0) = go(x), z € R,

which describes the time evolution of a probability density functional under drift and
diffusion, is the gradient flow of the free energy functional F': 25 (R%) — (—o0, +o0]
with F'(g0) = E(p) + aS(o) with respect to the WASSERSTEIN metric, where £ and
S are the energy functional and the negative of the GIBBS-BOLTZMANN entropy
functional, respectively, and are, on their effective domains, given by

and
S(0) = [, ol@)n(e(x)) dr,

and taking the value infinity otherwise. Henceforth, we will simply give the values
of the functionals on the effective domain and implicitly assume they are infinity
otherwise. In the case ¥ = 0, F reduces to S which becomes then the driving
functional for the heat equation. These are only three of many examples on how one
can rewrite the heat equation gradient flow with different dissipation mechanisms
and energy functionals. Each formulation is preferable depending on the system to
be modelled. In each case, however, all choices share a common characteristic; the
energy functional serves as a LYAPUNOV functional for the gradient flow equation,

2The FOKKER-PLANCK equation is also known as the KOLMOGOROV forward equation or the
SMOLUCHOWSKI equation, and is also referred to as convection—diffusion equation when the equation
models the transfer of mass, energy, temperature or other physical quantities through diffusion and
convection.
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i.e., the solution to the pure gradient flow equation minimizes the energy functional
along the time-trajectory. This fact easily follows from the inequality (3.0.3), which
shows that the time derivative of F(u(t)) is non-positive. This is still true for the
the so-called generalized gradient flow equation referred to the equation

D, (o (1)) = ~DE(u(t)) i V",

which is also called force balance. In the nonsmooth setting, we will replace the
derivatives D¥, ;) and DE by their subdifferentials O and 0¥, . For the purpose of
illustration, we assume for a moment that £ and ¥ are sufficiently smooth. The crucial
assumptions on the dissipation potential are the convexity and lower semicontinuity.
Then, Lemma 2.3.1 allows us to reformulate this equation equivalently by the rate
equation

/(1) = DIy (~-DE(u(1)) in V)
or the power balance

Ty (U (1)) + iy (=DE(u(t)) = (=DE(u(t),w'(t))v=xv inR. (3.0.5)

A very important example is given by the quadratic case ¥, (v) = (G (u)v, v)y+xv
for which the conjugate functional is given by W;(§) = (&, K (u)€)v+xv, where
G(u) : V — V* is a linear, bounded, symmetric and positive definite operator for
each u € V and G(u) = K '(u),u € V. In this case, the force balance and the rate

equation are given by
Gu(t))u'(t) = —DE(u(t)) and '(t) = —K(u(t))DE(u(t)),

respectively, which are also known as BIOT’s equation and ONSAGER’s or GINZBURG—
LANDAU equation, see [89, 119].

Assuming the dissipation potential is non-negative and satisfies ¥,(0) = 0, then
by Lemma 2.3.2, there holds ¥ > 0, so that equation (3.0.5) yields

d

) = (=DE(u(t)), (1)) = —¥(u' (1)) = ¥ (=D& (ult))) <0,

i.e., the energy decreases along solutions. Thus, as previously seen, the energy
functional serves again as a LYAPUNOV functional for the generalized gradient
flow equation. However, this fact does not, in general, hold true in perturbed
gradient systems or in gradient systems where the energy functional is explicitly time-
dependent, which causes additional external forces. Therefore, the time-trajectory
of the energy along the solution of perturbed gradient systems is not minimizing,
which is illustrated in Figure 3.1. Nevertheless, the main idea of reformulating
the gradient system as a scalar-valued equation still applies for perturbed gradient
systems. This can be seen from the following reasoning: let u : [0,7] — V be an
absolutely continuous curve satisfying the perturbed gradient flow equation

DY (u'(t)) = —DE(u(t)) + B(t,u(t)) in V*for a.e. t € (0,T). (3.0.6)
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u

Yperturbation

Figure 3.1: Evolution of the energy along solutions v and Uperturbation t0 the pure
and the perturbed gradient flow equation, respectively.

Then, from the equivalent relations in Lemma 2.3.1, the equation (3.0.6) is equivalent
to the scalar equation

d

55 (t) = (=DE(u(t)), ')
)

= —W(u'(t)) — U (B(t, u(t)) — DE(u(t)))
( ) a.e. in (0,7),

and after integration

Eu(t)) + | (T (r)) + ¥ (B(r,u(r)) — DE(u(r)))) dr
s (3.0.7)

t
=&(u(s)) + | (B(r,u(r)),u(r))dr
for all s,¢ € [0,T]. Hence, again the equation (3.0.6) is in a sufficiently smooth
setting equivalent to the energy-dissipation balance (3.0.7).

The question arises why it is interesting to study perturbed gradient systems.
Even though it has been shown that gradient flows cover a large class of differential
equations, there are still enough important equations that do not possess the gradient
flow structure. The probably most famous equations of this class are the NAVIER-
STOKES equations in fluid dynamics, which are for incompressible fluids given by

Oru(x, t) + (u(z, t) - V)u(z,t) — vAu(x,t) + Vp(x,t) = f(z,t) on 2 x (0,7,
V-u(x,t)=0 on 2 x(0,7T),
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Choosing V := L2(£2)¢ the closure of the test functions C°(£2)? that are divergence
free with respect to the L2(§2)¢ norm, we obtain for the energy functional £°:V —
[0, 400] and the dissipation potential ¥ : V — R

£ (u) ::5/ Vu(z)[?de and ¥(v) ::/ v (z)|? de.
2 /o 2
The perturbation is (formally) given by

(B(u), w)z = /Q('u,(a:) -Vu(x) - w(x)de.

We refer the reader to TEMAM [157] for a detailed discussion of the NAVIER-STOKES
equations.

Even in finite dimensions, one can easily construct equations which do not possess
the gradient flow structure. Consider, e.g., the coupled system of linear ordinary
differential equations

ur(t) = —ua(t) + (0 + A)ua(t)
us(t) = —ua(t) + (1 — Aua(t)

with 7, A € R and A # 0. The dissipation potential and energy functional are given
by

1
Y(vy,v0) =vi +v; and  E(up,ug) = §(uf +u3) — nuiuy,

respectively. As a result, the perturbation is then given by the term

B(t,ul,m) = B(ul,u2) =\ ( Y2 ) .

Rewriting the coupled system in the form h
)= G ) G+ (5 0 ()
= Duyun)&(ua(t), ua(t)) + B(u(t), uz(t)) on (0,7,

we can see that the system can not be cast into a gradient flow formulation. A
more physical example is the rescaled fourth order parabolic SWIFT-HOHENBERG
equation on the circle S := R/27Z considered in MIELKE [118] and given by

1
Opu(z,t) = = (1 + 528§)Qu(x,t) + pu(x, t) + Bedyu(x,t) —uP(x,t) on'S x (0,7T),

which is a model to describe pattern formations in a self-organizing nonlinear system
where € > 0 plays the role of a bifurcation parameter, see, e.g., [104, 117-119, 156]
for more details and different applications of this model. The equation is an exact
gradient flow on the space V := L%(S) if 8 = 0 and can be treated as a perturbed
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gradient flow otherwise, see MIELKE [118]. In the latter case, the energy functional
&V — (—o0,+0o0] and the dissipation potential ¥ : V' — R are given by

E(u) = /8812 ((u(w) + 62u”(x))2 — %uQ(x) - iu4(x)> dx

and
U(v) = /Sv2(x) dz,

whereas the perturbation is (formally) given by (B®(u), w)12 = [seB0,u(z)w(x)dz.

3.1 Variational approximation scheme

Showing the existence of strong solutions, i.e., functions u € AC([0,T]; V) to the
perturbed gradient system (3.0.1), is based on the idea of discretizing the equation
(3.0.1) in time via a semi-implicit EULER method. More precisely, we discretize the
terms coming from the energy functional and the dissipation potential implicitly
in v and «’, while the perturbation will be discretized explicitly. This approach is
advantageous for our purposes, since this allows us to construct a solution to the
discrete problem by a variational approximation scheme even though the system
(3.0.1) does not possess the gradient flow structure. To elaborate on this, we define
for N € N and the associated step size 7 := % the partition of the time interval [0, T']

PT:{0:t0<t1<"'tN:T},

T =1, — 2fnfla

where we have suppressed the dependence of ¢, on the step size 7 for notational
convenience. Then, the discretized equation of (3.0.1) reads

U;L — U’?—l n n—1
Wyn—r | ——— | +0&,(U}) 2 B(t,,U'™"), n=1,--- N, (3.1.1)
T T
where the values U ~ u(t,) for n = 0,..., N shall approximate the values of

the exact solution u at time ¢ = t,, and are to be determined. If we assume the
energy functional and the dissipation potential to be (FRECHET) differentiable, the
differential inclusion (3.1.1) becomes the equation

T T

U‘? _ U;L_l n n—1
DU () + D&, (U) = B(ty, Ur"), n=1,---,N.  (312)

This choice of discretization has several advantages. First, the values U which
for a given U™ ! are to be determined, can be characterized as a solution to the
EULER-LAGRANGE equation (3.1.2) associated to the mapping

v = O(7, b1, U, Bltn, U )5 0), (3.1.3)
where

O(r, t,u, w;v) =1V, <Uzu> + Eir (V) — (w,v) (3.1.4)
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for r e R*% ¢t € [0,T) with r +t € [0,T], u,v € V and w € V*. This leads to the
so-called wvariational approximation scheme

U? is given; whenever U}, U? ... U are known,
(3.1.5)
find U? € argmin oy, @ (7,1, U2, B(t,, U 1);0)

form=1,...,N,.

The solvability of the variational approximation scheme can be established by
virtue of the direct methods of calculus of variation, i.e, those methods where the
solvability of the EULER-LAGRANGE equation relies on the minimization of (3.1.3)
under relatively mild assumptions on the functionals & and ¥,. The solvability of the
discrete problem by minimization would fail to accomplish with a full implicit
discretization in time, since the perturbation is not explicitly supposed to be
variational; the equation (3.0.1) does not possess the so-called gradient flow structure.
In order to solve the discrete problem in the case of a full implicit discretization,
one would have to use fixed point arguments for set valued maps as the fixed point
theorem of KAKUTANT?, which is a set-valued version of the fixed point theorem of
SCHAUDER for which the compactness of the images of the set-valued operator has to
be assumed. This, however, is not satisfied, in general, by the subdifferential operator
0&;, which might be unbounded as we will see in the applications. Besides, a fully
implicit discretization would not be useful, since one would not be able to obtain
appropriate a priori estimates without making further assumptions on the growth of
¥ and the subgradients of 0&;. However, we obtain a priori estimates immediately
when we solve the semi-implicit discretized problem by the direct method. This
leads us to the last and most important point which is the equivalence between the
force balance (3.0.1) and the energy-dissipation balance (3.0.7). As we mentioned
before, the main idea of our approach is based on the aforementioned equivalence
which allows us to infer the solvability of the perturbed gradient flow equation by
proving the energy-dissipation balance.

3.2 Topological assumptions and main result

In this section, we collect all assumptions for the system (V,&,¥, B) to ensure the
existence of a solution. We refer to the assumptions by (3.E), (3.¥) and (3.B) for
the energy functional, the dissipation potential and the perturbation, respectively.

We start with collecting the assumptions for ¥ and emphasize that in contrast
to BACHO et al. [21] and MIELKE et al. [122], we will not suppose that for all
wy, we € 0¥, (v) there holds ¥ (w;) = ¥ (wsy), where ¥ denotes the LEGENDRE—
FENCHEL transformation or the conjugate of ¥,. We circumvent this condition by
regularizing the dissipation potential via the p-MOREAU—Y OSIDA regularization and
let the regularization parameter ¢ afterwards tend to zero. To do so, we need to

3see, e.g., AUBIN & FRANKOWSKA [19, Theorem 3.2.3, p. 87].
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verify that the following conditions imposed on ¥, are also inherited by the MOREAU—
Y 0SIDA regularization, which will be shown in Lemma 3.2.4. Before we collect the
assumptions, we define for notational convenience G(u) := sup;ejo 1 E(u),u € V.
Furthermore, we denote with D := dom(€) the time-independent effective domain of
&, see Condition (3.Ea).

(3.Wa) Dissipation potential. For all w € D, let ¥, : V — [0,4+00) be lower
semicontinuous and convex with ¥,(0) = 0.

(3.Wb) Superlinearity. The functionals ¥, and ¥ are superlinear, uniformly with
respect to u on sublevels of G = supy¢(y 77 &, i.e., for all R > 0, there holds

1 1
lim ( inf W{f({)) = 00, lim ( inf llfu(v)> = 0.
lellemtoo [|E]l \  uev loli=-+oo [[o][ \ usy
G(u)<R G(w)<R

(3.Wc) Mosco-convergence The state dependence u — ¥, on sublevels of £ is
continuous in the sense of MOSCO-convergence, i.e., for all R > 0 and all
sequences (Up)ney C V with u,, = u € V as n — oo and sup,,cn G(u,) < R,

there holds ¥, M, v,.

Before we proceed with the assumptions on the energy functional, we make some
important remarks.

Remark 3.2.1

i) We showed in Lemma 2.3.2 that the Conditions (3.Wa) and (3.Wb) together
imply that the conjugate ¥* is lower semicontinuous, convex, and non-negative
on V* with ¥*(0) = 0 for all u € D. Furthermore, it is easy to show by
contradiction that Condition (3.Wb) implies that ¥ is finite everywhere, i.e.,
dom(¥}) = V* for all u € D.

i1) Condition (3.Wh) is equivalent to say that for all R > 0 and v > 0, there exists
K1, K5 > 0 such that

V() Z Aol (&) =€l

for all w € D with G(u) < R and all v € V and £ € V* with [jv]| > K; and
1€l > Ko, respectively.

i7) Condition (3.Wc) implies in particular that the mapping (u,v) — ¥, (v) is
strongly-weakly lower semicontinuous on J, X V for each o € R, where J, :=

{u €V :G(u) < a}. Furthermore, Lemma 2.4.3 implies that ¥, — ¥, if and
only if for all v € V and £ € V*

a) ¥,(v) < inf{liqg_lglf U, (vy) v, = vin V},

b) W(6) < inf{liminf ¥ (&) : & & in V).

This in turn implies that the mapping (u,§) — ¥ (&) is strongly-weakly lower
semicontinuous on .J, x V* for each a € R.
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iv) We note that we can consider more general time-dependent dissipation potentials
W, :[0,T] x V — [0,+00) by assuming that ¥, are normal integrands for all
u € D, the functional ¥,(t, -) satisfies Condition (3.Wa) and (3.Wc) for every
t € [0,7] and Condition (3.Wb) uniformly in ¢ € [0, 7.

Now, we present the assumptions for the energy functional.

(3.Ea) Lower semicontinuity. For all ¢ € [0, T, let the functional & : V' — [0, +00]
be proper and lower semicontinuous and and have a time-independent effective
domain D := dom(&;) for all ¢ € [0,T].

(3.Eb) Compactness. For all ¢ € [0,T], & has compact sublevel sets in V| i.e., for
all t € [0,7] and R > 0, the set {u € V : &(u) < R} is compact in V.

(3.Ec) Control of the time derivative For all u € U, the mapping t — & (u)
is differentiable and its derivative 0;&; is controlled by &;, i.e., there exists
C} > 0 such that

10:E(u)| < C1&(u) for all t € (0,T) and u € V. (3.2.1)

(3.Ed) Chainrule. For every absolutely continuous curves u € AC([0,7]; V) and
every integrable functions & € L1(0,T;V*) such that

sup |E(u(t))] < +oo, &(t) € 0&(u(t)) a.e. in (0,7,

te[0,T]

/W ))dt < 400 and /W* £(t))dt < 400,

the mapping ¢ — & (u(t)) is absolutely continuous on [0, 7] and there holds

d

Eu(t) = (60,0 (1) + Di(u(t)) ae. i (0,7). (3.2.2)

(3.Ee) Strong-weak closedness. For all t € [0, 7] and all sequences (u, £, )neny C
VxV* with &, € 0&(u,) such that

u, ~uevV, &—~&eVv' &u,) &R and & (u,) »peR
as n — 0o, the following relations hold

€€ 0&(u), p<o&(u) and & =&(u).

Before we continue collecting the assumptions for the dissipation potential, we discuss
the conditions.

Remark 3.2.2
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i) From the estimate (3.2.1), we obtain after integration
e~Clt=sle (u) < &(u) < e“lsIg (u)  for all s,t € [0,T], (3.2.3)
and in particular

sup &(u) < e inf &(u) forallu € D.

te[0,7 t€[0,7]

i1) The compactness condition (3.Eb) in particular implies that there exists a
constant Cy € R such that the energy functional is bounded from below by
that constant, i.e.,

E(u)>Cy forallueV,tel0,T],

see, e.g. AMBROSIO et al. [10, Remark 2.1.1, p. 43]. We assume without loss
of generality that C\y = 0, since every potential is determined uniquely up to a
constant.

i7i) It can be shown in the exact same manner to Proposition 4.2 in MIELKE et
al. [122] that under the Assumptions (3.Wa)-(3.Wc), (3.Ea), and (3.Ee), the
variational sum rule holds: if for up € V, r > 0, and t € [0,7) such that
r+t <T, the point u € V is a global minimizer of v — r¥ (”’T“O) + Eri(v),
then

there exists £ € 06, (u) such that w — & € 0¥, (u — u0> (3.2.4)
r

U — Ug

or equivalently w € 0¥, ( + 04, (u). The variational sum rule as

it is stated for convex functionals in Lemma 2.2.7, is, in general, not true for
non-convex and non-differentiable functionals.

iv) The strong-weak closedness of the graph of 0&; is already satisfied when
(t,u) — & € CY([0,T] x V) or when & = £ is proper, lower semicontinuous,
and A-convex. While the former follows immediately from the continuity of
D&, and 0,&;, the latter can be seen as follows: from the characterization of
the subdifferential of A\-convex functions, there holds

E(uy) < EW) + (&nyup — ) + Mup, — v||* forall n € N.
Then, we obtain from the lower semicontinuity of £ that

E(u) < & < liminf £ (u,) < liminf (E(v) + (&, tn — ) + Aun — v]?)
= E(v) + (& u—v) + Mu —v]]?

and hence £ € 9€(u). Choosing v = u yields & = E(u).

Finally, we state the assumptions for perturbation B.
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(3.Ba) Continuity. The operator B : [0,7] x D — V* is continuous on sublevel
sets of &, i.e., for every converging sequence (t,,u,) — (t,u) in [0,7] x V
with sup,,cy G(un,) < +00, there holds B(t,,u,) — B(t,u) in V* as n — oc.

(3.Bb) Control of the growth. There exist a real number p > 1 and constants
c1 € (0,1) and 8 > 0 such that

Bt
av” ((,u)) < 5(1 + &(u)) forall u € D, t € [0,7] and € > 0,

&1

where U2 * denotes the conjugate functional of the p-MOREAU—Y OSIDA regu-
larization of ¥,,.

3.2.1 Discussion of the assumptions

Having collected the assumptions on the perturbed gradient system (V,&,¥, B),
we want to discuss several conditions more in detail apart from the assertions and
implications made in the remarks. In particular, we want to discuss the practical
meaning of the rather abstract and quite general assumptions and provide sufficient
conditions for them to hold true.

The advantage of the multivalued setting is that the domain of the functionals
¥, and &; can, in general, be subsets of different spaces which share a common
dense subspace. This stems from the fact that the operators can be unbounded. For
example, if ¥, and the functional & are finite on the BANACH spaces V and W such
that V N W is densely embedded in V and W, respectively, then one can extend &
to the whole V' by setting
&(v) = {gt(v) if v e qom(gt) nv,
+00, otherwise.

However, the functional & might not be coercive anymore on V', which is not a
problem if one assumes the coercivity of the sum ¥, + &. Since we have assumed
the coercivity of ¥, and &; separately, this case is not covered by the present work.
Indeed, it has been shown in MIELKE et al. [122] that this case can easily be included
under the stronger assumptions that the mapping t — ¥, (tv) is differentiable in
t =1forall u € D,v € V, which has been addressed in this work by regularizing
V,. The problem which occurs in the present work is that the condition ¥, + &;
to have compact sublevels in V' is, in general, not satisfied by ¥; + &;, with ¥
being the MOREAU—Y OSIDA regularization of ¥,. However, if we make the further
assumption that ¥, has p-growth, then we can solve this problem by taking the
p-MOREAU—-Y OSIDA regularization of ¥, which maintains the p-growth for ¥:. The
proof of this case would require minor changes of the proof presented here, but will
not be discussed more in detail. We refer the reader to Chapter 5 and 6, where we
study evolution inclusions of second order where ¥, and &; are defined on different
spaces.
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Ad (3.W). In case the dissipation potentials are state-independent, i.e., ¥, = ¥
for all w € D, then the Condition (3.Wc) already follows from Condition (3.Wa):
the liminf estimate a) in Definition 2.4.1 reduces to a weak lower semicontinuity
V¥ which is clearly satisfied, since ¥ is convex and lower semicontinuous and thus
weakly lower semicontinuous on V. The limsup estimate b) follows from the fact that
by Lemma 2.3.2 ¥ is continuous over its effective domain, which is by assumption
dom(¥) = V. The prototypical example for state-independent dissipation potentials
is

7(0) = [, (3@ +o(e)]) o

defined on the LEBESGUE space LP(f2) with p € (1,+00). Although Conditions
(3.Wa) and (3.Wb) are satisfied by many functions with anisotropic and nonpolynomial
growth, it can not be treated in this setting, since the corresponding ORLICZ spaces
are, in general, neither separable nor reflexive, see, e.g., SKAFF [153, 154] and to the
monograph RAO & REN [136] for a detailed treatise of the theory of ORLICZ spaces.
For state-dependent dissipation potentials, an example for a general case is given by

W, (v) = /Q blu(e), v(x))de

defined on the LEBESGUE space LP(§2) with p € (1, +00) where ¢ satisfies certain
growth and continuity conditions, see Chapter 4, where we discuss this more in
detail. As we mentioned in Remark 3.2.1 iv), we can allow time-dependent dissipation
potentials ¥, : [0, 7] xV — [0, 4+00). However, we will not consider this for simplicity.
See AKACGI [4], where doubly nonlinear evolution equations have been investigated
with time-dependent dissipation potentials.

Ad (3.E). The assumption that the energy functional & has time-independent effective
domain is a natural consequence of the control of its time derivative 0;&; (Condition
(3.Ec)). However, this does not imply that the domain of the subdifferential 0&,
is time-independent, because it is generally not. A result on abstract evolution
inclusions where the domain of the energy functional is time-dependent has been
shown in YAMADA [161] and OTANT [126] with applications to the NAVIER-STOKES
equations in a time-dependent bounded domain.

A sufficient condition for & to have compact sublevel sets is for its domain D
to be contained in a BANACH space U which is compactly embedded into V. This
means in practice that the energy functional contains higher spatial derivatives than
the dissipation potential, so that the compact embedding U <% V is given by the
RELLICH-KONDRACHOV theorem or other compactness theorems. As we mentioned
before, we do not impose any convexity condition on &;. Instead, we have to impose
two conditions, which are in particular fulfilled by convex functionals: the chainrule
condition (3.Ee) and the closedness condition (3.Ee). These conditions are not
only fulfilled by convex functionals, but also by A-convex functionals, functionals of
the form & = &' — £ where &} is convex and &7 is either convex or continuously
differentiable functional, see MIELKE et al. [122, 142] and RossI & SAVARE [143].



3.2. 'Topological assumptions and main result 55

Ad (3.B). The continuity condition (3.Ba) means that B is a continuous perturbation
of 0&;. The term B contains in the applications non-variational and non-monotone
terms of lower order in terms of only containing lower order derivatives as well as
obeying a growth condition of lower order. This is reflected by Condition (3.Bb),
where B satisfies a growth condition in terms of the conjugate dissipation potential
U and the energy functional &;. In fact, the growth condition shows that the higher
the order of the growths of ¥, and &, are, the more we can allow for the growth of the
perturbation. Condition (3.Bb) ensures that we are able to derive a priori estimates.
Both conditions can be generalized in a framework that instead of a point-wise
continuity and a pointwise growth condition, a continuity on suitable BOCHNER
spaces can be imposed as well as a growth condition on the level of time integrals.
Furthermore, it would be sufficient to define the perturbation on the domain of the
subdifferential of & or more generally to consider set-valued maps. This would allow
a broader class of perturbations, see OTANT [126] and AKAGI [4], where this has
been considered.

Now, we want to elaborate on why we imposed the growth condition on the regu-
larization ¥; instead of ¥, and why we regularize ¥,, by the p-MOREAU—Y OSIDA
regularization and not the classical MOREAU—Y OSIDA regularization where p = 2.
The reason why it is important to regularize ¥, with the order p > 1 instead of
p = 2 is the Condition (3.Bb). Regularizing the dissipation potential with the order
p > 1 which is larger than the growth rate of ¥, might make Condition (3.Bb) too
restrictive. This can be seen as follows: assume that Condition (3.Bb) is fulfilled
only for ¥,, i.e., when € = 0, and that ¥, fulfills the following growth condition: for
all R > 0, there exist a a real number p > 1 and a constant C'z > 0 such that

U, (v) < Cr(lv||P+1) for all v,u € V' with G(u) < R. (3.2.5)

It is easy to see that the p-MOREAU—Y OSIDA regularization of ¥, satisfies the same
growth condition. Furthermore, by the calculation rules for the LEGENDRE-FENCHEL
transformation (Lemma 2.3.2), for all R > 0, there exist constants ¢z, Cr > 0 such
that

N — C <wr(€) forall € € V5 ueV with G(u) < R.
Now, let ¢; € (0,1) and 8 > 0 be from Condition (3.Bb). Then, there holds
B B(t,u)|” B

1 p C1 (&1

5 .

< ( = +1> el ( (t’“)> L ¢

p*c C1 C
C
< ( "+ 1> B+ & (u)) + —
pre ¢

< B+ &(u) forallue D,te0,1] and € € [0,1],

for a constant 5 > 0, where the equality (3.2.6) will be shown in the Lemma 3.2.4
below. Therefore, if p > 2, we can in fact use the classical MOREAU—Y OSIDA regular-
ization with p = 2. However, if p < 2, we need to take the regularization with order p.
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Having discussed the assumptions for the perturbed gradient system (V, &, ¥, B), we
are in the position to state the main existence result, which also contains the notion
of a solution to (3.0.1).

Theorem 3.2.3 (Existence result) Let the perturbed gradient system (V,E,¥, B)
satisfy the Assumptions (3.V), (3.E)and (3.B). Then, for every uy € D, there ezists
an absolutely continuous curve u € AC([0,T1]; V') with u(0) = uy and an integrable
function & € LY0,T;V) with £(t) € 0&(u(t)) for a.e. t € (0,T) such that the
following energy-dissipation balance holds:

) + / 1) + B (Blru(r) — €0r))) dr
) + / 0, (u(r))dr + / (B(r,u(r)), o (r))dr  for all s,t € [0, T].
(3.2.7)

We also want to show that for nonsmooth functionals & and ¥, every absolutely
continuous function which satisfies the energy-dissipation balance (3.2.7) is a solution
to the perturbed gradient system (3.0.1). First, by the chain rule (3.Ed), we obtain
after the integration of (3.2.2) that

E(u(t)) > +/ )+ 0,E (u(r))) dr for all s, € [0,T].

Plugging in the latter inequality into the energy-dissipation balance (3.2.7), we obtain

/S t (o (0 (1)) + By (B(r,u(r)) = €(r) ) dr = (B(r,u(r)) — £(r), /(1)) ) dr
<0 forall s, te|0,T]

Since the integrand of (3.2.7) is by the FENCHEL—Y OUNG inequality non-negative,
there holds

(B(tu(t) — £(1),u/(£) = Py (' () + Ty (B(t, u(t)) — £(1))
for almost every ¢ € (0, 7). Finally, by Lemma 2.3.1, there holds
£(t) € 0&(u(t)), OWum (W' (t)) > B(t,u(t)) —&(t) for almost every t € (0,7).

Since the initial condition u(0) = uy is fulfilled, we conclude that u solves (3.0.1). We
will refer to the just described equivalence between solutions to (3.2.7) and (3.0.1)
as the energy-dissipation principle.

The proof of Theorem 3.2.3 is divided in two main parts. In the first part, we show
the existence of solutions to the regularized problem emerging from the regularization
of the dissipation potential via the p-MOREAU—Y OSIDA regularization by proving
the convergence of a time discretization scheme. In the second part, the solvability
of the problem (3.0.1) is obtained by essentially repeating the same arguments, while
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instead of passing with the time step 7 to zero, we let the regularization parameter
vanish.

Before we start with the proof of Theorem 3.2.3, we need several auxiliary results.
In the following lemma, we show that under the Assumption (3.¥), the p-MOREAU—
Y OSIDA regularization of ¥, satisfies certain properties including Conditions (3.Wa)-
(3.Wc). In fact, we will show that the p-MOREAU—Y OSIDA regularization satisfies
even more properties than it.

Lemma 3.2.4 Let the family of dissipation potential ¥, : V — R, u € D, be given
and satisfy Assumptions (3.Wa)-(3.Wc) and let ¢ € (0,1] and p > 1. Then, the
p-MOREAU—-YOSIDA regularization e fulfills (3.Wa)-(3.Wc) and the conjugate of WE
is given by

T (€) = Pwr(E) forallé €V ueD, (3.2.8)

where p* > 1 is the conjugate exponent to p. Moreover, ¥, and ¥, are superlinear
uniformly with respect to € > 0 and on sublevels of the energy. Finally, for all R > 0
and all sequences (€, U )neny C (0, 1] XV with sup,,cn G(un) < R and (e, uy,) — (0, u)

as m — oo, there holds W;» M,
Proof. First, for each € > 0, the regularization ¥; is a dissipation potential. This

follows immediately from the fact that ¥2(0) = inf,cy { =1 |[v]|? + P (v )} =0 and
Lemma 2.5.1. The formula (3.2.8) follows from the calculations

Zu(€) = sup {{&, v) — ¥ (v)}

£

fo;&{ -ilzé{p H o}
:supsup{(f,) cl1z Wu(w)}

veV weV P
~supsup {600 £ ”?”H - )]
:sup{sup{<5,v—w>—€ vow p}+<§,w>—%<w>}

weV | veVvV p €
= sup fesup (6. 220) - L[

e - o)

P wn(€)

= sup { Sl + (6w~ B =

for all £ € V* and u € D, where we have used the fact (pel}*l |- 1IP) == P The
expression (3.2.8) also shows the superlinearity of ¥:* uniformly in . We proceed
by showing the superlinearity of ¥:*. To do so, we note that the superlinearity of ¥,
equivalently says that for all R > 0 and M > 0, there exists a positive real number
K > 0 such that

v, (v) > M|o|| (3.2.9)
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for all u € D with G(u) < R and all v € V with ||v|]| > K. The idea is to show that
for the regularization ¥ for all R > 0 and M > 0, there exists a positive real number
K > 0 independent of the parameter ¢ > 0 with the above mentioned property. So,
let R > 0 and M > 0, then for R = R and M = 2M, there exists K > 0 such that
(3.2.9) holds. We find by YOUNG’s inequality and the triangle inequality

eV

V(o) = mf{ T >}

peP~1

— _alp i _ 7P 5
~min{ inf {pgp o — ol + w0 >}, inf {pgp ool <v>}
lol=K o<k
> min ¢ inf { ||U—U||p—|—M||U”} mf -||v — o
eV peP™ v
o)l > K Hv||<K
MP MP
> min{ inf {M||v—17||+M||27||— E}, inf {MHU—TJH — E}
oEV * oEV p*
lolI=K [oll<K
MP MP
2min{<MHv\ ),(MHUH—KM— . )}
" p
MP
= Mjv|| = KM —

*

M .
> - oll = A o]

for all v € V with |jo|| > K := 2<K—1— Agp*:l and ¢ € (0,1]. This implies
the uniform superlinearty of ¥: unlformly in € > 0, which in turn implies the
superlinearity for a fixed ¢ > 0. We continue by showing that ¥_ is continuous
in the sense of Mosco-convergence. In fact, we show that for a fixed ¢ > 0, the
regularization satisfies a stronger version of M0OSCO-convergence, meaning that there
not only exists a recovery sequence, but that every sequence converging against the
same limit is a recovery sequence, or in other words, the mapping (u,v) — ¥:(v) is
continuous with respect to the strong topology for u on sublevels of G and v in V.
Let (un)nen C V with sup,,cy G(u,) < 0o be given such that u,, — u € V as n — oo,
and (v,)neny C V' a weakly convergent sequence with weak limit v € V. Now, let

(nk)ren be a subsequence such that

liminf &5 (v,) = hm e (vp,).

n—o0 Uny,

For each k € N, we denote by v! the unique minimizer of v+ —=r[|v—vp, [P+, (v)
and note that thanks to the estimate

1
peP~!

1
lvn, = vE P < @5 (vn,) < el L (3.2.10)

the corresponding sequence of minimizers (v*)gey is bounded. Therefore, there exists
a subsequence (labeled as before) which is weakly convergent to an element 0. € V.
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Then, by the Mosco-convergence ¥, My ¥, we observe

v, (v) <

~ perl ”U - 'Da”p + Lpu(f)a)

k—o0

. 1
< lim inf {pgp_lﬂvnk —oF|P + P, (vf)}
= klggo v (Un,) = lim inf & (V).

Now, let v € V' be arbitrary and (v,)neny C V' any strongly convergent sequence
v, — v as n — o0o. We extract an arbitrary subsequence (nj)ren, and to each
k € N, we denote the minimizers of v — ]#Hv — U [P + Wy, (v) again by vF € V
and by 0. € V the weak limit of a further subsequence of the very same sequence
which we label as before. Once more, by (3.Wc), for the minimizer v. of ¥¢(v), there
exists a strongly convergent recovery sequence (0y)geny C V fulfilling 0 — v. and
limg o0 W, (0) = ¥, (v.). It follows

u”k‘
) 1 e
U (v) < per1 lv — 0P + W ()
. 1 k k
< hgg}lf {pgleUnk —vZ||P + u,, (Ug)}

= h}?_l)g)lf Wunk (Un,)

< limsup¥; (vn,)

k—o0 k

) 1 . N
< lim sup {pe?’—lnvnk - Uk||l’ + Lpunk (Uk)}

k—oo

k—o0

: 1 . .
= lim {pgp_lnvnk — OclP + P, (Uk:)}

1 €
= il — el ) = T ).

Therefore, every subsequence (n)reny contains a further subsequence (ny,)ien such
that limy. W5 (Uny,) = W5 (v). By the subsequence principle, the convergence of
the whole sequerice follows. In particular, this shows v, = 7.

Finally, we show the MOScoO-convergence involving a vanishing sequence of regu-
larization parameters (,,)neny C (0, 1], i.e. satisfying €, — 0 as n — oo. As before,
let the sequences (up)nen, (Un)neny C V with sup,,cn G(u,) < 0o be given such that
u, —u €V and v, = v €V asn — oo, and let (ng)ren be a subsequence such that

. . . En
lim inf e (vy) = klggo Wik (Vny,)-

By v, € V, k € N, we denote again the minimizer of sz: (vn, ). Due to the same
estimate as (3.2.10) for (0 )ken, the sequence of minimizers is bounded and therefore
sequentially compact with respect to the weak topology. So, after extracting a
subsequence (labeled as before), we obtain a weak limit © € V' such that 9, — v as
n — oo. Now, we consider two cases:
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@ank — U||? < C for a constant C' > 0,

)

zﬁ ||V, —Uk||P — o0 as k — oo after possibly extracting a further subsequence.
"k

Ad 7). We immediately find v = © and therefore 4, — v as k — oo. By the continuity
of ¥ in the sense of M0OSCO-convergence, it follows

W, (v) < liminf 7y, (0 (k)
k—o0
1

gliminf{ — 1 lvn, — TP + Y, (ﬁk)}

k—o00 DEN,

= hlgggf Wor (0, )

khm wunk (Unk)

= lim inf ¥ (vy,).

Ad ii). We obtain

) 1 ~
Zu(v) < Tim (ppluvnk _ vkup)

k—o0 Eng

< Jim { il = Bl + 0 00}
k—o0 pgnk

= Jim W2t ()

= lim inf w3 (V).

It remains to show the existence of a recovery sequence. Let v € V' be arbitrarily
chosen. Then, there exists a recovery sequence (v,)neny C V for ¥, with v, — v
as v — oo such that lim, . ¥,, (v,) = ¥,(v). Proceeding as before, we take an
arbitrary subsequence (ng)reny and denote by (0x)ren € V' again the minimizing
sequence. Then, we consider again the two cases i) and i1).

Ad i). Since the recovery sequence is strongly convergent, it follows that the
minimizing sequence of ¥, is also strongly convergent with limit v € V. We obtain

l[/u(v) < lim inf Wun ( k;)
k—o0
o 1
< hlggg}f{pgg — 1 llvn, — TP + P, ( k)}
< lim sup WHZ: (Vny)
k—o0
< limsup Wunk (Unk)
k—o0

= lim ¥,, (vy,) = Yu(v),

k—o00
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which by the same argument as before implies the convergence of the full sequence,
ie., limy, o ¥ (vy) = Wy (v).

Ad 7i). Due to ¥ (v,) < ¥y, (vn) and the convergence of the right-hand side, this
case can not occur, which completes the proof. O

As mentioned above, the p-MOREAU—-Y OSIDA regularization can be viewed as
a regularization process described by the HAMILTON—-JACOBI equation (2.5.16).
However, introducing the MOREAU—-Y OSIDA regularization as a solution to the
CAUCHY problem (2.5.16) does not seem "natural". Interestingly, the regularization
arises naturally when one deals with (generalized) gradient flow equations which
we have seen already in (3.1.2) and (3.1.4). To demonstrate this more clearly, we
consider the generalized gradient flow

—|u'(t)|P*d (t) € OE(u(t)), t >0,

of a functional £ : H — (—o00,+00| on a HILBERT space H. Discretizing the
equation by the implicit EULER scheme leads to

Ur — Un—l p—2 Ur — Un—l
—| = = - — cJEWU"), n=1,2,...,N,
T T
where, starting with U°? = uy € dom(FE), the values U",n = 1,..., N, can under

certain conditions be obtained by the time-incremental minimization scheme

p
T

Ur e J.(U"') := argmin {

veEH P

n—1
v—U’

T

+E@},n:LZ“wN (3.2.11)

Here, obviously the MOREAU—Y OSIDA regularization occurs naturally after time-
discretization of the equation and the approximative values U € H are defined
by the MOREAU—-Y OSIDA regularization E, where the regularization parameter is
given by the step size 7 of the time-discretization. It is also worth mentioning that
the MOREAU—Y OSIDA regularization does not only regularize a function itself, but
the associated resolvent operator J,(u) regularizes in a certain sense its arguments
u € H: the values U € dom(0F), which are achieved in the minimization scheme,
are not only contained in the domain of the functional F, but are also contained in
the domain of the subdifferential OF. The latter is also referred to as the regularizing
or smoothing effect of the gradient flow equation, which means that for a given initial
datum ug € dom(E) (or in some cases even uy € dom(F)) the solution does not only
belong to the domain of E but also to the domain of its subdifferential OF for an
infinitesimal larger time step, i.e, u(t) € dom(9F) for every ¢t > 0. It is well-known
that in the case p = 2 and when E : H — (—00, o] is a proper, lower semicontinuous
and convex functional, the subdifferential operator OF is an infinitesimal generator
of a Cy-semigroup such that S(t)ug = u(t) is the unique solution to the CAUCHY
problem

u'(t) € —0E(u(t)), t>0,
u(0) = up € dom(E)
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and which fulfills S(t)ug = lim, Jt’;n(uo), where J;/,, denotes again the resolvent
operator given by (3.2.11), see, e.g., [24, 32]. This property even holds true in a
complete metric space under slightly weaker assumptions on the functional F, see
AMBROSIO et al. [10] for a detailed discussion.

Since the solutions of the CAUCHY problem we aim to study are, in general, not
unique (even for the discretized problem), the generation of a semigroup can not
be expected. Nevertheless, the nice regularizing effect can be maintained despite
the fact that the energy functional is not assumed to be convex, see Section 3.1 and
Assumption (3.E) in Section 3.2.

Now, in regard to the main evolution inclusion
Wy (W' (1)) + 0 (u(t)) 2 B(t, u(t)),

and its time-discretization as performed in (3.1.1), it is worth investigating the
properties of the so-called ¥*-MOREAU-YOSIDA regularization

D, (wyu) = 3gé®(r,t,u,w;v)

— inf {rwg (” _“) & (v) — (w,v)}, (3.2.12)

veV r

of & + (w,-), where w € D,w € V*, r > 0 and ¢t € [0,7T) such that r +¢ € [0,T].
As previously mentioned, the energy & was not supposed to be convex. Hence, it
might be at first sight unclear what regularizing properties can be expected from
the ¥*-MOREAU-YOSIDA regularization and why it is useful to study the function
&, (w;uw). This question will be answered in the following section.

3.3 The V-MOREAU-YOSIDA regularization

In this section, we study the properties of the ¥*-MOREAU—Y OSIDA regularization
(3.2.12), where for p > 1 and fixed ¢ > 0, ¥ is the p-MOREAU-Y OSIDA regularization
of the dissipation potential. In particular, we have to ensure that the infimum in
formula (3.2.12) is attained so that the resolvent set

Jrt(w;u) = argmin O(r, ¢, u, w;v) = argmin {r![lj (U — u) + Err(v) — <w,v)}
r

veV veV

is non-empty and we obtain solvability of the discretized inclusion (5.2.4).

Lemma 3.3.1 Let the perturbed gradient system (V,E, W=, B) satisfy the Assumptions
(3.Ea)-(3.Eb) and (3.Wa). Then, for allT >0,t € [0,T) witht+r <T,u € D, and
w € V*, the resolvent set J,i(w;u) is non-empty.

Proof. The proof is based on the direct method of calculus of variations: let u €
D,w e V*and r > 0,t € [0,T) with r + ¢ € [0,T] be fixed. First, we note that
by the FENCHEL—Y OUNG inequality and with the boundedness of the energy from
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below, there holds

> —r¥ot(w) + Er(v) — (w, u) (3.3.1)
> —r¥(w) + S — (w, u)

and hence @, ;(w;u) > —oo. On the other hand, we have

52‘f/ {TWE (U . u) + Eir(v) — (w,v)} < Epr(u) — (w,u), (3.3.2)
so that we also find @, ;(w; u) < +00. Now, let (v;,)neny C V' be a minimizing sequence
for @(r,t,u,w;-). From (3.3.1), we deduce with Remark 3.2.2 that (v, )peny C V' is
contained in a sublevel set of the energy functional. Since the energy has compact
sublevels (Assumption (3.Eb)), there exists a subsequence (relabeled as before) which
converges strongly in V' to a limit v € V. The lower semicontinuity of the energy
functional and the dissipation potential yield the lower semicontinuity of the mapping
v O(r,t,u, w;v). Therefore, there holds

O(r,t,u,w;v) < hfrlgglfq)(r,t,u,w;vn) = %g‘f/(l)(r,t,u,w;v),

and therefore v € J,.,(w;u) # 0 is a global minimizer from which v € D follows. [

The next lemma provides an analogous result to Theorem 2.5.2 for the We-
MOREAU—Y OSIDA regularization and is crucial for the main existence result and
particularly for deriving a priori estimates. The result is an adaptation of the
unperturbed case of Lemma 4.2 in RossI & SAVARE [143] and Lemma 6.1 in
MIELKE et al. [122], where w = 0 has been considered.

Lemma 3.3.2 Let the perturbed gradient system (V,E, W, B) be given and satisfy the
Assumptions (3.W) and (3.Ea)-(3.Ed). Then, for everyt € [0,T),u € D and w € V*,
there exists a measurable selection v — wu, : (0,7 —t) = J.¢(w;u) such that

w € Dt (“ — “) + 0Er(u). (3.3.3)

Moreover, there holds
i) 3C>0: Gu,) < C(G(u) + r¥*(w))  for all r € (0,T — t), (3.3.4)
i1) }11_1&1(1J D, (wyu) = E(u) — (w, uy, (3.3.5)
i) lim  sup |ju, —ul =0, (3.3.6)

r—0 UTEJT,t (w,u)

for allt € [0,T),u € D and w € V*.

Finally, the mapping r — @, (w;u) is differentiable almost everywhere in (0,7 — t)
and for every measurable selection r +— u, : (0,rg) — J.(w;u), there exists a
measurable map v+ & : (0,7 —t) — 0& 4, (u) with & = w — DgW*¢ (%) such that
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c?r@r’t(w; u) < =t (w—&)+ 0 (u,)  for a.e. v e (0,T—t). (3.3.7)

In particular, there holds

Exir (1) + T (H) [t - &)
"o 0 " (3.3.8)
< & (u) + /0 014y (uy) dr + (w, Uy, — u)

for every rg € (0,7 —t).

Proof. Let t € [0,T),u € D and w € V* be arbitrary and fixed. Lemma 3.3.1
guarantees that the resolvent set J,¢(w;u) is non-empty for all » € (0,7 —t). Then,
the existence of a measurable selection r — w, : (0,7 —t) — J,¢(w; u) is ensured by
CASTAING & VALADIER (43, Cor.II1.3, Prop. I11.4, Thm. IIL.6, pp. 63]. The inclusion
(3.3.3) follows immediately from the variational sum rule (3.2.4). Further, we obtain
from the estimates (3.3.1) and (3.3.2) with the choice v = u,,r € (0,7 — t) the
inequality

Evir(tr) < Er(u) + 195" (w).

The latter inequality together with the estimate (3.2.3) yields inequality (3.3.4). In
order to show the convergences in (3.3.5), we note again that the superlinearity of
the dissipation potential (Assumption (3.Wb)) and Lemma 3.2.4 implies that for all
R > 0 and v > 0, there exists K > 0 such that

@, (v) = 7ol

for all € € [0,1], u € D with G(u) < R and all v € V with |jv|]| > K. Based on this,
we infer

Yol LT (v) +yK forallveV

and in particular

Uy — U

7‘ H <ye (ur—u> +vK  for every r > 0.
T r

In view of (3.3.2) and Remark 3.2.2 ii), this implies

Yy = ull < (w, up —u) + Eip(w) = Epir(ur) + 17K
< wllllur = ull + Eer(u) = S+ ryK.

This yields

(v = lwl)lur—ull < Epr(u) = 5+ 77K < Créo(u) = S +ryK
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for all r € (0,7 —t) and u, € J.(w;u), where the constant C; > 0 comes from
Remark 3.2.2 i). After taking the supremum over all u, € J, ¢ (w;u) and passing to
the limes superior as » — 0 in the last inequality, we finally obtain

(v — |lw||,) limsup  sup  |ju, —u|| < e“TE(u) =S for every v > |Jw]l..

r—=0  wup€Jrt(wiu)

By choosing ~ > 0 sufficiently large, we conclude

limsup sup |lu, —ul| =0,
r—0 UTEJT,t(w;u)

which shows (3.3.6). We proceed with showing the convergence (3.3.5). Taking into
account the estimate

gt-l—r(ur) - <w> ur> S @r,t(w; ’LL)

= (M) o ) — (0) < Enl) — (),

the lower semicontinuity and the time continuity of the &; as well as the fact that
liminf, .o &y, (u,) = liminf, o & (u,), which follows from the LIPSCHITZ continuity
of the time dependence of the energy functional, the convergence (3.3.5) follows from

Up — U

r

E(u) — (w,u) < lim_}glf (Eupr(ur) — (w,ur))
< liminf @, (w;u) < limsup @, ¢(w;u)
r—0 ' r—0 ’

< limsup (Evyr(uv) = (w,u)) = E(u) = (w, ).

r—0

We complete the proof of this lemma by showing the last assertion. Let for
0<r <ry<T—t,uy, € Jy,t(w;u),i=1,2. Then, there holds

¢7’27t(w; u) - ¢7’17t (w; u) - <5t+7’2 (uﬁ) - gt-H"l (uﬁ))
< nY, <Un — u) — Y, <Ur1 — u)

T2 1

= (ry — 1 )UE (“ - “) +r (wg <“ - “) e (”_“>)
T2 T2 (A1

(U, — U Up, — U
< Comm (22 () = (b, 205)

= —(ry — 1)@ (wy) <0, (3.3.9)

where w} = DgW¢ (“2—) is the GATEAUX derivative of the regularized dissipation
2 u o

potential, which exists everywhere in V', and we used in (3.3.9) again Lemma 2.3.1.
Employing (3.Ec), (3.3.1), and the inequality (3.3.4), we obtain

@rz,t (w7 U) < @m,t ('w; U) + ((C/,t+7~2 (Um) — EtJrTl (url))
< @, (wiu) + (r2 — 1) CG(uy,)
< Br,a(wiw) + (ra = 1) CG(u) + (ra = 11)r COL* (w)

1
< @y, o(wi) + (r2 = )OG () + (13 = ) OW* (w)
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from which we conclude that the mapping 7+ @, (w; u) — C(rG(u) + 5r*0*(w)) is
non-increasing on (0, 7'—t) and therefore as a real-valued function almost everywhere
differentiable. Since the latter function is the sum of the regularization r +— @, ¢ (w; u)
and a differentiable function (in r), we conclude that the mapping r +— @, (w;u) is
also almost everywhere differentiable in (0, 7" —t). Hence, there exists a negligible set
A C (0,T7—t) such that the mapping r +— @, ¢(w; u) is differentiable on (0, 7' —t)\ .4,
and we note that the set depends on w and w, i.e., 4" = A,,. Let r € (0,7 —t)\ A
be arbitrary but fixed, and (h,).en € R”? be a sequence which converges from above
to zero and whose elements are sufficiently small. Let the sequence (w!),en C V* be

Ur—U
r+hn
obtain the weak convergence w, — w, = {D(;Wj (“%“)} in V*. Then, by Lemma

2.3.1 and the continuity of ¥¢ (see Remark 3.2.1), we obtain

AR N
Jim et = Ji, (Con 70 ) = (7))
) - ()
T

r

given by w;,, = Dg¥; ( ) for all n € N. From the demicontinuity of Do¥¢, we

Since the mapping r — w, is measurable, inclusion (3.3.3) ensures the measurability of
the mapping 7 +— &, : (0,7 —t) — 0&1.(u) given by & = w— Dg¥, (“7‘_“> = W —w,.

r

Finally, by the differentiability of the mapping r +— @, ¢(w;u) in r € (0,7 — t)\ Ay w,
we deduce from (3.3.9)

d

Qpr ; — QST :
— @, (wiu)|pey + P (w— &) = lim < it (W5 1) t(w;u)

Py

dr n—»00

<5t+r+hn (ur) - 5t+r (ur)
h

n

L <w:;>)

< lim inf
n—oo

) = 0i¢&ir(u,) for ae. re (0,T-t),
(3.3.10)

where we also employed Assumption (3.Ec). Integrating (3.3.10) from r = 0 to r = rg
and making use of (3.3.5) leads to the desired result. O

If we compare this lemma to the analogous result of Lemma 2.5.2, we see that
the assertions (3.3.3), (3.3.5) and (3.3.6) still hold true while (3.3.4) and (3.3.7) hold
true in a weaker form. This is mainly due to the lack of convexity of £. However,
the shown properties are sufficient to show existence of solutions. In particular, the
inequality (3.3.8) is crucial to obtain the right a priori estimates by choosing r = 7,
U" = u,, and U""! = u. Tt is quite remarkable that one can derive inequality (3.3.8)
without any convexity assumption for &. It is not obvious how to obtain the term

[ w—g)ar
0

by only using the fact that w,, is a minimizer of @, (w;u), which would only lead to

Upy — U

gt-i-?"o (uro) + T()Lpfj ( > < gt-l—?“o (u) + <w> Upg — u)

To
= &)+ [ 0o (W) dr + (w,ur, — ).
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Upr—U

- ) of the energy functional

In the latter inequality, the subgradient &, = w—DgW* (
Eirr(u,) does not appear so that we would not succeed in deriving a priori estimates
for &,.. However, if & is convex, then the relation (3.3.3) implies with Lemma 2.2.2

and 2.3.1 that for r = ry, there holds

Upy, — U

ol (U)o (w0 — &)

= <w - 57’07“7“0 - u>7
= <w7 u?“o - u> - <§T‘07UT0 - U>
S gt+7’0 (u) - gt-H“o (UTO) + <’LU, Upg — u>

:a@—ammm+4 B,Eoir (W) dr + (w, 1y, — u),

To

which again leads to appropriate a priori estimates. It seems that the inevitable
assumption is the strong-weak closedness of the graph of the subdifferential 0&;, i.e.,
Condition (3.Ee) is sufficient to obtain the right estimates.

3.4 Discrete energy-dissipation inequality and a
priori estimates

In this section, we derive with virtue of Lemma 3.3.2 a priori estimates on approximate
solutions. As a result of this, we need to define appropriate interpolations of the
approximative values U* € V, k = 1,..., N, which we call interchangeably, discrete
solutions. To this aim, let for a given time step 7 = T'/N the initial value U? € D be
given. Furthermore, let (U™)™_; C D be the sequence of approximate values which
under the assumptions of Lemma 3.3.1 are always existent and are given by the
variational approximation scheme (3.1.5). Then, for a given sequence of approximate
values (U™)N_, C D, we define the piecewise constant and linear interpolations in
the following way

U.(0) =U,(0) = U,(0) := U and
N th—t =t
U, (t):=Ur", U.(t):= Urt + 21U for t € [ta, tn),
T T
U,(t):=U" forte (t,_1,t,] andn=1,..., N. (3.4.1)

It is easy to verify that the piecewise linear interpolation is piecewise differentiable
in the classical sense with the piecewise derivative

=R Ur — Un—l
Ul(t)=—"—"— fort€[tp_1,tn),n=1,..., N,
T
Apart from the piecewise constant and piecewise linear interpolations, which by
themselves are not target-aimed, we need to introduce the so-called DE GIORGI
interpolation U, in order to obtain proper estimates and especially the so-called
energy-dissipation estimate.
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The above mentioned DE GIORGI variational interpolation U. is defined as any
function whose values satisfies

U-(0) :=U?
- (0) v (3.4.2)
Uy (t) € Joy(B(tn, Ur1);UPY) fort =t, 1+ 71 € (tn1,tn)

and n = 1,2,..., N. Since the DE GIORGI scheme (3.4.2) yields the variational
scheme given by (3.1.5) for the choice r = 7, we assume without loss of generality
that all interpolations coincide on the points t,, n =1,..., N, i.e.,

Ur(ty) =Ur(ty) = U, (t,) = Us(t,) =U" foralln=1,--- N.

We make the important observation that by virtue of Lemma 3.3.2, the DE GIORGI
interpolation can be chosen to be measurable, since the same lemma ensures the
existence of a measurable selection of the mapping r +— u, € J,¢(w;u).
Furthermore, we introduce for notational reasons the piecewise constant interpola-
tions t, : [0,7] — [0,7] and t, : [0,T] — [0,T] of the time points t,,, n =1,..., N :

0):=0 and t.(t) :=t, for t € (tp_1,t,], n=1,..., N,
AT):=T and t.(t) :==t,-1 forte[t,1,tn), n=1,...,N.

e+ e+

It is easy to verify that t,.(¢) — t and t.(t) — t as 7 — 0.
The following simple example gives a rough idea of the unusually defined DE
GIORCI interpolation.

Example 3.4.1 We consider the initial value problem

u'(t) = —u(t), te(0,0),

u(0) =2
for which the exact solution is given by u(t) = 2e7*, t € [0,2]. We discretize the
equation via the implicit EULER scheme with an equidistant step size 7 = T/N =
6/6 = 1 so that the grid points are given by t,, =n, n=1,...,6. The DE GIORGI

interpolation is then equivalently given by the corresponding EULER-LAGRANGE
equation

(77-(15) _yn1 _ _ n-1
T Er = Ut or U (t)=—T——— fort€ (ty1,tn
—— (t) O =T (-1, tn]
and n =1,..., N. Figure 3.2 illustrates the DE GIORGCI interpolation in comparison

with the piecewise linear interpolation U, and the exact solution w.

To understand the principle of the DE GIORGI interpolation, we consider the
following example of a nonlinear ODE.

Example 3.4.2 We calculate U, associated to the initial value problem We consider
the initial value problem

{u’(t) = —u¥(t), te(0,2),
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Figure 3.2: The figure shows the graphs of the piecewise linear interpolation
U, and the DE GIORGI interpolation U, both approximating the function u(t) =
2e7t t €0,6].

| | | |
% I I I I T t
T

Figure 3.3: The figure shows the graphs of the piecewise constant interpolation
U, and the DE GIORGI interpolation U, both approximating the function u(t) =
(t+0.5)"1 ¢t €[0,2].
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Here, the exact solution to this problem is given by u(t) = (¢t + 0.5)7%, ¢ € [0,2].
With the same discretization as above, the DE GIORGTI interpolation is equivalently
given by

U, (t) —Uurt

p— —U%(t) fort€ (ty_i,ty],n=1,..., N. (3.4.3)
- tn-—1

Choosing the positive solution to (3.4.3), we obtain the explicit formula

. VAt =t )UP T+ 1 -1
T()_ 2(t—tn,1) )

fort € (tp_1,tn, n=1,..., N.

Figure 3.3 compares the exact solution to the DE GIORGTI interpolation. We can
see that U, is a "better' approximation to the exact solution than U, and U, in the
sense that it catches more of the dynamic of the exact solution. This is because the
DE GIORGTI interpolation not only approximates, loosely speaking, the exact solution
on the grid points ¢,, but their difference quotient approximates u’ at the same time.
This stems from the fact that the values of U, are in every point determined by
(3.4.3) or more generally by (3.4.4) below. However, the function U, quickly becomes
very difficult for highly nonlinear problems. If we consider the initial value problem

u'(t) = —u(t), te(0,2),
u(0) = 2,

then one can show that U, is given by

- \3/9(t — b 1)U+ VB 27(E — b )NUP Y2 + At — ty1)3

U.(t) =
) V18(t — tn-1)
3/2
B 3
\?/9(15 — tn_1)2UP1 £ \/5\/27@ — )M UP )2 + 4t —t, )3
for all ¢t € (t,-1,t,) and n = 1,...,N. Here, we did not even consider non-

quadratic dissipation potentials. Figure 3.3 illustrates the DE GIORGI interpolation
in comparison with the piecewise constant interpolation U, and the exact solution wu.

As we mentioned in the previous example, the DE GIORGI variational interpola-
tion U.(t) solves by definition a minimization problem at every time t € (0, 7] so
that U, (t) satisfies the inclusion

£ (7 ( ) Un ! n—1
DaV¥jn-—1 7 + 8&( () 2 B(tn, U, t € (tn_1,tn) (3.4.4)
T - in—1
forn=1,..., N, whereas the piecewise constant and linear interpolations together

merely satisfy the inclusion (3.4.4) on the gridpoints ¢, for all n = 1,..., N. So,
theoretically, the DE GIORGI interpolation may be a better approximation to the
solution of perturbed gradient system (3.0.1) than U, or U,. In fact, the DE GIORGI
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interpolation approximates the solutions just well enough to obtain the right estimate,
the so-called discrete upper energy estimate for the discrete solutions. The latter
estimate is the discrete analogue to the energy-dissipation balance (3.0.7) which is
obtained by plugging in the DE GIORGI interpolation into the inequality (3.3.8)
substituting r +— w, in Lemma 3.3.2. We will see this in more detail in the following
lemma together with other a priori estimates.

Lemma 3.4.3 (A priori estimates) Let the perturbed gradient system (V,E,¥, B)
satisfy the Assumptions (3.W), (3.E) and (3.B). Furthermore, let U, U,,U, and
U, be the interpolations defined in (3.4.1)-(3.4.2) corresponding to an initial datum
U° € D and the step size T > 0. Then, defining & : [0,T] — V* by

ﬁTt _Jrn—1
&(t) = B(t,, UMY — Da¥yn- (W) (3.4.5)
T - in—-1
forallt=t, 1+7r€ (ty_1,t,) andn=1,... N, there holds
E(t) € 0&, 1 (U.(t)) forallt e (0,T) (3.4.6)
and the discrete energy-dissipation inequality
_ E(t) o e
& (U-(D) + /, o i (Um) T (BEA), U () — &(r))) dr
to(t) .
< & o / (M dr+ [ (BCEr). U (), L) dr (3.4.7)
t‘r

holds for all0 < s <t < T and ¢ > 0. If we additionally assume E(UL) < C' for
all sequences of step sizes T for a constant C > 0, then there exist positive numbers
M, 7 >0 such that

s[up]c‘:t(UT(t)) < M, . E(U(t)) < M, (3.4.8)
Sup |1BE (0, L. <M, sup 0E/(U(t))] < M, (3.4.9)
/0 (98 (010)) + 5y (B, U () — &) dr < M (34.10)

holds for all 0 < 7 < 7* and uniformly in € > 0. Besides, ((A];)(KTST* c LY0,T;V)
and (&;)o<r<r C LY(0,T;V*) are equi-integrable with respect to T in L'(0,T;V) and
LY0,T;V*), respectively. Finally, there holds

sup (I (8) = To(®)]| + 1T-() = Tl + +1T(8) = Lo(0)])) = 0 (3.4.11)

te[0,T]
as T — 0.

Proof. The mapping &; : [0, 7] — V* satisfying the inclusion (3.4.6) follows from the
variational sum rule (3.3.3) with the choice r = 7, t = t,_1,u, = U.(t),u = U"!
and w = B(t,,U" '), n=1,..., N, satisfying (3.4.6) and (3.4.5). The measurability

of & : (0,T) — V* is given by Lemma 3.3.2.
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We seek now to show the discrete energy-dissipation inequality. For that, we make
use of inequality (3.3.8) in Lemma 3.3.2 and make the choice t = t,,_1,u = U""1 ry =
t—tn_1,Up, = UT(t),u,. = (77(75”_1 +7r)and & = & (t,—1 + 1), where t € (t,_1,t,]
Then, after substitution we find

(t b )0 (U”U>+ U (Bt U2 — &) dr + E(T ()

t _’tn 1 tn—1
<E U+ [ BET)dr + (Bl U, 07— U7 (3.4.12)
tn—1

for any ¢t € (¢,_1,t,) and alln = 1,..., N. By choosing t = t,,, we obtain particularly

/:1 (%5, ) (T1(r) + 95" ) (Bltn, U (1) = (1)) dr + &, (Tr(tn))

tn ~ tn

<&, (U-(th1))+ 0y E (U (r))dr + (B(t,,U.(r)), U;(r»dr (3.4.13)
tn—1 tn—1
foralln =1,--- , N. Then, the discrete energy-dissipation inequality is obtainable

by summing up the inequalities from n = 1 to n = N. We continue with deriving the
estimates (3.4.8)-(5.3.7). We will establish the estimates by using the discrete version
of the GRONWALL Lemma. First, from Assumption (3.Bb) and the FENCHEL-YOUNG
inequality, we obtain

/ " (Bt (1)), 0L0)) dr

tn—1
tn
o (0 )dr+c o (W) dr

<c /: G o (UL )dr+75(1+é’t (U )
<e t" o (L) dr + 781+ G(UEY),

where ¢ € (0,1) is from Assumption (3.Bb). Together with the latter inequality,
inequality (3.4.13) yields, while employing again Assumption (3.Bb),

[ (0= Wy (020)) + 5y (Bt U (1) = &) dr + €, (U7)

tn—1

<& (U4 (" 0E (T, () dr + 7801 + GUY)

tn—1

tn
<& (U HTBH GO + G [ U

tn—1

tn
+ 01/ (r—tn 1)@;: \(B(t,, UM 1)) dr (3.4.14)

tn—1

tn
<& UFY + B0+ G+ [ G

tn—1

tn B(t,, U.
+ 01/ CT&D&j(T) <((T))> dr (3.4.15)

th—1 C
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<&, (U + 781+ GUFY) + CirGUE)
+ Ci 81+ GUP )
= &, (U +72(8+ C1)G(U) +21(B + Cy) (3.4.16)

forallm=1,...,N and 0 < 7 < 1, where in (3.4.14) we used the estimates

< CHGU™) + (t = o)W (B, UFTY), tE (tnors ),
(3.4.17)
coming from Lemma 3.3.2 and Assumption (3.Ec). In (3.4.15), we used the fact
that the mapping r — r¥;* (f) is increasing on (0, +00) for every v € V, & € V*,
which follows from the convexity of ¥5* on V* and the fact that ¥5*(0) = 0 for all

veU. Weset A, = C,C + 2C1T(B + Cy) and a = 2C1 (B + C4), and sum up the
inequalities (3.4.16) to obtain

GU!) < Ci&,(UT)
< ([ (0= o (020) + 05 (Bt Usl) — (1) )

+ C &, (UM) (3.4.18)
<A +ad) TGUET (3.4.19)
k=1
foralln = 1,...,N and 0 < 7 < 1, where we used the non-negativity of the

dissipation potential and its conjugate. Now, for sufficiently small step sizes, i.e.,
7 < min{d/a,0} =: 7" for a § € (0,1), the discrete GRONWALL lemma (Lemma
A.1.2) implies

G(U}) < AQGBZZ;S ™ < Ape®T foralln=1,...,N,

where we set [ = - and Ay = 1‘_4;7 as well as 79 = 0, whence the uniform
bound of G(U") for all n = 1,...,N and 0 < 7 < 7*. In view of (3.4.17),
(3.4.18), and Assumption (3.Bb) and (3.Wb), we deduce also the rest of the bounds
in (3.4.8)-(5.3.7). The constant M > 0 can be chosen to be the sum of all
constants obtained from the shown inequalities. We proceed by showing the
equi-integrability of (U )ocr<re, (B(tr,U.))ocrers and (&, )ocr<re in L1(0,T;V) and
LY(0,T;V*), respectively. This essentially follows from the superlinear growth of
e and ¥S* (Assumption (3.Wh)) with the criterion of DE LA VALLEE POUSSIN
for equi-integrability. We show the equi-integrability exemplarily for (U;)(KTST*
without using the weak compactness criterion of DE LA VALLEE POUSSIN which
actually can be proved along the same lines. Let § > 0 be an arbitrary positive real
number. Then, for M and M /4, there exist by Assumption (3.Wb) positive numbers

K1, K5 > 0 such that

M
Zi(v) 2 —[lvll (3.4.20)
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for all v € V with |jv|| > K, and all v € D with G(u) < M. Then, by (3.4.20),
(3.4.8) and (5.3.7), we have

_ 5 _
R UL(t dtgj/ R UG o (UL(t)dt <6
/{te[o,T1:||U4<t>||>K1}H O M Jgeo.m0 )12 513 GHOICEU)

for all 0 < 7 < 7%, which shows the equi-integrability. Again, in regard to the
superlinear growth of ¥ it can also be shown that (B(t,,U,) — & )o<r<r+ iS equi-
integrable in L'(0,7; V*). Since B(t,,U,)o<r<,+ is uniformly bounded, we obtain

the equi-integrability of (£, )o<r<, in L'(0,T;V*). In order to show the convergences
(3.4.11), we first note that inequality (3.4.12) together with (3.4.8) and (5.3.7) imply

U.(t) — U, (t
t:g%(t — L(t))Wi(t) (M) < (Y

for a constant Cy > 0. Employing once again Assumption (3.Wb), we obtain for
every R > 0 and v > 0 a positive constant K > 0 satisfying

00) = U] = (¢ 200, (LT ) b 0 et

<M+71yK forallte[0,T]andall0 <7< 7",

Finally, taking the supremum over all ¢ € [0, 7] and then taking the limes superior
as 7 — 0, we obtain

ylimsup sup ||U,(t) — U, ()| < M (3.4.21)
70  t€[0,T]
for any v > 0, which necessarily yields lim, osupcp 1y |U-(t) — U.(t)]| = o0.

Choosing in the inequality (3.4.21) specifically t =t,, n=1,..., N, we also obtain
lim, o supyepo. |U-(t) = U, (t)|| = 0, which in turn implies lim, o sup,c (o 7 [|U-(t) —
U, (t)|| = 0 and hence the completion of the proof. O

3.5 Compactness and parameterized Young
measures

In this section, we show the compactness of the interpolations in certain spaces.

Lemma 3.5.1 Let the perturbed gradient system (V,E,¥, B) be given and satisfy
the Assumption (3.W), (3.E) and (3.B). Let ug € D and for a sequence (T,)nen with
To = 0 asn — 00, let (U2 )pen C D be a sequence of initial values fulfilling U2 — g
and E(U? ) — E(uo) as n — oo. Furthermore, for n € N, let ﬁTn,UTn,QTn and
U, be the interpolations defined in (3.4.1) and (3.4.2) associated to an initial value
U? , and &, the subgradient of &, satisfying (3.4.6) and (3.4.5). Then, there exists a
subsequence (T,, )ren, an absolutely continuous curve uw € AC([0,T]; V') with u(0) =
ug, an integrable function & € LY(0,T;V*), a function & : [0,T] — R of bounded
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variation, an essentially bounded function &7 € L>*(0,T), and a parameterized
YOUNG measure p = (fit)iejo,r) € Z(0,T5V x V* x R) such that

U, —u inC([0,T];V), (3.5.1a)
Uri Uy, Ur = u in (0,73 V), (3.5.1b)
o, —d inLY0,T;V), (3.5.1¢c)
r, =€ in LY, T V), (3.5.1d)
B(t.,, .U, ) = B(u() inL>(0,T;V"), (3.5.1e)
0&(Uy, (1) = 2 inL=(0,T), (3.5.1f)
as k — 0o, and the weak limits satisfy
u'(t) = /V><V*><RU due(v,¢,p)  fora.e. t €(0,7), (3.5.2a)
£(t) = / Cdp(v,C,p)  for ace. t € (0,T), (3.5.2h)
VxV*xR
P(t) = / pdu(v,¢,p)  forae te (0,7T). (3.5.2¢)
VxV*xR
Finally, there holds
&(U,,, (1) — &(t) ask — oo for allt €[0,T],
Enlult )) &(t) for all't €10,T],
Eo(ug) =&(0) and &(u(t)) =&(t) forae te (0,T), (3.5.3)
P(t) < 0&(u(t)) for a.e. t € (0,7T),
£(t) € 0 ( (1)) for a.e. t € (0,7T),
and the energy-dissipation inequality
| (e () + 055, (Blryu(n) = €0))) dr + Ex(u(t))
< &(s) + /t 0&(u(t))dr + /t<B(r,u(r)),u’(r))dr (3.5.4)

holds for all 0 < s <t <T.

Proof. We fix an arbitrary initial value ug € D, and for a sequence (7,),eny With
Tn — 0 as n — oo, let (U Jnen C D be such that U0 — ug as n — co. We assume
without loss of generality that the step sizes are sufﬁc1ently small, i.e., 7, < 7* for all
n € N. The assertion (3.5.1a) then follows by means of the ARZELA—ASCOLI theorem
applied to the continuous functions (Us, )nen € C([0,T];V): the equi-continuity
of (UT Jnen is a consequence of the equi-integrability of ((7 Jnen leading to the
LiPSCHITZ continuity of (UT Jnen With a LIPSCHITZ constant independent of the
step size. Due to (3.4.8), showing that (U, (t))ieo,r] belongs to a sublevel set of the
energy functional & independent of n € N, which by Assumption (3.Eb), is supposed
to be compact in V', MAZUR’s lemma implies that the convex hull of (U, (t))sepo,r] is
by itself compact in V', and therefore also (U, (t))iejo,r) for all n € N. Thus, by the
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theorem of ARZELA-ASCOLI, there exists a subsequence (ny)reny and a continuous
function uw € C([0,T];V) such that [77% — w in C([0,T];V) as k — oo, and in
particular u(0) = ug. The convergences in (3.5.1b) follow then from those in (3.4.11).
Continuing, the DUNFORD-PETTIS theorem, see, e.g., DUNFORD & SCHWARTZ

~

[65, Corollary 11,p. 294], ensures the compactness of (U;nk)neN and (&, Jnen in
LY0,T;V) and LY(0,T; V*), respectively, with respect to the weak topology, since
both sequences are equi-integrable in the respective spaces. Hence, there exists a
subsequence (labeled as before) and weak limits v € L'(0,7;V) and & € LY(0,T;V*)
such that ﬁ;nk — v weakly in L'(0,T;V) and &, — & weakly in L'(0,7,V*) as
k — oo. By standard arguments, one can show that v/ = v in the weak sense.
This yields u € WH1(0,T; V), and therefore u € AC([0,7];V). We continue with
showing the convergence of the perturbation in (3.5.1e). We first note that by
supcio.r) E(Ur, )(t) < M for all k € N, see (3.4.8), the functions U, and therefore
also U 7, AT€ contained in a compact subset K C D C V uniformly in £ € N and
t € [0, T, since the energy functional has by Condition ((3.Eb)) compact sublevel sets.
By TYCHONOFF’S theorem, the set [0, 7] x K is compact with respect to the product
topology of [0,T] x V. Then, Condition (3.Ba) yields the uniform continuity of the
map (t,u) — B(t,u) on [0,T] x K. Second, the convergences (3.4.11) and (3.5.1a)
together imply (t,, (t),U, (¢))) — (¢, u(t)) uniformly in ¢ € (0,T) as k — oo.
Finally, we obtain

lim sup |B(t,, (t),U,, (t)—B(tu®))ll. asn— oo
=0 4 (0,T) k k

In order to show the convergence in (3.5.1f), we note that due to (3.4.8), we have the
uniform bound (8t5t([77nk)k€N C L>(0,T). Thus, since L>°(0,T) is the dual space
of the separable BANACH space L!(0,T), there exists a weak* limit & € 1L>°(0,7)
such that, up to a subsequence, there holds E)tgt(ﬁmk) 5 P weakly* in L°(0,T)
as k — oco. Now, we aim to show that the weak limits can be expressed via a
parameterized YOUNG measure. We define the product space V :=V x V* x R
endowed with the product topology, and for £ € N, w;, := (U;nk,gmk,atgt(ﬁ%)).
Then, since V' is a reflexive BANACH space, the space V also becomes a reflexive
BANACH space, and the fundamental theorem for weak topologies (Theorem 2.6.1)
ensures, due to the equi-integrability of (wy)reny in L1(0,T;V), the existence of a
YOUNG measure g = (p)cpor) € #(0,7;V) such that the (unique!) weak limit

(W, &, 22) € L0, T; V) of the sequence (wy)ren satisfies

W0.60, 20) = [ @Cp)du(.Cp) forac te.1),

whence (3.5.2).
We proceed with showing (3.5.3). First, for notational convenience, we define for
all t € 0,7

1) i= & o T~ [ D Ontrar— [ (B

Second, considering the non-negativity of ¥; and ¥_*, from the discrete energy-
dissipation inequality (3.4.7), we deduce that the mapping ¢ — n,(¢) : [0,7] — R is
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non-increasing. Then, by HELLY’s theorem, see, e.g, AMBROSIO et al. [10, Lemma
3.3.3, p. 70], there exists a non-increasing function 7 : [0, 7] — R such that (up to a
subsequence denoted as before) n,, (t) — n(t) as k — oo for any ¢ € [0,T]. Defining

~

vnlt) = [ " B (), U (), T () dr and
Wt = /Ot(B(r,u(r)),u’(r»dr for all ¢ € [0, 7],
it is, in view of (3.5.1c) and (3.5.1¢), easily seen that
G () = 0(t) ask oo forallte[0,T).

The convergence of n,, and ¢, together with (3.5.1f) yields the pointwise conver-
gence of the energy functional, i.e.,

E-

tTnk

0 (Ur,, (1) = E(t) == n(t) + /Ot P(r)dr +¢(t) ask — oo forallt e [0,T).

We observe that the real-valued function & is a sum of a monotone function n and
absolutely continuous functions ¢ and [, &?(r)dr differentiable almost everywhere,
see, e.g., ELSTRODT [70, Theorems 4.5, p. 299], and hence differentiable almost
everywhere on (0,7"). Now, we conclude the convergence in (3.5.3) by noting that

|€gmk 0 Ur, (1) = E(U,, (1) =0 ask — oo forallte[0,T]

which follows from LIPSCHITZ continuity of the time-dependence of the energy stated
in (3.2.1) and the bound (3.4.8) as well as t,, (t) — t as k — oo for all t € [0,77.
Further, from the lower semicontinuity of the energy functional and the convergence
(3.4.11), we obtain

E(u(t)) <liminf &(U,, (t) =&(1) <M forallte[0,T],

Tnk

whereas the last inequality is due to the bound (3.4.8). Moreover, by assumption,
there also holds &(0) = &(up). By Theorem 2.6.1, the YOUNG measure p; is for
almost every t € (0,7 concentrated on the set

o0

Li(t) := () closwear ({wi(t) : k > p})

p=1
of all weak limit points of wy(t), meaning that
sppt(pg) == clos{A € B(V) : u(A) >0} C Li(t) #0 for ae. t € (0,7),

where (V) denotes the BOREL c-algebra of V. Let N' C (0,7 be the negligible
set such that the above-mentioned property holds on all (0, 7)\N. Then, for a fixed
t € (0,7)\N and for every w = (v,(,p) € Li(t), there holds (up to a subsequence)

4In fact, since ¥V = V x V* x R is a separable metric space, the BOREL o-algebra on V coincides
with the product c-algebra (V) = B(V) @ B(V*) @ B(R), see, e.g., AMANN & ESCHER [7,
Theorem 1.15, p. 12].
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(7;% (t) = v, &, (t) = ¢ and &gé}(ﬁmk (t)) — p as k — oo, where in the latter
convergence we used the fact that the weak topology and the strong topology

coincide on finite-dimensional spaces. As a consequence of Condition (3.Ee), we have

C€d&(u(t)), p<o&(u(t)) and &(t) = &E(u(t) (3.5.5)
for all (v,(,p) € Li(t) forallt e (0,T)\N.

Then, in view of (3.5.2), we find after integration with respect to u; on V that

P(t) = /V b de,ut(v,g,p) < 0&(u(t)) forae. t € (0,7),

£(t) = /va*xkgdm(u,g,p) € 08, (u(t)) for ac. t e (0,T),

where the last inclusion follows from the fact that the subdifferential 0&;(u(t)) is
closed and convex for almost every t € (0,7") and that y, is a probability measure
for all ¢ € [0,7]. This implies (3.5.3). In order to show the remaining inequalities
(3.5.4), let s,t € [0,7] be chosen fixed with s < t. We employ Theorem 2.6.1 by
choosing f, fx : [0,7] x V — R given by

fk (Ta w) = w&mk (r) (U) + w&;k (r) (C)
f(,ru U)) = gj’i(r) (1}) + 475(;) (C)? w = (Uu C7p> < V? re [SvtL

and f(r,w), fx(r,w) = 0 outside of [s,t], where M > 0 is the constant from the
boundedness in the a priori estimates. From Remark 3.2.1 iii) and the measurability
of U Ty k € N, and u, we deduce that the functionals f,, and f are weakly normal
integrands for all n € N which satisfy the Condition (2.6.1) of Theorem 2.6.1.
Furthermore, by the a priori estimates (3.4.9) and (5.3.7), the sequence (wy)gen is
equi-integrable so that all assumptions of Theorem 2.6.1 are satisfied. Consequently,
there holds

t t
/s /Vf(Ta w) dpy (w)dr < li]gglf/s f(r,wg(r))dr. (3.5.6)
On the other hand, we have by JENSEN’s inequality
un (7)) < / Wiy (v) dpar (v, €, p), (3.5.7)
VxV*xR
iy Blrum) =€) < | 0 (Blru(r) = Qdun(v,¢.p) - (358

for almost every r € (s,t). Integrating the inequalities (3.5.7) and (3.5.8) over the
interval (s,t) and taking into account (3.5.6) yields

/:f(r,w(r))dr < lim inf tf(r, wi(r))dr.

k—oo Js

Thus, passing to the limit as £ — oo in the discrete energy-dissipation inequality
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(3.4.7), we obtain

[ @ (0) + 055 (B u(r) — €0) dr + Ex(u0)

< [ (@) + 7 (Bl () = O) diale,G.p) dr + Exu®)
<[] W)+ 05 (B ur) = O) drav, G, ) dr + £(1)
<timint ([ [ 0w du(0,6p) (T (0)
<t ([ S (6o ar k&, oT0)

Tnk

< h’gnlnf (5 o (U+(s)) + /tT O, (UL (1) 4 (B(E,(r), U,(r)), (7;(7"») dr)

=&(s —1—/32 dr—l—/ u'(r))ydr
<& +/ae dr+/ (r)) dr (3.5.9)
for all 0 < s <t < T, which proves the assertion of this lemma. O]

Although we know that

Ur(t) — U,(1)

&(t) = B(t:(1), U, (1) — De¥g ( t—t.(t)

> , forall t €]0,T],

the strong convergence of the perturbation B and the demicontinuity of Dg¥y; are
not sufficient to conclude §(t) = B(t, u(t)) — Da¥g ;) (u'(t)). However, characterizing
the weak limits as parameterized YOUNG measures, we can make this conclusion as
we will see in the following proof of the main result.

3.6 Proof of Theorem 3.2.3

In order to show that the curve u € AC([0,7]; V) obtained from Lemma 3.5.1 is

a solution to the differential inclusion (3.0.1), we employ the chain rule condition

(3.Ed), which is justified by (3.5.1f), (3.5.2a), (3.5.5), (3.5.7) and (3.5.8), where

= (fte)ecppr) € Z(0,T;V x V* x R) is to be chosen as in Lemma 3.5.1. Hence, by

the chain rule condition (3.Ed), the mapping t — & (u(t)) is absolutely continuous
n (0,7) and there holds

d

SE(u(t) = (60, (1) = A& (u(t) forae. t € (0,1),
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where we have used the characterization (3.5.2b) and (3.5.3). Thus, together with
(3.5.3), (3.5.2¢) and (3.5.9), there holds for s =0

[ (o 0 00) 4 935 (Bl () — €0)) dr + ()
Sgo(uo)+/t0rgr (u(r) dr—l—/t B(r,u(r)), v (r))dr
< Eu(u(®) — [{E0), W+ [ (Bl u(r), () dr

() + [ (B — (), u/ () dr forall t € (0,7).

Therefore, we obtain

/ ) + Wl (B(ru(r)) = &(r) — (B(r,u(r)) — £(r), u'(r)))dr <0
(3.6.1)

forallt € (0,7). Then, from the FENCHEL-YOUNG inequality we deduce the
non-negativity of the integrand in (3.6.1) and infer

Wi (W' (1)) + Py (B(t, u(t)) — §(2) — (B(t u(t)) — £(), u'(t)) =0 for a.e. t € (0,T).
By Lemma 2.3.1, this implies in fact that
£(t) = B(t,u(t)) — De¥ (u'(t)) forae. t € (0,7).

Furthermore, by Lemma 3.5.1, there holds

£(t) = /va*ngdut@,g,p) € 0&,(u(t)) for ae. t € (0,T),

which shows that the couple (u, &) is a solution of the regularized perturbed gradient
system (V,€,¥¢ B) and in particular fulfills the energy-dissipation balance (3.2.7).
For each ¢ € (0, 1], we denote with (u.,&.) the couple of solutions of (V, &, %=, B).
Now, we want to pass to the limit with ¢ \, 0 and want to show that the couple
(ue, &) converge to a solution to the limiting system (V,£,¥° B) = (V, £, ¥, B). The
steps are essentially the same as before:

1. We derive a priori estimates based on the energy-dissipation balance (3.2.7),

2. We show compactness of the solutions u. and the pointwise subgradients
& = B(-,u.) — D¢ (ul) of £(u.) in appropriate spaces,

3. With the aid of YOUNG measures, we pass to the limit as € \ 0.

Therefore, we do not give all of the details of the proof and refer to the full proof of
the aforementioned lemmas. Instead, we highlight the difference from the previous
steps which mostly relies on Lemma 3.2.4 and the continuity of the dissipation
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potential in the sense of M0OSCO-convergence.
Ad 1. Starting from the energy-dissipation balance

elt) + [ (P ) + 05 (Bl uelr) = £00) ) dr
= Ealu-(0)) + | (M(us(r)) + (Blrur), (1)) ar

and proceeding in the exact same way as before, we obtain with the GRONWALL
lemma (Lemma A.1.1) a constant M = M (Ey(ug),T) > 0 such that the bounds

sup & (u(t)) < M,

te[0,7)
sup || B*(t,uc(t))[|« < M,  sup [0,& (ue(t))] < M,
t€[0,7 t€(0,T)

[ (o () 225 (B () = £:()) dr < M

0
hold for all 0 <& < 1. Besides, (ul)o<c<1 C L'(0,T;V) and (& )o<e<1 C LY(0,T;V*)
are equi-integrable with respect to € in L'(0,T; V) and L(0, T; V*), respectively. The
equi-integrability follows from the fact that the dissipation potential and its conjugate
are superlinear uniformly in € > 0 and on sublevels of the energy, which follows from
Lemma 3.2.4, and the criterion of DE LA VALLEE-POUSSIN for equi-integrability.
Ad 2. For every vanishing sequence ¢, — 0, we find in the same manner as
Lemma 3.5.1, there exists a subsequence (labeled as before), an absolutely continuous
curve u € AC([0,T); V) with u(0) = ug, an integrable function £ € L(0,7;V*), a
function &° : [0, 7] — R of bounded variation, an essentially bounded function 92° €
L>°(0,7), and a parameterized YOUNG measure v = (14 )co1] € Z(0,1; V xV*xR)
such that
us, —u in C([0,T]; V),
u,, —u' in LY0,T;V),
&, — & inLY0,T; V),
B(ue, (+)) — B°(-,u(v))  in L0, T; V™),
atgt(uek) X 1@0 in LOO(O,T),

as k — 0o, and the weak limits satisfy

u'(t) = /v — dvi(v,(,p)  forae. t € (0,7),
0=/  Canp) forae te(0.1),

0
PE(t) = /V><V*><Rp dyy(v,¢,p)  forae. t € (0,7).
Furthermore, there holds
Ei(ug, (t)) = &%) as k — oo for all ¢ € [0, 7],
E(u(t)) < &°¢) for all t € 0,77,
Eo(ug) = &°(0) and & (u(t)) = &%t) for ae. t € (0,7T),
20t) < 9&(ult)) for a.e. t € (0,7).
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and the inequality

[ (Bt (00)) 05 (B () — €0) dr + E4(u)
<[] () + (Bl () — ©) v, G, ) dr + Exult)
< &%s) + /: 0&i(u(t))dr + /:(B(r, w(r)), o (r))dr (3.6.4)

holds for all 0 < s < ¢t < T. Here, in order to establish the inequality (3.6.4), we

use the MOSco-convergence &Djfk M, ¥, as k — oo and Theorem 2.6.1 by choosing
fifr 110, T*] xV — R by

f(,]n? U)) = g/u(r ( ) + 47;(7")((>7 w = (Uv C7p> € V,T € [SvtL

and f(r,w), fe(r,w) = 0 outside of [s, t].
Ad 3. This part of the proof follows the same steps as the part where we show that
ue, is a solution to the regularized perturbed gradient system (V,E,¥¢, B). O]

k

Remark 3.6.1 Along the same lines as the proof of Theorem 4.4 in MIELKE et al.
[122], it can be proven that (up to a subsequence) the following convergences hold:

aww»%au»
/ v, ))dt %/ W (' (1) dt,
Lﬁw)t%w»@wwﬂ+LMAme%w»ﬂ

as k — oo for all 0 < s <t < T. Furthermore, if we additionally assume that the
dissipation potential ¥, and its conjugate ¥, are strictly convex for all u € V', then
we obtain the pointwise weak convergences

u, () —=4'(t) and &, (t) —=E&(t) forae. te(0,T)
In fact, it is feasible to show a more general existence result based on the so-called

evolutionary I'-convergence where one shows that solutions to a perturbed gradient
system

BE(t,ult)) € W (u/(1)) + 07 (u(t))

which depends on a parameter ¢, converge to a solution of the limiting (effective)
system (V,E° w0 BY) under the assumption that & — & in the sense of I-
convergence, ¥ — WY in the sense of Mosco-convergence, B° — B uniformly
on [0,T] x V, see [21, 122].
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Application

In this chapter, we provide a nontrivial example of our abstract existence result
formulated in Theorem 3.2.3, which was developed and proven in Chapter 3. Before
we start with the example, we want to fix the notation.

In the following example, let d,m € N and 2 C RY be a bounded domain with a
LipscHITZ boundary 0f2 with the outward-pointing unit normal vector v on the
boundary, "> 0 and 27 := 2 x (0,7). We denote the multi-dimensional vectors
and matrices with bold letters and the one-dimensional objects with small letters.
For two vectors «,y € R? and two matrices A, B € R%™, the EucLIDian and the
FROBENIUS scalar product are given by

d,m
T-y= leyl and A:B= Z A; ;B;j, respectively.

=1 3,7=1

The norms on R? and R%™ induced by the EucLIDian and the FROBENIUS scalar
product, respectively, are both denoted by | - |. Furthermore, for a real valued
function h : 2 — R and a vector valued function h : 2 — R™ x — h(x) =
(hi(x),...,hy(x)), the nabla operator V is defined as

d m,d
Vh(z) = <8h( )) and  Vh(z) = <ah( )) L zen.

ox; i1 Ox; i j=1
For a vector valued function g : 2 — R x — g(x 91 wd) ..., 94(x)) and a
matrix valued function A : 2 — R™4 x s A(z) := )i sy, the dlvergence is

defined as

V-g(e) = divlg() =2 gg (@) amd VoA@)< S

where e; € R? is the j-th standard unit vector. Finally, the LAPLACE operator
is defined by A = V-V = V2 Higher order LAPLACIAN’s are also denoted
by AF and we denote V¥ = A2 if € 2N or V¥ = VAK-D/2 gtherwise. For
p > 1, the p-LAPLACE of the vector valued function h : {2 — R™ is defined
by Ah(z) = V - (|[Vh(x)|P2Vh(z)),x € §2. For notational convenience, we
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use the short-hand notations 9, = % and 0y = g—; for the first and second time
derivatives, respectively. For the LEBESGUE and SOBOLEV spaces!, we use the
usual notation LP(£2)™ and W*P(£2)™ for p € [1, +oc] and k € N equipped with the
standard norms, respectively. The space of functions in W*?(£2)™ with zero trace
is denoted by WEP(£2)™. For p = 2, we use the notation H*(2)™ = Wke(Q)™
and HE(2)™ = WiP(2)™. Furthermore, we will not distinguish between the
abstract function @ and the concrete function u, which are related to each other via

[a(t)](x) = u(x,t). Finally, C' > 0 denotes a generic constant.

We consider an initial-boundary value problem supplemented with nonlinear constraints
which has, in a modified version and without perturbation, been studied in MIELKE
et al. [122]. The governing equations are given

DyY(z,u,0u) +p — Ayu+ DW(u) + Oig(uw) + b (z,t,u) > f in O,
p(x,t) € Sgn (Qyu(x,t)) a.e. in O,

(P1) S u(x,t) € K a.e. in £,

u(x,0) =wup(x) on §2,

u(x,t) =0 on 02 x [0,T],

where p > 2, K C R™ is a compact and convex set, Sgn : R4*™ — Rdxm

Braxm (0,1) if A=0

4.0.1
il otherwise, ( )

is the multi-valued and multi-dimensional sign function, and 1x — {0, 400} denotes
the indicator function on K defined by

0 fAeK

+00 otherweise.

We could have also imposed other types of boundary conditions as non-homogeneous
DIrRICHLET, NEUMANN, or mixed boundary conditions which can be incorporated
into the energy functional or into the space, see, e.g., [69, 122, 143, 144], where these
cases have been considered.

Furthermore, we impose the following conditions on ¢, W, b and f. We start
with the assumptions on .

(4.0.a) The function ¥ : 2 x R™ x R™ — [0, 400) is a CARATHEODORY function
such that ¢ (x,y,-) is a proper, convex, GATEAUX differentiable functional
with derivative D, with respect to the third variable, and ¢ (x,y,0) = 0 for
almost every « € 2 and all y € K.

(4.0.b) The functional ¢ satisfies the following growth condition: there exists a
number ¢ > 1 and positive constants ¢y, Cy > 0 such that

ey (|21 = 1) <, y, 2) < Cp (14 [2]%) (4.0.2)
fora.e. x € 2 and all z,e R™, y € K.

1See BrEzis [35, Chapter 4 & 9] or DOBROWOLSKI [62, Kapitel 4 & 5] for a definition and a
detailed discussion of the LEBESGUE and SOBOLEV spcaes.
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(4.0.c) The function W € C'(R™;R) is A-convex and bounded from below.

(4.0.d) The function b : 2 x [0,T] x R™ — R™ is a CARATHEODORY function in the
sense that b(zx, -, ) is continuous for almost every @ € 2 and that b(-,¢,y) is
measurable for all ¢t € [0, 7] and y € R™.

(4.0.e) There exists a function h € L¥" (£2) and a constant C, > 0 such that

|b(x,t,y)| < h(x)+Cp forae xe 2 andallte€[0,T],y € K. (4.0.3)

(4.0.f) There holds f € CL([0,T]); W=1P"(£2)%).

Here, we assume for simplicity the (GATEAUX) differentiability of W and the
A-convexity of W. More general nonsmooth functions in the form W = W; — W,
with W being convex and W5 being convex or continuously differentiable where both
functionals satisfying certain growth conditions, see, e.g., [122, 142, 143, 148]. For the
external force, we could in fact assume f € C*([0, T]; W= (£)4)+C([0, T]; L¥" (£2)™)
by treating the part from C([0,T]; LP"(£2)™) as perturbation.

Simple examples for ¢ and b might be Y(z,y,2z) = ¥(z) = $|z|q,z e R™,
b(x,t,y) = b(y) = g(ly|), y € R™ for any continuous function g € C(R). Admissible
choices for W are the double-well potential W (z) = 1(|z[*—1)? = 1 (|z|* + 1) — 3|2|?,
or in a more general setting, the logarithmic potential

W(z) (z—z1)In(z — z1) + (22 — 2)In(22 — 2) — 522 if 21 <2 < 2
Z) =
400, otherwise

if m =1, where —00 < z1 < 25 < +00 are real numbers. It is easy to verify that
both functions are A-convex.

Accordingly, we have V' = L4({2)™. Then, the energy functional & : V' — (—o0, +00]
is given by
£,(u) — {fn (2IVa(@)? +W (ul@)) +uc(u(@) — (F(0). uhys) dz if ue D,

400 otherwise,

where D := dom(&;) and (-, )y wie is a shorthand notation for the duality pairing

between Wy (2)™ and W= (£2)™. In order for the energy functional to be finite,
it must be true that u € K a.e. in {2, which implies u € L>®(£2)¢. Therefore, by
the continuity of W, there holds [, W(u(x))dx < +oo for all w € D. Hence, we
have the characterization D = {u € WP (2)2NL®(02)%: u(z) € K a.e. in 2}. The
dissipation potential ¥ : V — R is given by

U (v) = /Q ((x, u(z),v(x)) + |v(z)|) de, veV,ue D,
and the perturbation B : D — V* by

(B(t,u), w v*v—/ b(x,t,u(x)) w(x)de, weDwelV.
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From the Assumptions (4.0.b) and (4.0.d), the functional ¥, and the operator B are
well-defined. The conjugate ¥;; : V* — R is with Lemma 2.3.5 and EKELAND &
TEMAM [69, Proposition 1.2, p. 78] given by the formula

v, (&) = | min ¥z, u(x),n—E&))de, £V ueb,

2 neB(0,1)

where we have used the fact that (| - |)* =5 (0 1y~ Once again, we want to prove that

under (4.0.a)-(4.0.f) the Conditions (4.¥), (4.€) and (4.B) are fulfilled.

We start with the dissipation potential and observe that it is readily seen by the
assumptions that ¥, is a lower semicontinuous and convex functional with ¥, (0),
which in turn implies these properties for ¥, for all u € D as we pointed out in
Remark 3.2.1 4) and thus (3.Wa). By Assumption (4.0.2), for all R > 0, there exist
constants cw, Cw > ( such that

ey([vllf — 1) < Wulv) < Cy(llollf +1) forallw, € V,u e D, G(u) < R,

where G = sup,¢o 7 & Thus, we obtain for the conjugate

c(

for constants c., C, > 0, where ¢* = ¢/(q¢ — 1) > 1 is the conjugate exponent to
q. Thus, Condition (3.Wb) is fulfilled. The sequential lower semicontinuity of the
integrals ¥,, and ¥;; follows from the assumptions on v, the compact embedding
(4.0.4), and IOFFE [95, Theorem 3|, which implies (3.Wc). The subdifferential of ¥,
is according to Lemma 2.3.1 characterized by

Te—1) <¥i(v) < O

T.+1) forallv,e V;ue D

n € o, (v) iff n(x)e€ Dyy(x,u(x),v(x)) + Sgn(v(x)) forae x e 2

forallu e D,v e V.

We continue with showing the conditions for the energy functional. In order
to show the sequential lower semicontinuity of &;, we show that all sublevel sets
Jo i={v eV :&(v) < a} are closed in V for all @ € R and t € [0,7]. So, let

€ [0,7], a € R and u, — u in V as n — oo be a strongly converging sequence
in V with u, € J, for all n € N. Then, obviously u, € D for all n € N and
the sequence (u,)nen is bounded in WP (£2)™. Hence, there exists a subsequence
(relabeled as before) such that u, — u in Wy?(£2)™ and u,(z) — u(x) a.e. in 2 as
u, — u, where the latter convergence follows from the converse of the dominated
convergence theorem, see, e.g., BREZIS [35, Theorem 4.9, p. 94]. Since K is compact
and u,(x) € K a.e. in {2 for all n € N, there holds u(z) € K a.e. in {2 as well. We
obtain with the lemma of FATOU (see, e.g., BREZIS [35, Lemma 4.1, p. 90])

n—oo

& u) < limint | (;]Vun(w)\p W (@) 1 (@) — (F(E), U)o ) da
<a
from which u € J, follows. Together with the compact embedding
L) N WP ()™ <5 LE(2)™  for all s € [1,400), (4.0.4)
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which follows from the RELLICH-KONDRACHOV theorem (see, e.g., BREZIS [35,
Theorem 9.16, p. 285]) and an interpolation between the LEBESGUE spaces, this
implies that & also has compact sublevels sets in V' for every ¢t € [0,T]. Hence,
(3.Ea) and (3.Eb) are fulfilled. The condition (3.Ec) is due to (4.0.f) obviously
fulfilled. Now, we want to verify the chain rule condition (3.Ed) and the strong-weak
closedness condition (3.Ee). To do so, we show that & is A-convex uniformly in
t € [0,T], since in that case the energy functional complies with (3.Ed) and (3.Ee)
by Remark 3.2.2. First, the A-convexity of W yields

E(0v + (1 — O)w) < &) + (1 — O)E(w) + A1 — 0)8]|v — w2
< O0&(v) + (1 = 0)&(w) + AC(1 = 0)0]|v — w][F,

for all v,w € D, t € [0,T], and 6 € (0, 1), where we used the HOLDER inequality.
Therefore, there exists a A > 0 such that & is A-convex uniformly in ¢ € [0, 7. Since
the A-convex part of the energy functional is FRECHET differentiable, we obtain with
Lemma 2.2.5 and Lemma 2.2.7 that

£co&(u) iff &(x)=—-Au(x)+DW(u(x))+ dix(u(x)) forae xe 2

for all w € D, where in turn n(z) € dig(u(x)) C V* = LP (2)™ if and only if

[ n@w(@)de < | @) de
7 7
for all w € V with w(x) € K a.e. in {2, which follows from (2.2.3).

Finally, we show that the perturbation B fulfills Conditions (3.Ba) and (3.Bb).
We first show that B is continuous on sublevel sets of &. Therefore, let ¢, — ¢ in
[0,7] and u,, — w in V as n — 0o and sup,,ey e, E+(Un) < +00. Therefore, there
exists a subsequence (labeled as before) such that w,(x) — u(x) as n — oo for a.e.
x € (2. Since b is a CARATHEODORY function, we infer that

lim |b(x,t,, u,(x)) — b(x,t,u(x))| =0 forae xe?

n—o0

and by (4.0.3)

b(z, tn, un(2)) — b(@, t, u(@))| < |b(2, 1, un(@))| + [b(z, 1, u())|
< 2h(x)2Cy, for ae. x € (2,

where we have taken into account that (u,)neny and w are in the domain of &
and therefore takes their values in K almost everywhere. Thus, by the dominated
convergence theorem, there holds

lim || B(tn, w,) — B(t,u)||v

n—0o0

fim = s [ (bt (@) — b (@) w(@) de

lim < (/Q]b(w,tn,un(w)) ~ b(a, t, ()| dzc)

n—o0
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We continue by verifying that B is controlled in terms of ¥, and &. Let ¢ € (0,1),
then employing HOLDER’s and YOUNG’s inequality with ¢ € (0, %)

cty, (B(tc’ ) (’ o + 1)

<C(|Ih+ CbHLq m+1)
<C (||h||Lq*(Q) + 1)
<C

e IO FO s e +1)

c(pnwugp(mm + (L) g + 1] g

+C.,

g,p

t Ceppr H-f”g([O’T};Wfl,P*(_Q)m) + 1)
< B (&(uw)+1) forallue D,tel0,T],

for a constant 8 = B(f, h,p,q, K,§2) > 0, where C. , » = (p*(sp)ﬁ)_l. Hence,
Condition (3.Ba) and (3.Bb) are fulfilled as well. Therefore, by Theorem 3.2.3, for
all uy € D, there exists an absolutely continuous function w € AC([0,7; V') solving
(P1) in V* = LP" (£2)™ such that the mapping ¢ — & (u(t)) is absolutely continuous,
and the energy-dissipation balance holds

;!u(t)lwl,p o +/ W (w(t))da + (f(£), w(t))yr

0

+// (z, u(z, r), deu(z, 7)) + [Ou(z,r)|) dedr

—1—/0 min (V" (x,u(x,r),n + bz, t,u(x,t) + &(x,t)))) dedr

2 neB(0,1)
= gy + W)z + (7). u(s))

0

+/ 1pdr—/ / x,t,u(x,t)) - Oru(x,r)dedr

for all s,t € [0,T], where &(t) € 0&(u(t)) = Apu(t) + DWW (u(t)) + 0ix (u(t)) a.e. in
(0,7).
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Chapter 5

Linearly damped Inertial System

In this chapter, we investigate the abstract CAUCHY problem

{u”(t) + 0V (W (t)) + 0&(u(t)) + B(t,u(t),u'(t)) > f(t), te (0,7),
(5.0.1)
u(0) = ug, u'(0) = vy,
where ¥ is the dissipation potential, & the energy functional, B the perturbation, and
f the external force. The functionals and operators are defined on suitable spaces,
which will be specified below. Here, the main assumptions are that the leading part of
¥ is defined by a strongly positive, symmetric, and bounded bilinear form a, the energy
functional & is A-convex, and the perturbation B is a strongly continuous perturbation
of 0¥ and 0&;. Within the above-mentioned class of dissipation potentials, we
consider the following two cases separately: in the first case (Case (a)), we assume
that ¥(v) = a(v,v) and in the second case (Case (b)), we assume that ¥ = ¥ + Wy,
where ¥, (v) = a(v,v) and ¥ is a strongly continuous and convex perturbation.
Furthermore, we will specifically consider the case when &; is convex. As already
mentioned in Section 1.2, the energy functional and the dissipation potential are in
general, defined on different spaces. An illustrative example in the smooth setting
that satisfies all assumptions above is given by

Opu — V - (AV@tu) +v \8tu|q72 ou —V - (|Vu\p_2Vu) + W' (u) + b(u, Ou) = f,
where p,q > 1 are to be chosen suitably, v > 0, 4 : R — R? is a linear, symmetric,

and elliptic operator, W : R — R is a double-well potential given by W (u) =

i(u2 —1)%,b: R — R a lower order perturbation, and f : R — R an external force.

The energy functional and the dissipation potential are given by

E(u) = /Q <;|Vu(a:)|p + i(uQ(x) - 1)2> dw
and
W(v) = /Q <A(I)VU($)-VU(I) + Z|v(x)|q) da
and the perturbation is (formally) given by

(B(u, v), )2 = /Q b(u(z), v(@))w(z) de.
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Note that if v = 0, we are in Case (a) and if v > 0, we are in Case (b). More, in
particular, multi-valued applications will be discussed in Section 7.1 and 7.2.

5.1 Topological assumptions and main result

In the following, let (U, ||-||v), (V, || |lv), (W, ||-|lw) and (W, ]|- l|;77) be real, separable,
and reflexive BANACH spaces and let (H,|- |, (+,-)) be a HILBERT space with norm
| - | induced by the inner product (-, -).
We will assume the dense, continuous and compact embeddings
UnvSUSwh e by by by
Unv S vawd g g bwed vy g
and if the perturbatlon does not explicitly depend on u or u/, then we do not need to
assume U <5 Wor V <5 W, respectively, but instead that V' <—> H. We stress that we
neither assume U < V nor V' < U. The spaces can coincide if a certain embedding
is not assumed to be compact. For instance, the cases V = U, W=HoW=H
are admissible. Introducing the spaces W and W allows us to make use of the finer
structure of the spaces which enables us to treat additional nonlinearities of lower
order. As examples for the appearing spaces, we can think of the SOBOLEV spaces
U = WFr(2),V = H () and the LEBESGUE spaces W = L4(2) and H = 12(2)
or U = WFrP(2),V = WP(Q2), W = H(2) and H = L?(02) for suitably chosen
numbers k, [ € N and real values s,p,q > 0.

Before we present the precise assumptions on the functionals and the operators,
we recall some functional analytical facts. First, the space U NV equipped with
the norm || - [[unv = || - |lv + || - [[v is a separable and reflexive BANACH space
and the dual space is given by (U NV)* = U* + V* with the norm ||{[|p+yv- =

infe, cos eper max{||&| |&a]|v+}, see Example 2.3.6. Furthermore, the duality
=&1+62

pairing between UNV and U* 4+ V* is given by

U+,

<f )(U*+v*)x(Umv <f17 >U*><U + <f2au>V*><V; uelUny,

for all v € U NV and any partition f = f; + fo with f; € U and f; € V. Second,
for any p € [1, +00|, there holds I?(0,7;U) N L*(0,7;V) = L?(0,T;U N'V), where
the measurability immediately follows from the PETTIS theorem, see, e.g., DIESTEL
& UHL [58, Theorem 2, p. 42]. And third, for the BANACH spaces X,Y €
{UNV,U,V,W, W, H} satisfying the embedding X < Y, there holds

<f7v>X*><X:<f7U>Y*><Y lfUGXandeY*

see, e.g, BREZIS [35, Remark 3, pp. 136] and GAJEWSKI et al. [84, Kapitel 1, §5].

Now, we want to collect all assumptions concerning the dissipation potential ¥, the
energy functional &£, the perturbation B as well as the external force f. Since the the
subdifferential of the main part of ¥ is linear, we refer to the inclusion (5.0.1) in the
given framework as linearly damped inertial system (U, V., W, W ,H,E, W, B, f). The
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assumptions we make for the linearly damped inertial system resembles the structure
to those we made for the perturbed gradient system where the same evolution
inclusion has been investigated after neglecting the inertial term «”(¢). Involving
inertia makes the situation much more delicate. As a consequence, we will impose,
in general, stronger conditions on the functionals and operator in order to ensure
solvability of the problem. Hereinafter, we collect the assumptions for the dissipation
potential ¥ and remind the reader that we distinguish two cases (a) and (b).

(5.¥) Dissipation potential.

Case (a): we assume that there exists a strongly positive, symmetric, and
continuous bilinear form a : V' x V — R such that ¥(v) = 3a(v,v), i.e., there
is a constant p > 0 such that

pllv]| <¥(v) forallve V. (5.1.1)

Case (b): we assume that ¥ = ¥ + ¥, where ¥;(v) = 1a(v,v) with the
bilinear form a : V x V — R as above and ¥, : W — R to be a lower
semicontinuous and convex functional with ¥5(0) = 0 satisfying the following
growth condition: there exists a positive number ¢ > 1 and constants ¢, C >0

such that
llvllly = 1) < Wa(v) < C’(||v||‘{,v +1) forallveW. (5.1.2)

In addition, we assume that ¥, is GATEAUX differentiable on V' with derivative
Dg¥, being continuous as mapping from W to U* 4+ V* and satisfying the
following growth condition: for all R > 0, there exists a positive real constant
Cr > 0 such that

| D (v)||gegv < Cr(l+ 0| ") for all v € W with |u| < R, (5.1.3)

Remark 5.1.1
i) Assumption (5.¥) yields the convexity and continuity of the mapping v +— ¥ (v).

i)

Furthermore, ¥ is GATEAUX differentiable with the GATEAUX derivative given
by a positive, linear bounded and symmetric operator A : V' — V* such
that 0¥ (v) = {Av} and the potential can be expressed by ¥(v) = (Av,v).
Assumption (5.W) implies that the LEGENDRE-FENCHEL transform ¥* of
¥ is convex, continuous, finite everywhere, i.e., dom(¥*) = V* and can be
explicitly expressed by ¥*(§) = 3(&, A7), where A™' : V* — V is also
continuous, symmetric and positive, which follows from the LAX—MILGRAM
theorem, see, e.g., BREZIS [35, Corollary 5.8, p. 140].

From the properties of the conjugate, we obtain from (5.1.1) and (5.1.2) the
following growth condition for the conjugates ¥y : V* — R and ¥3 : V* —
(—00, +00]: there exist positive constants ¢, C' > such that

cllélly- <wi () < ClElf- forall € € V7,
(1€, — (1€ i * 5.1.4
(€Il 1)}%(5)§{0<Hs bet1) ifgew (5.1.4)
~+00 +00 otherwise |,
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where ¢* > 1 denotes the conjugate exponent of ¢g. In order to justify the
formula (5.1.4), it is not restrictive to show it for ¥?(v) = éHvH%V, veV. To
do so, we employ Lemma 2.3.2, which shows that the conjugate function f*
of any proper, convex, and lower semicontinuous function f : V — R is also

proper, convex, and lower semicontinuous, and that f** = f. Thus, defining
v . V* — R through

F(e) = LlIElly it & ewr
~+00 otherwise ,

it follows that ¥ is a proper, convex, and lower semicontinuous function on
V* which easily follows from the fact that a function is convex and lower
semicontinuous if and only if its epigraph is convex and closed, see Lemma
2.1.2. Then, we show that ¥* = ¥, which in turn implies ¥ = ¥ = ¥** where
the first equality follows from

cev-
1,
= sup 3 (& V)wew — — €]l
EeW q
1
= ~|loll¥y

=W(v) forallvelV,

where we have used that (qi

|l%)* = L[vll§y on W, see Example 2.3.4.

i71) We remark that we could also allow for a time-dependent dissipation potential
¥, = ¥} + ¥? when we assume that t — a(t,u,v) € C([0,7]) N CY(0,T) for
all u,v € V and a strong monotonicity and boundedness of A(t) : V — V*
uniformly in time as well as a slight modification of Assumption (3.Ec) and
(3.Bb), whereas for ¥ we would assume that for all ¢ € [0, 7], the functional ¥?
is lower semicontinuous, convex and GATEAUX differentiable with continuous
GATEAUX Dg¥? being continuous on [0, 7] x W and satisfying the Conditions
(5.1.2) and (5.1.3) uniformly in time. For simplicity, we will not consider this
case here.

We proceed with collecting the assumptions for the energy functional £. To do so, we
define Vy =U if A\=0and V, =U NV if A > 0. We make this distinction because
for the convex case, i.e. when A = 0, we will obtain a stronger result meaning that
the initial value ug can be chosen to be in dom(&;) instead of dom(&;) NV as in the
A-convex case with A # 0, and that the subgradient of &; is in U* instead of U* + V*,
see Theorem 5.1.4.

(5.Ea) Lower semicontinuity. For all ¢ € [0, T, the functional & : U — (—o0, +00]
is proper and sequentially weakly lower semicontinuous with time-independent
effective domain D := dom(&;) C U for all ¢t € [0,T]. Furthermore, the set
DNV is dense in D in the topology of U, and if & is convex, the interior of
D is non-empty.
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(5.Eb)

(5.Ec)
(5.Ed)

(5.Ee)

(5.Ef)

Bounded from below. &; is bounded from below uniformly in time, i.e.,
there exists a constant Cy € R such that

E(u) > Cy forallueU andte[0,T].

Since a potential is unique up to a constant, we assume without loss of
generality Cy = 0.

Coercivity. For every t € [0,T], & has bounded sublevel sets in U.

Control of the time derivative. For all u € U, the mapping ¢t — & (u) is
in C([0,7]) N CY(0,T) and its derivative 9,& is controlled by the function &,
i.e., there exists C; > 0 such that

10:&(u)| < C1&(u) forall t € (0,T) and u € U.

Closedness of Gr(9€). For all sequences of measurable functions (t,)nen
with t,, : [0,7] — [0, 7], n € N, (up)nen, (§n)nen, and measurable functions
u, & satisfying

a) t,(t) —t fora.e. t € (0,7), as n — oo,

b) 3C2 > 0 sup,en e, E(un(t)) < O,
c) &n(t) € O, 1y (un(t)) ace. in (0,7),n € N,

)

d) u, —dig = u — T in L>®(0,T; V) and u,, — @iy — u — G in L2(0,T; V)
for any iy € D and &, — £ in L*(0,T;Vy) as n — oo. Additionally,
there exists a constant C'5 > 0 such that for sufficiently small A > 0,
there holds Case (a):

sup lontin — Un|lL20,0-ny) < Csh (5.1.5)
ne

Case (b):
SUII\]) lontn = tn||r2(0,7—hv)nLr o r—nwy < Csh, (5.1.6)
ne

where 0,v 1= X[o,r—nv(- + h) for any function v : [0,T] =V,

€) Hmsup, o0 Jy (€a(t) = £(), wn(t) — u(t))vy iz dt <0,

we have the relations

£(t) € O E(u(t)) C VY, Ew(un(t)) = E(u(t)) asn — oo
and limsup 0, (un(t)) < 0i&i(u(t)) for ae. t € (0,T).

A-convexity. There exists A > 0 such that for every ¢t € [0,7], the energy
functional & is A-convex on V' (by extending € on V), i.e., for all u,v € UNV
and ¥ € (0, 1), there holds

E(Wv + (1 — D)) < IE() + (1 — NE(u) + W1 — Dl —ul>.  (5.1.7)
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(5.Eg) Control of the subgradient. There exist constants Cy > 0 and o > 0 such
that

€]

We first give a few relevant comments on these assumptions that will be important
later on.

Remark 5.1.2
i) From Assumption (5.Ed), we deduce again with GRONWALL’s lemma (Lemma
A.1.1) the chain of inequalities

e~ Glt=sle (u) < E(u) < eC1sIg (u)  for all st € [0,T], u € D.

Ve < Cu(L+&(u) + [ullvy) VE€[0,T],u € D(Ow&), € € Ov,E(u).

In particular, there holds

G(u) = sup &(u) < e inf &(u) forallu € D.
te[0,T] te[0,T]

i1) In Case (b) it is possible to improve the assumption of A-convexity in the
following way: there exist positive constants A\;, Ay > 0 such that

E(Wu+ (1 =) <& (u) + (1 —9)E(v)
+9(1—9) (/\1||u — ||} + XV (u — U)%|u - U|>

for all w € D,v € V and 9 € (0,1), where ¢ > 1 comes from Assumption
(3.Wa).

Finally, we present the assumptions on the non-variational non-monotone pertur-
bation B and the external force f.

(5.Ba) Continuity. The mapping (¢, u,v) — B(t,u,v) : [0,T] x W x W — V* is
continuous on the sublevels of G, i.e., for every sequence (t,, un, vn) — (t,u,v)
in [0,T)xWxW with sup,cyG(u,) < +oo, there holds B(t,, u,,v,) —
B(t,u,v) in V* as n — 0.

(5.Bb) Control of the growth. There exist positive constants 5 > 0 and ¢, v € (0, 1)
such that
—B(1,u, y
v (“‘”) < B(1+ E(u) + o] + ¥ (v)")

C

foralue DNV,v eV, te0,T].

(5.f) External force. There holds f € L2(0,T; H).

Remark 5.1.3 i) In fact, the continuity of the perturbation with image in V*
is only needed to show the energy-dissipation inequality (5.1.10). If we only
address the existence of solutions to the inclusion (5.1.9) without the energy-
dissipation inequality, then it is sufficient to suppose that B : [0, T] x W x W —
U* 4+ V* is a mapping with values in U* 4+ V* which is continuous on sublevel
sets of the energy, see Example 7.3 for such an instance.

i1) The condition (5.Bb) can be relaxed to f € L*(0,T; H) + L*(0,T; V*) in the
Case (a) and to f € LY(0,T; H) + L2(0,T; V*) + L7 (0, T; W*) in the case (b),
where ¢* > 1 is again the conjugate exponent to ¢ > 1 from Assumption (5.¥).
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5.1.1 Discussion of the assumptions

Having collected the assumptions on the system (U, V, W, H,E, ¥, B, f) system, we
want to discuss several conditions more in detail apart from the assertions and
implications made in the remarks. As for perturbed gradient systems, we want to
discuss the practical meaning of the assumptions and provide sufficient conditions
for them to hold true.

As we already mentioned in Section 1.2, evolution equations of second order are,
in general, more delicate than evolution equations of first order because of the
nonsmoothing effect in time caused by the term Oyu. This leads to a formation of
discontinuities or a blow-up of a solution in finite time despite having smooth initial
data which makes it more difficult to prove strong solutions, see, e.g., ZEIDLER [164,
Section 33.7] for a discussion of these phenomena in connection with problems arising
in physics. Therefore, we need well-adjusted assumptions which are, in general,
stronger than for perturbed gradient systems. However, here we deal with the case
where the energy functional and the dissipation potential are defined on different
spaces which has not been considered in Chapter 3.

Ad (5.W). Here, the dissipation potential is (in Case (b)) the sum of a leading
part ¥y, which is defined by a strongly positive and bounded bilinear form, and a
strongly continuous perturbation ¥, of polynomial growth. As mentioned in Remark
5.1.1 7), the subdifferential 0¥ = { A+ DgW¥?} is given by a positive, linear, bounded,
and symmetric operator A and a strongly continuous perturbation Dg¥2. The
important assumption here is that A is a positive, linear, bounded, and symmetric
operator, which is crucial in identifying the limit of a sequence of approximate
solutions stemming from a discretization scheme, see Section 5.2. As we mentioned in
Remark 3.2.1 iii), we can allow more general time-dependent dissipation potentials.
However, we will not assume that for simplicity.
Admissible examples of dissipation potentials are, e.g.,

Wl(v):;/Q|V”v(w)|2dw and (o) :;/Q|va(w)|pd:c

on the SOBOLEV space H"((?2) for any m,n € N with m < n and p € (1, 400) such
that the compact embedding H*(£2) <> L7(£2) holds.

Ad (5.E). As for perturbed gradient systems, we assume that the effective domain
of & is time-independent, which in fact is already implied by Condition (3.Ed), see
Remark 5.1.2 7). The assumption that D NV is dense in D in Condition (5.Ea)
ensures the existence of an approximating sequence in D NV to any initial value
ug € D, which is needed in order to obtain a priori estimates for the interpolations
in Lemma 5.3.1. The non-emptiness of D in the case that & is convex ensures the
existence of a continuity point for &, see EKELAND & TEMAM [69, Corollary 2.5., p.
13], which in turn allows us to use the variational sum rule in Lemma 2.2.7.

The Assumption (5.Ee) replaces the strong-weak closedness condition (3.Ee) for
0&; in Chapter 3. The same assumption can not be made here, since we do not obtain
a pointwise strong convergence U, (t) — u(t) in V as n — oo later in the proof of
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the existence result due to the fact that U is not assumed to be compactly embedded
in V. Instead, we have weak convergence on certain BOCHNER spaces. As we have
seen by Lemma 2.4.2 and Lemma 2.6.1, a sufficient condition for the subdifferential
of a convex functionals to be weak-weak closedness on a suitable BOCHNER space
is given by Condition (5.Ee) e). However, since & is not convex but A-convex, the
above-mentioned lemmas can not be employed directly and therefore we enforce the
implication by imposing this condition which also encounters for the time dependence
of the energy functional. The condition is formulated in such a way that it can
be applied to the piecewise constant interpolations u,(t) := U" and t,,(t) = t, for
t € (tn—1,t,) arising from a discretization scheme, see Section 5.2. For a sequence of
weakly differentiable functions (uy,)nen the conditions (5.1.5) and (5.1.6) are satisfied
when it is bounded in H?(0,7; V) and H?(0,7; V) N W (0, T; W), respectively.
The Condition (5.Eg) is necessary to obtain appropriate a priori estimates for
the subgradients of &, which in turn is needed to obtain a priori estimates for u”.
The situation was different for perturbed gradient systems, since the subdifferential
of & could be controlled by ¥, . In this situation, the sum of the subgradient of &
and u” are controlled by ¥* which necessitates independent estimates. Condition
(5.Eg) could be replaced by the more general condition that 0&, is a bounded operator.

Ad (5.B). Due to the same structure of the conditions for the perturbation in
perturbed gradient systems and here, the same conclusions hold here as well. The
difference is that here the perturbation also depends nonlinearly on u'.

Having discussed all assumptions, we are in a position to state the main result
which includes the notion of solution to (5.0.1).

Theorem 5.1.4 (Existence result) Let the linearly damped inertial system
(U,V,W,H,E, ¥, B, f) be given and fulfill Assumptions (5.E), (5.¥) and (5.B) as
well as Assumption (5.f). Let the initial values ug € D NVy and vy € H be given and
assume that there exists a sequence uf € DNV such that

uf —ug inVyask —oo  and ilelg Eo(uf) < +oc.

Then, there exists a strong solution to (5.0.1), i.e., there exist functions

u € Cyu([0,T];U) NW°(0,T; H) with u' € L*(0,T;V), &&L>®0,T;Vy),
(5.1.8)

additionally satisfying v € H*(0,T; U* + V*) in Case (a) and uw € WH4(0,T; W) N
W2mind2.a} (0 T, U* + V*) in Case (b) such that the initial conditions u(0) = ug in
Vi and u/'(0) = vy in H as well as the inclusions

£(t) € O, Ex(u(t)), f(t) eu"(t)+ 0P (U () +&(t) + B(t, u(t), u'(t)) inU* (+ v*)
5.1.9

are fulfilled for almost everyt € (0,T). Furthermore, the energy-dissipation inequality
1
5|u< I+ Eul) + [ @) + 7 (S() — €0) — (1)) dr

< 5|u( $)2 + &(u +/ 0,&,( d7~+/ MNyoydr,  (5.1.10)
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holds for all 0 < t < T for s = 0, and almost every s € (0,t), where S(r) =
f(r) = B(r,u(r),u'(r)), r € [0,T], and V\ = U if & is convex, i.e., X = 0, and
V\=UnNV if & is A-convex with A > 0.

5.2 Variational approxiomation scheme

The proof of Theorem 5.1.4 is based on the construction of strong solutions to (5.0.1)
via a semi-implicit time discretization scheme similar to Chapter 3. More specifically,
we will employ a semi-implicit EULER method where all terms will be discretized
implicitly, except for the non-variational perturbation term B in order to obtain a
variational approximation scheme to inclusion (5.0.1). Therefore, let for N € N\{0}

L={0=ty<t; < - <t,=nt<---<ty=T}

be an equidistant partition of the time interval [0, 7] with step size 7 := T'/N, where
we omit the dependence of the nodes of the partition on the step size for simplicity.
The discretization of (5.0.1) is then given by

Vn — Vn—l
T O (V) 4 0, (UD) 4 B (4, U2 V) S 7 in U 4V
-
(5.2.1)
for n = 1,..., N, where V? = v, V" := U?%U:l_l, and fr =21 [/* f(o)do,n =
1,...,n, where Oy, denotes the subdifferential operator with respect to the strong

topology of V). The inclusion (5.2.1) is equivalent to saying that there exists a
subgradient £ € 0y, &(U) such that

Vn _— Vn—l
S DU (V) € 4 B (1, U V) = i UV

T

where DeW (V") = AV in Case (a) and D (V") = AV + DWW, (V.") in Case (b).

The values U = u(t,) and V* ~ u/(t,) shall approximate the exact solution and

its time derivative, and are to be determined successively from (5.2.1). By Lemma
2.2.5, it follows that the approximate value U” is characterized as the solution to the
EULER-LAGRANGE equation associated with the mapping

w s O(7,t,_y, U U2, B(t,, UM, V) — f7u),

T T T

where
1 9 U—v
O(r,t,v,w,n;u) = 2—7“2|u —20—w|*+r¥ <7’) + Eir(u) + (N, u)yexy

forr e R*%, ¢t € [0,T) withr +t € [0,T],u € D,v € V,w € H, and n € V*.
We end up with the recursive scheme

Ul e DNV and V? € V are given; whenever U!,... U ' € DNV are known,
find U;L S J7'7tn—1 (U?_17 U;—l_z; B(tm U:J_17 Vrn_l) o f?)
(5.2.2)
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for n = 1,..., N, where J,.,(v,w;n) = argmin ,ny ©(r,t,v,w,n;u) and U-! =
Ul —vOor.
The following lemma ensures the solvability of the variational scheme (5.2.2).

Lemma 5.2.1 Let the linearly damped inertial system (U,V, W, W, H,E, W) be given
and let the Conditions (5.Ea)-(5.Ec), (5.Ef), and (5.¥) be fulfilled. Furthermore,
let r € (0,7) and t € [0,T) withr +t < T as wellastVwEH and n € V*.
Then, the set J,,(v,w;n) is non-empty and single valued if r < {5, where p and
are from (5.¥) and (5. Ef) respectively. Furthermore, to every u € J,+(v,w;n) there
exists & € Oy, E(u) C V¥ such that

u—20—w
2

+Dgw( >+€+77—O in U+ V™.

r r

Proof. Since the proof is similar for the cases (a) and (b), we restrict the proof by
showing the assertion for the case (b). Let u € DNV,v € V;w € H,n € V*, and
r € (0,7),t € [0,T) with r +¢ < T be given. Employing the FENCHEL—Y OUNG
inequality, we obtain

1 u—v
O(r, t,v,w,n;u) = ﬁm — v+ w|* +r¥ ( ) + &g (u) + (M, u)yesv

”) A (“ - ”) + & (1)

1
= ﬁ|u—2v+w|2+7“wl <u
r

+ (0, V) vexy
u—vl|?

1
2 —lu—20+w]*+ %(u—v)—l—ré(

= - 1) + & (u)

+ (1 u = v)vexy + (0, 0)vexy
1 1
> ﬁ]u — 20+ w|* + (r - E) Uy (u—v) —1é+ Epr(u)

— 5@1* (-Z) — <777U>V*><V (523)
1 1
> ﬁ]u—2v+w|2+ (7“_€> Uy (u—v) — ey (Z) —ré
- <naU>V*><Va

where 0 < & < % This implies, on the one hand, inf,cpny @ (7, t, v, w,n;u) > —o0.
On the other hand, we observe that

<7 i 2 u *
ot @t v i) < 5= 20wl () € (@) = vy
(5.2.4)

for any ug € DNV, so that inf,cyny @(r, ¢, v, w,n;u) < +00 holds as well. It remains
to show that the global minimum is attained by an element in D N V. In order to
show that, let (u,)nen € U NV be a minimizing sequence for @ (r, ¢, v, w,n;-). From
(5.2.3) and the coercivity of ¥; and £, we deduce that (u,)neny C U NV is contained
in a sublevel set of ¥; and &, and thus bounded in U N V. Hence, by reflexivity of
U NV, there exists a subsequence (not relabeled) which converges weakly in U NV
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to a limit @ € U N'V. By the sequential weak lower semicontinuity of the mapping
u— O(r,t,v,w,n;u) on UNV, we have

Y < T . _ .
O(r,t,v,w,n;u) < 11g£f®(r,t,v,w,n,un) 56182‘/@(7375’“’1”’777“)’

and therefore, v € J,+(v,w;n) # 0 and w € DNV. If r > 0 is sufficiently small, then
there is a unique global minimizer. Indeed, assuming there are two different global
minimizer g, t; € D NV, then in view of the A-convexity of &, the convexity of
W, and the fact that | - |? and ¥ fulfil a parallelogram identity, we obtain for every
s €(0,1)

O(r,t,v,w,n; st + (1 — s)uq)
< sO(r,t,v,w,n;8) + (1 — $)O(r, t,v,w,m;81) — s(1 — s)|do — @i |* + AT — @}

s(1—s ~
) . . . s(1 —s N . . .

= ﬁglljlrglv(l)(r,t,v,w,n;v) — (1 — 8)|ig — U |* — u%(uo — i) + M|tio — @ ||}
. _ ~ _ s(1—s) A . _

< 5) — s(1 — o (=2 A —

< ﬁéf(ljlélVQ(r,t,v,w,n,v) s(1 — 8)|ag — @) ( . M) Wy (g — 1),

where we also used the strong positivity of ¥; with constant g > 0. Choosing s = %,

the uniqueness follows. In order to prove the last assertion, we first assume that
the energy functional is A-convex with A > 0. Then, from FERMAT’s theorem,
we know that for any minimizer u € J,. (v, w;n), the functional ®(r,t, v, w,n;-) is
subdifferentiable in u and there holds

0 € Oy @(r,t, v, w,n;u)

1
= Oynv (]u —2u+w] +r¥ (
272

uUu—vv

) + Er(u) + (n, U>V*><V)

Since all terms expect from the energy functional are convex and GATEAUX differen-
tiable on the space U NV, we obtain with Lemma 2.2.5 that & is subdifferentiable
in v and there holds

U — 20—

w u—7v
2 + DGg/ (T) +nc aUant(u).

Thus, we define § 1= *=24=% 4 DoV¥ (“7”) +n € U*+V*. Now, we consider

T

the case when A = 0. Then, we define the functionals ¥ : U — (—00, +00] and
h:U — (—o0,+00] by

~ Uw) ifoeVnU V)= itoeVnU
U(v) = () _ and h(v) = 0 D) _

400 otherwise. +00 otherwise.
It can be shown that ¥ + A is proper, convex, and lower semicontinuous on U.
The first two properties are readily seen. For the lower semicontinuity, we make
use of the equivalent characterization of the lower semicontinuity which states
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that all sublevel sets are closed in the strong topology of U. Thus, let a € R
and (tp)neny C Jo i= {0 € U : ¥(0) + h(?) < a} such that u, — u € U as
n — co. We want to show that u € J,. From the definition of ¥ and h, there holds
Jo={0 €U :¥0)+ n,0)yvxy < a} and that (u,)ney is bounded in V' by the
coercivity of ¥ on V. Hence, there exists a weakly convergent subsequence (labeled
as before) such that u, — @ € V as n — oco. Therefore, (u,)nen is bounded in
U NV and from the reflexivity of U NV, we can extract a further weakly convergent
subsequence (labeled as before) such that u, — @ € UNV as n — oo. We obtain,

(f, @>(U*+V*)x(UmV) = (f1, Wu+xv + (fo, W) vexv

- nh_}r{.lo ((flaun>U*><U + <f2,un>v*><v)

= (fi, Wv-xv + (f2, Qv xv

for all f = fi + fo € U* 4+ V* and in particular for all f € U* and f € V* whence
u=u=uin UNV. From the weak lower semicontinuity of ¥; on V', we obtain

W (w) + (1, uyey < lminf (@ (u,) + (9, 0)vexr) < @,
and thus, u € J,, from which the lower semicontinuity on U follows. Noting that
,in @(r,t,v,w,7;0) = min O(r,t,v, w,7; )
— min (|3 2 (U0 v G
= min (27~2|U —2v4wl*+r (r) + Epr(u) + (v)) ,
we obtain again by FERMAT’s theorem

0€e 8U(i)(r,t,v,w,17;u)
u—v

1 ~
=0y <W|u—2v+w|2+rkp ( ) + Epr(u) —|—h(u)>

for any global minimizer v € J,;(v,w;n). In order to decompose the elements of
the subdifferential of the sum of the functionals in terms of the subgradients of
each functional, we employ Lemma 2.2.7 and note that with Remark 5.1.2 7) all
assumptions of that lemma are satisfied. Hence, there holds

1 ~ (U —V
Ou <2702|u — 2+ w|? +r¥ <7"> + Epr(u) + h(u))

=0y (2172|u —2v + w\2> + 0y <r@ <u;v> + h(u)) + Oy&iyr(u)

and therefore there exists a subgradient £ € dy&;.,(u) such that
_ 9y — s —
—W—ge&] (7’@ (u U) —i—h(u)).
r r

Unfortunately, we are not allowed to decompose the right subdifferential further,
since the functional A is, in general, not lower semicontinuous on U. However, since
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the sum is proper, convex, and lower semicontinuous on U, we can make use of the
equivalent description of the subdifferential by the inequality

r@(u_v>+h(u)—r@<®_v>+h(f})§<—u_2v_w—{,f}—u>

r r 72

U*xU

for all ¥ € U and in particular
¥ (u ; U) + (n, uyyexy — ¥ <
<_u—21)—w —5,17—u>

r2

U — 0

) — (0, 0)vexv

r

<

(U*+V*)x(UNV)
for all v € U NV, which in turn implies

U — 20— w

2 _feaUmv(w(

:DGW<u_U

uUu—v

) + <777U>V*><V>

)+n€U*+V*,

r

which means that we can decompose the elements of the subdifferential in the weaker
space U* + V*. We finally obtain
u—20—w U—v
—T—’—Dgﬁp (7’) +£+?7 in U*+V*,
and hence the completion of the proof.
m

5.3 Discrete Energy-Dissipation inequality and a
priori estimates

Since the previous lemma ensures the solvability of the approximation scheme (5.2.2),
we are now able to define piecewise linear and constant interpolations which will
interpolate the values (U™)N_; and (V")) for every T > 0, respectively, and we
will derive a priori estimates for them. The interpolations shall approximate the
desired solution to (5.0.1) and its derivative, and are therefore also referred to as
approximate solutions to (5.0.1). In order to define the approximate solutions, we
assume for the moment that ug € DNV and vg € V. In the main existence proof, we
will then approximate the initial values from D NV, and H by sequences from VNV
and V, respectively. For 7 > 0, let (U™)Y_, € DNV be the sequence of approximate
values obtained from the variational approximation scheme (5.2.2) for U? := g and
VY := v5. Moreover, let (£€")Y_, C Vy be a sequence of subgradients of the energy
determined by the preceding lemma and satisfying & € o, &, (UF),i=1,...,N
and (5.2.1). The piecewise constant and linear interpolations are defined by

U.(0) = U,(0) = U,(0) := U° = uy and
~ t, —t t—t,—
U (t) =01 Ul(t) = %Uj‘*l + %Uf for t € [ty_1,tn), (5.3.1)

U,(t):=U" forte (ty1,t,) and U (T)=UN,n=1,...,N,
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as well as
V,(0) = V.(0) = V.(0) := V" = v and
~ tn — 1 . t—tn—
V() :=Vr T Vit) = 2—vr 4 — Y fort € [tai,tn), (5.3.2)
T T

V.(t):=V" forte (ty_1,t,] and V (T)=VY, n=1,... N,

T T

where V' = U;L%U;H for n =1,..., N. We note that [7; =V, in the weak sense.
Furthermore, we define the functions &, : [0,7] — Vy¥ and f, : [0,7] — H by

&) =€, f)=fr= / flo for t € (fy1,tuln=1,...,N,
tn—1
(5.3.3)
&(T) =€ and f(T) = fY.
For notational convenience, we also introduce the piecewise constant functions
t;:[0,7] = [0,7] and t, : [0,7] — [0,T] given by

T(t) =1 for ¢ S (tn—ht'fb]u

t
5.3.4
(t):=t, forté€l[t,_1,t,), n=1,...,N. ( )

e+ e+

Obviously, there holds t,(¢) — ¢t and t.(¢) — ¢t as 7 — 0.
At last, we are in a position to show useful a priori estimates.

Lemma 5.3.1 (A priori estimates) Let the system LDS (U, VW, W, H,E, W, B, f)
be given and satisfy the Assumptions (5.E), (5.W), (5.B) as well as Assumption (5.f).
Furthermore, let U,, U, UT,VT,VT,\A/T,Q’T and f, be the interpolations defined in
(5.3.1)-(5.3.3) associated with the given initial values uy € DNV, vy € V and the step
size T > 0. Then, the discrete energy-dissipation inequality

V0 + e @)+ [ @020) 40 (520) = Vi) - &)
< i\WS)! + 65,9 T (o) + (()) OEU A+ [ (S0, Ty
+7A - ||V ()| dr (5.3.5)

holds for all 0 < s <t < T, where S;(r) := f.(r) — B(t,(t),U,(t),V..(t)),r € [0,T].
Moreover, there exist positive constants M, 7" > 0 such that the estimates

sup V(1) <M, sup &(T.(1) <M, sup [%&(U, ()| <M, (536)

t€[0,T] t€[0,T] t€[0,T

/ L@ (V) + 0 (S:0) - V) — &) dr <M (5.37)
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hold for all 0 < 7 < 7*. In particular, the families of functions

(Ur)o<r<re C L™(0,T50), (5.3.8a)

(& )o<r<rs C L0, T;VY), (5.3.8b)
in Case (a)

(Vi )ocr<r CL2(0,T;V)NL®(0,T; H), (5.3.8¢)

(V) ocrere C L20,T;U* +V¥), (5.3.8d)

(Br)ocrer C L2 (0,T5V), (5.3.8¢)

in Case (b)

(Vi )ocr<r C L2(0,T; V) NLY0, T; W) NL®(0,T; H), (5.3.8f)
(VDo<rers € LM (0, 7507 4+ V), (5.3.8g)
(B, )ocrers C LE(O, T; V) + LY (0,7, W), (5.3.8h)

are uniformly bounded with respect to T in the respective spaces, where B.(t) =
B(t:(t),U.(t),V..(t)), t € [0,T], ¢* > 0 is the conjugate exponent of ¢ > 1, and
v € (0,1) stemming from Assumption (5.Bb). Finally, there holds

tS;é%] (HQT(t) - UT<t>||V + ||U7(t) - UT(t>||V> — 0

sup (HKT(t) — V. (O)|lgesve + ||V (t) = VT(t)l\U*+v*> 0

te[0,7]

(5.3.9)

as T — 0.

Proof. Let (UM)N_, € D NV be the approximative values obtained from the
variational approximation scheme (5.2.2) and let (€®)™_; € U*+V* be the associated
subgradients. Then, by Lemma 2.2.5, the approximate value U solves the EULER—
LAGRANGE equation (5.2.1), i.e.,

Vr — Vn—l
SP— T T e QW (V) = {Da¥ (V")) and &' € &, (UD),

' (5.3.10)

where S™ := f" — B(t,, U, V""!). Due to Lemma 2.3.1, the first inclusion is
equivalent to

v — Vn—l Vn — Vn_l
(V) + 0 (Sf - —é?) = <S£ - :,Vf>
T 7 VExV

and the second one implies

—(gup—urty < EUMY) = &, (UR) + N|UP = U

VixVy

tn
=&, (U =&, U+ | SEUr T dr

tn—1

+AIUF = U
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foralln =1,..., N. Using the identity

1
(u—v,u) = 5 (|u|2 — | + |u — v|2) for all u,v € H (5.3.11)
and the fact that (w,v)y«xy = (w,v) for v € V and w € H, we obtain
1 v —yn-t
QW¢P+&AwD+ﬂMMw+ﬂW($%—TT—@)—rw"VWVMf

(5.3.12)
1 tn
< §|VT”‘1|2 + &, (U + O E (UM N dr + MU = UPHIT

tn—1

for all m = 1,..., N, which, by summing up the inequalities, implies (5.3.5). In order
to show the bounds (5.3.6) and (5.3.7), we make use of the following estimates: first,
from Assumption (5.Bb) and the FENCHEL—YOUNG inequality, we obtain

FSIV) = (Bl U2 V) 2V
< B(tn,U" 1aVrn 1)>VT>V*><V+< :avrn>V*><V

—B tn’Ufiav;nil T n n
( )+ S+ 1)
c 2

< e (VI) + 7801+ &, (UM + [V + o (V)Y

T n n
+ P+ V),
< erW (V) + 781+ &, (UF ) + [VITHP) + e (V) + 7C

T n n
+S (P VP,

<ecr¥ (V') +crd” (

for positive constants e, C' = C(g, 3) > 0 such that ¢ < 15¢ and C' = 61 —. Second,
by the strong positivity of ¥; and the growth condition for Uy, we have in Case (b)

pllUr = UP I = pr?[VES < 7200 (V) + 720 (V) + 726 = 720 (V) + 7°¢
T T \4 T Vv T T T

where ¢ > 0 is from Condition 5.1.2. In the Case (a), we only employ the strong
positivity of ¥ obtaining

pllUr = UF 1% = wr? VRl < 720 (V).

Finally, we use the estimate following from Condition (5.Ed),

tn—1

tn
/ 0,6, (U™ ) dr </ CL& (UM Yy dr < 01/ G(U™ V) dr.
tn—1 tn—1

Inserting all preceding inequalities in (5.3.12) and summing up all inequalities from
1 to n, we find a positive constant C' > 0 such that

VIR + G+ [ (1= aWT o) + 9 (:0) = T10) = &)

<C (\UO\Q + Eo(uwo) + T+ || fII 20,0 + gl—/(vo)) (5.3.13)

+C [T (V200 +6(T-0)



106 Chapter 5. Linearly damped Inertial System

where a(7) == c+¢ + 7'% < 1forall 7 < 7* := min{§(1 — c—¢),1} and «o(7) is
decreasing for decreasing 7. In the step (5.3.13), we made use of the estimate for
the interpolation f;

n

||fT||%,2(0,T;H) = Z 7'|f7]f;|2

k=1

—Z*I " f(0)dof

tre—1
tn
<3 [ ke = [" 1P < Iy G31)

Then, by the discrete version of GRONWALL’s lemma (Lemma A.1.2), there exists a
constant M > 0 such that (5.3.6) and (5.3.7) are satisfied. Now, we seck to show
the bounds in (5.3.8) by distinguishing the two cases (a) and (b).

Ad (a). Due to the coercivity of ¥ and ¥*, the uniform boundedness of (V,)gcr<r C
L2(0,T;V) and (S; — V! =&, )ocrers C L2(0,T;V*) C L2(0,T; V*) follow immediately
from the a priori estimate (5.3.7). The boundedness of (B, )o<,<.~ C L%(0,T;V*)
uniformly in 7 is a consequence of Assumption (5.Bb) and the coercivity of ¥*: there
holds

e [ UB DI dr < [0 (B (), L, (), 1. 0)

< [ (O + 8 @0 + IV, + 0 (0) dr
<N (5.3.15)

for positive constants C, N > 0 independent of 7, where ¢ € (0, 1) is from Assumption
(5.Bb) and where we have used the fact that for all { € V* the mapping r — r&*({/r)
is monotonically decreasing on (0, +00) which follows from the convexity of ¥* and
w*(0) = 0. Since (f;)o<r<r+ is uniformly bounded in L?*(0,7; H), we infer that
(XA/T’+€T)O<T§T* is uniformly bounded in L?(0, T'; V*) with respect to 7 as well. Finally,
Assumption (5.Eg) implies a uniform bound for (&;)o<r<-+ in L°(0,77; V). Since all
previous families of functions are bound in the common space L2(0,T; U* + V*), we
deduce that (V!)g<r<,+ is uniformly bounded in L°(0, T; U* 4+ V*) with respect to 7.
Ad (b). Again, the coercivity of the dissipation potential ¥ leads to the boundedness
of the sequence of discrete derivatives (V) in L2(0,7; V) N L0, T; W) uniformly in

€ (0,7%). In order to show that (S, — V! — & )oer<r C L2(0,T; V) +L9(0,T; W*)
is uniformly bounded with respect to 7, we make the following observation: let
¢ :[0,7] — V* be any measurable function such that

/OT W (C())dt < M.

We want to show that there exists a positive constant M > 0 such that

M = HCHLQ(O,T;V*HLCI* (0,T;W*)-
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First, by the formula (2.3.4) from Lemma 2.3.5 and the growth conditions for the
conjugate in Remark 5.1.1, there exists a constant M; > 0 such that

My > [ i (00—l + lnllf-) de

0 new=
Second, the mapping t — a(t) := min, ey~ (||C(t) — 3 + ||77||%V> is LEBESGUE
measurable: since V* is separable, there exists a countable dense subset (1,,)neny C V*.
Then, there holds «(t) = inf,cy <||C(t) — 1|

of the function a,,(t) := <||C(t) — ¥ + 17 |‘{,V) for each n € N, the measurability
of a follows. Further, we note that the mapping ¢ : [0,7] x W* — R, (¢t,n) —
g(t.n) = [|C(t) = n]|2+ + ||n]|%- is a CARATHEODORY function and therefore, by the
Inverse Image Theorem, see, e.g., AUBIN & FRANKOWSKA [19, Theorem 8.2.9, p.
315], the set-valued map

e ||?7n||€:,*> and from the measurability

H(t) :=={neW":g(t,n) = at)}

is measurable and there exists a measurable selection w : [0,7] — W* with w(t) €
H(t) and g(t,w(t)) = a(t) for all ¢t € [0, T]. We obtain

T *
My > | min ([1C(t) = nll2 + Il ) dt

= [ (Ict) ~ w2 + I o)l-)

whence w € L7 (0, T; W*) and ¢ —w € L2(0,T; V*). It follows

M2 [ (1) - w2 + e Olf-) d

> it [ (la®+ e

£1€L2(0,T;V*),£9€La™ (0,T;W*)

(=€1+E&2
> inf (€2 + I€alluer o)) — Mo

€L2(0,T;V*),E9€LI™ (0,T;W*
1 2

(=€1+E&2

> inf max{|[&illLzo.rv+), €2l o, rwe) b — Mo
£1€L2(0,T;V*),E9€LY™ (0,T5;W*)

(=&1+&2

i) dt

= ||C||L2(O,T;V*)+L‘1* 0,7;Ww=) — My

for a constant M, > 0 coming from YOUNG’s inequality. Since the constant M :=
My + M, > 0 was obtained independently of the function ¢, the uniform bound of
the sequence (S, — V! — & )ocr<re in L2(0, T V*) + L7 (0, T; W*) follows. Employing
Condition (5.Bb) for the perturbation B as in (5.3.15) and noting that

1
)=l + (Il ) dt

17 G 10 =2 1)) = [

ew* 0 neEw

> mn@c w-HWQ) |

0 new*
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we obtain the uniform boundedness of (B;)ocr<,« in L7 (0, T3 V*) + L% (0, T; W*) by
arguing in the same way as for Case (a). This, together with the uniform bounds
of (fr)o<r<r in L2(0,T; H) and (&;)o<r<r+ in L®(0,T; U* 4+ V*) yields the uniform
bound of (V/)gerepe in LM™M20(0, T; U* + V*) with respect to 7. It remains to
show the uniform convergences (5.3.9), which follow immediately from the uniform
bounds of (V)gerere C L™20 0, T U* + V*) and (V,)ger<r € L2(0,T; V) in the
respective spaces together with the estimates

_ _ _ tt)
1U=(8) = U-Olv < [[U-(8) = U-O)lv = /t(t) IV+(r)llvdr and

N — — t(t)
I92(8) = VeOllomsve < IV (8) = VoOllowsv = [ 1770

U= dr

for all t € [0, 7. O

5.4 Compactness

This section is devoted to the existence of convergent subsequences of the sequence
of approximate solutions in some proper BOCHNER spaces in order to pass to the
limit in the discrete inclusion (5.2.1) as the step size vanishes. As we will see, we
will indeed obtain in the limit a solution to the CAUCHY problem (5.0.1). For this
purpose, we will make use of compactness properties of bounded sets in reflexive and
separable spaces with respect to the weak topology. We elaborate on this in the next
result.

Lemma 5.4.1 (Compactness) Under the assumptions of Lemma 5.3.1, let (7)nen
be a vanishing sequence of positive numbers and let ug € DNV and vy € V. Then,
there exists a subsequence, still denoted by (T,)nen, @ pair of functions (u,§) with

u € Cu([0,T1;U) NHY0, T3 V) N W(0, 5 H) and € € L¥(0,T;U* + V™)
that satisfies u € H2(0,T;U* + V*) in the case (a) and u € WH4(0,T; W) N

W2mind2a"} (0 T U* + V*) in the case (b) while fulfilling the initial values u(0) = uq
in U and ' (0) = vy in H such that the following convergences hold

U, U, U, 2u inL=0,T;UNV), (5.4.1a)

U, (), U, (t),U,. (t) = u(t) inU forallte|0,T], (5.4.1b)
U, (t)—=u) inV foralltel0,T], (5.4.1¢)

U, —-u nL"(0,T; W) for any r > 1, (5.4.1d)

U, (), U, (t), Uy (1) = u(t) in W forallte[0,T), (5.4.1¢)
V., V. = inL20,T;V)NL®(0,T; H), (5.4.1f)

Vo Vo = inLP(0,T;H) forallp>1, (5.4.1g)

Vo),V (t)—=d(t) inH forae te(0,T), (5.4.1h)

V. ),V () —=d(t) inH foralltel0,T], (5.4.11)
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&, €& in L0, T; V), (5.4.1j)

fr. = f inL2(0,T; H), (5.4.1k)
and in Case (a)

VI =~ in LA, T U + V), (5.4.11)

B, — B(-,u(-),v/(-)) n L*0,T;V*), (5.4.1m)
and in Case (b)

V,, —ud inLi0,T; W), (5.4.1n)

V., —u  in L0 T W) foranyr € [1,q), (5.4.10)

DeWs(V,) = DgWs(u') in L7(0,T;U*+V*)  for anyr € [1,q*), (5.4.1p)
VI i LR 0, T U V), (5.4.1q)

B, — B(-,u(-),d/(:)) inL*0,T;V*) + L7 (0,T; W*), (5.4.1r)

where B, (t) := B(t.(t),U.(t),V.(t)), t € [0,T].

Proof. Let U,,U.,U.,V,,V_ V. & as well as f, be the interpolations with the
initial values ug € DNV and vy € V as defined in (5.3.1)-(5.3.3). Since all
spaces are supposed to be separable and reflexive, we note that if a BANACH
space X is separable and reflexive, the spaces LP(0,7; X) for 1 < p < oo are also
separable and reflexive, whereas 1.>°(0,T; X) is the dual of the separable space
LY(0,7; X*). So, as a consequence of the BANACH-ALAOGLU theorem, bounded sets
in LP(0,7;X), 1 < p < o0, and L*(0,7; X) are relatively compact with respect to
the weak and weak™ topology, respectively. In view of the a priori estimates (5.3.6)
and (5.3.7), Assumption (5.Ec) implies that the sequence (U, )nen is bounded in
L>(0,T;U). Together with the bounds (5.3.8), this already yields the existence of
converging subsequences (denoted as before) fulfilling (5.4.1a), (5.4.1f), and (5.4.1j).
We remark that the limit functions can be identified with u and «' by standard
arguments. In order to show (5.4.1d), we make use of the LIONS—AUBIN-DUBINSKII
lemma (Lemma A.2.1). The boundedness of the sequence of piecewise linear inter-
polations (U, )nen and the discrete derivatives (V. )nen uniformly in L>°(0,7;U)
and L>°(0,T'; H), respectively, yields directly the relative compactness in L"(0, T’; W)
for all » > 1. In view of (5.4.1b), this implies the convergence (5.4.1e). The just
proven convergence is indeed only needed to deduce the strong convergence of the
perturbation B, i.e., convergence (5.4.1m) and (5.4.1r). Before showing this conver-
gence, we first proceed with proving the pointwise weak convergence as stated in
(5.4.1i). First, we note that from V,, € WH(0,T;U* 4+ V*) < C([0,T]; U* + V*)
and (5.4.11) or (5.4.1q), there holds V;, (t) — «/(t) in U* + V* as n — oo for all
t € [0,7T). Since V., (t) is uniformly bounded in H for all ¢ € [0,T], it is (up to a
subsequence) weakly convergent in H to w'(¢). Since the weak limit is unique in
U* + V*, we obtain with the subsequence principle, the convergence of the whole
sequence. Together with the strong convergence in (5.3.9), this implies (5.4.1i). With
the same argument, we deduce the pointwise weak convergences (5.4.1b) and (5.4.1c)
where in the latter convergence we use the fact that ug € D N V. Further, we recall
that L>(0,7; X) N C,([0, T];Y) = Cu(]0,T]; X) for two BANACH spaces X and Y

with X being reflexive and such that the continuous and dense embedding X Sy
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holds, see, e.g., in LIONS & MAGENES [107, Lemma 8.1, p. 275]. Applying the latter
result to X = U and Y = H, there holds u € C,([0,T];U). Now, we seek to apply
Lemma A.2.1 to the sequence (V, ey With X =V, B=H and Y = U* + V* in
order to show the strong convergence in L*(0,T; H) to the limit v’ € L*(0,T; H).
The Assumption (A.2.1) of Lemma A.2.1 follows for p = 2 and r» = min{2,¢*} > 1
directly from the a priori estimate (5.3.6) and the following estimate

HUT,LVTH - Vrn\’Lq(o,T—Tn;U*+v*) = TnH‘A/T/nHLq(o,T;U*JrV*) <7, M forallneN,

from which the strong convergence V., — ' in L*(0,T’; H) as n — oo follows. Taking
into account the boundedness of the very same sequence in L.>°(0,7"; H), we obtain
by a well-known interpolation inequality the strong convergence in L"(0,7"; H) for all
r > 1,1ie. (5.4.1g). This, in turn, implies pointwise convergence of the very sequence
almost everywhere in (0,7), i.e., (5.4.1h). The assertion for V; can be shown
analogously. Recalling the fact that the space of continuous functions C([0,T]; H) is
dense in L?(0,T; H), for every € > 0 there exists a function f¢ € C([0,T]; H) such
that || f© — fllr200,:m) < €/3. In view of this approximation property and defining
() = i‘f;; fé(o)do, t € [tp-1,tn),n=1,..., N, we find

| fr, = fllezommy < 1 fr — fo llezomm + 1 fs, — follezomm) + 11 = fllzomm
<|f = flleeorm + 1 f5, — o + 11— flleorm
<e/3+¢/3+¢/3=¢

for sufficiently small step sizes 7,,, where we also used the estimate (5.3.14) for the
first term, and where we made the second term smaller than ¢/3 for sufficiently small
step sizes which follows from the uniform continuity of f. We proceed by showing
the convergences which differ from each other in Case (a) and in Case (b).

Ad case (a). The weak convergence ‘A/T’n — v as n — oo in L2(0,T;U* + V*)
follows immediately from the reflexivity of the space L%*(0,7;U* + V*) and the
uniform bound of the sequence (‘Z’n)neN in the very same space with respect to
n € N. Further, we denote by B(u)(t) = B(t,u(t),u'(t)),t € [0,T], the associated
NEMITSKII operator and recall that B, (t) = B(t,,(t),U,, (t),V, (t)),t € [0,T]. In
order to show the strong convergence of the perturbation, we first note that from the
uniform convergence (5.4.1e) and the pointwise convergence (5.4.1h) together with
the continuity condition (5.Ba) implies

1B, (t) — Bu)®)|V* = 0 ae. in (0,7) (5.4.2)

as n — oo. By the growth condition (5.Bb), we also obtain B(u) € Lz (0,7;V*) so
that we have B, — B(u) € L%(O, T; V*) being uniformly bounded with respect to
n € N. Using EGOROV’s theorem, it is easy to deduce the strong convergence of
B., — B(u) in LY(0,T;V*) as n — oo for all 0 < ¢ < %, and since 2 < %, we can
choose ¢ = 2, i.e., (5.4.1m).

Ad case (b). From the boundedness of the sequences of (V,)nen and (V/ )pen in
L7(0,T; W) and L™24°H(0, T; U* + V*), respectively, we obtain the weak conver-

gences (5.4.1n) and (5.4.1q). Applying again Lemma A.2.1 to the sequence (V,, )nen
with the choices X =V, B =W and Y = U* with p = 2 and r = 1 yields compactness

~
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of the sequence in L2(0, T; W), and if ¢ > 2, we obtain compactness of the sequence
in every intermediate space L*(0,T; W) with 2 < s < ¢ between L?(0,T; W) and
L2(0,T; W) by an interpolation inequality, and hence (5.4.10). With the same
reasoning as for the perturbation, the latter convergence yields (5.4.1p) employing
EGOROV’s theorem and the growth and continuity condition for DgWs; on W. The
strong convergence of the perturbation in the space L2(0,T;V*) + L (0, T; W*) is
more delicate and is established as follows first, by the a priori estimate (5 3.8h),

the sequence B, is bounded in L (0,T;V*) + L% (0,T;W*) C L2(0,T:V*) +
L7 (0,T; W*) by a constant denoted by M > 0. With the same reasonmg as for the

first case, we obtain the convergence (5.4.2) and B(u) € L2 (0,T;V*)+L% (0, T; W*).

We choose the constant M > 0 such that M > ||B(u )|| 2 7 . Second,
(0,T;V*)+L % (0,T;W*)

defining the set
Gn = {77 S L%(O,T, W*) :HB’Tn - B(U) - T]HL%(O,T;V*) S ZMJ

e
I, gy < 290,

there holds

2M >| By, — B(u)|| 2 01 4L L 07W)

}

} foralln e N,

= q*lnf maX{HBTn - B(U) - 77||L%(0,T;V ||n||
7]€L7(0 T'W*)

= 1nf max{||B,, — B(u)_””L%(o,T;V*)’HnH

neG

OTW*)

L% (0,15w)

which restricts the set of functions where the infimum is taken over. Then, by
EGOROV’s theorem, for every € > 0 there exists a subset E C [0,7] with measure
p(E) < e such that the uniform convergence

lim sup | B, (t)— B(u)(t)].=0.

N0 [0, T\E

holds. Now, let  : [0, 7] — V* be any measurable function chosen to be fixed. Then,
for every € > 0 there exists an index N € N such that for all n > N, there holds

1Bz, (t) = B(u)(t) = n(t) |l < e+ [In(®)]l. forallt e [0, TN\E.
Invoking the latter estimate, we obtain

| B-, — B(w) = nllL20,75v+)

< (136 - Bl - n(t)ﬂzdtf + ( Jois
= (1B (0~ B0 — o)) at)

([ Aioliar)
[0,T\E

' 72M + (2T) e + 2|nl|L2(0. v+

1
2

1B,..(t) - Bu)(® —n<t>||idt)

b ([t un<t>u*>2dt>é

[SIN

M\H

e oM + (27)
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for all n € LY (0,T;W*) C LE(0,T; W*) with ||B,, — B(u) —
Finally, we end up with

77HL% (07T;V*) S 2M

HBm - B(U)||L2(0,T;V*)+Lq*(o,T;W*)
| B, — B(u) — 77||L2(0,T;V*)v 7o (O,T;W*)}

= inf max{
neLa* (0,T5W)

= f max{[|Br, — B(u) = nllezorv), [llee omwe}

) e 1
< nlefg max{e' ™2M + (2T)%¢ + 2||nlli20.r5v+), 10llLe o.mw) b

< e'"voM + (2T)%5 for alln > N,

and hence (5.4.1r). Finally, thanks to (5.4.1b) and (5.4.11), the initial conditions are
also fulfilled by v and ', and since uy € D NV, there holds v € H(0,T; V'), which
completes the proof. O]

5.5 Proof of Theorem 5.1.4

We first show that the limit function obtained from the previous lemma is indeed
a solution to the CAUCHY problem. Let ug € D NV,, vg € H, and a vanishing
sequence of step sizes (7, )nen be given. We remark that for the estimate (5.3.13) and
the solvability of the variational approximation scheme, we needed necessarily the
initial data ug and vy to be in U NV in order to solve the variational approximation
scheme (5.2.2) and to make use of the growth condition of B in (5.Bb) for the a
priori estimates, since the energy functional and the dissipation potential are defined
on different spaces. We circumvent this problem via approximating ug € D N V)
and vy € H by approximating sequences (uf)rexy € DNV and (v§)reny C V such
that uf — uo in U and vf — v in H as k — oo, which exists by Condition (5.Ea).
Henceforth, we assume k € N to be fixed and we define the interpolations associated
to the initial values uf and vf as in the previous lemma while omitting the dependence
on k for notational convenience. Then, again by the previous lemma, we obtain
after selecting a subsequence (not relabeled) of the interpolations, the existence
of a limit function v € L*>(0,T;U) NHY(0,T; V) N WL (0,T; H) with u(0) = ug
in U and ¥/(0) = v} in H that satisfies v € H%(0,7;U* + V*) in Case (a) and
u € WH4(0, T; W) N W=id24"}(0, T; U* + V*) in Case (b), where again we omit the
dependence of the limit function on k. Now, the inclusion (5.3.10) fulfilled by the
interpolations reads in the weak formulation

[ 460 = By ) = V2,0) = £6,(5) = D (Vi (1), (i)} svepecomy dr =0

for all w € L7(0,7;U N V) with » = 2 in Case (a) and r = max{2,1 + (¢ —
1)/(1 —6(qg — 1))} for a fixed § € (0,¢* — 1) in Case (b), where again B, (r) =
B(t(r),U,, (r),V. (r), r € [0,T] and Dg¥(V,,(r)) = AV, (r) in Case (a) and
DeW¥(V, (r) = AV, (r) + Dg¥W(V,, (r)) in Case (b). For the readers convenience,
we confine ourselves to Case (b), but remark that Case (a) can be treated in the

exact same manner.
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Ad case (b). Since ¥;(v) = a(v,v) is defined by a strongly positive quadratic
form, the FRECHET derivative is a linear bounded and strongly positive operator
AV — V* which implies that the associated NEMITSKII operator A : L2(0,T; V) —
L2(0,T;V*) — LmiM24}(0, T; U*) is well defined, linear, bounded, and strongly
positive. Therefore, the NEMITSKII operator is weak-to-weak continuous so that we
can pass with 7, \, 0 to the limit as n — co. The GATEAUX derivative DgW(V ;)
is strongly convergent to DaWs(v') in L™24" =330, T; U* + V*) so that passing to
the limit is also justified in this term. We are also allowed to pass to the limit as the
step size vanishes in the terms f,, and B,, which, according to the previous lemma,
converge to f and B(-,u(-),u'(+)) strongly in L2(0, T; H) — L™24"}(0, T; V*) and
L2(0,T;V*) + LT (0, T; W*) « L™24° (0, T; V*) as n — oo, respectively. Also by
the previous lemma, there holds V’ — " in me{2 0, T;U*+V*) and &, — € in
L>(0,7;U*4+V*). Thus, we are allowed to pass to the limit in the weak formulation in
these terms as well. Then, by a well-known density argument and by the fundamental
lemma of calculus of variations, we deduce

u"(t) + D (u'(t)) + £(t) + B(t,u(t), v’ (¢t)) = f(t) mU*+V*ae. in (0,(T). |
5.5.1

We proceed by showing that £(t) € dyny & (u(t)) in U*+V* for almost every ¢t € (0,7).
To do so, we employ the closedness condition (5.Ee). Since we have already shown
that the conditions a)-c) are satisfied, it remains to show the conditions d) and e).
Condition d) follows immediately from

HUTnUTn - U7n||L2(07T_Tn§V) = 7—nH(jv;nHLQ(O,T;V) < 7,M,

within Case (a) and

HUTnUTn - Ufn ||L2(o,Tan;V)er(o,Tan;W)
= HO-THUTTL - UTnHLZ(QT*Tn?V) + HO-TnUTn - UTTL ||LT(07T_7—7L§W)
< TnHU;-n HLQ(O,T—Tn;V)ﬂLT(O,T—Tn;W) < TnMa

in Case (b). Condition e) in turn is verified by the following calculations: let
t € [0, 7], then we have

/t’"(”@n(r),U (s dr

_/Ot“‘ S (r) — AV, (1) = V1 (r) = Da®(Vr, (7)), U, (1) v dr
_ / S (1), U (1) yesey dr

[ 0. T sy dr

- /“" Vo (1), T, (1)) dr

- T””<DG%<V ()T ()}
= I7(t) + I (t) + I3 (t) + I (1)



114 Chapter 5. Linearly damped Inertial System

The convergence of the first integral is due to the strong convergence of S, =
fr. — B, to f—B(u) in L™} (0, T; V*) and the weak* convergence of U,, — u in
L>(0,T;UNV) as n — oo. For the second integral, we recall the discrete integration
by parts formula: let n € N and v*,* € H,k = 0,...,n. Then, there holds

ST F —oF ) = (0" ut) = (00, 4’ 2": — ).

Employing the discrete integration by parts formula, we obtain

_/tm VI (1), Ur, (1) = 1veyxwnvy dr
— /Otm (V. (r), Ve (r)dr — (V.. (t), U, () + (vo, uo)- (5.5.2)

Thus, by (5.3.9), (5.4.1b), (5.4.1g) and (5.4.1i)

lim I} (t) = /Ot(u’(r),u’(r))dr — (W' (t),u(t)) + (vo,up) forall t € [0,T].

n—oo

Employing the more general integration by parts formula for BOCHNER spaces from
Lemma A.1 in EMMRICH & SISKA [74] with a = w and b = v/, we obtain

[0, () = (@0 00)) + (e, 0) = = [0, ) 0oy d

for all ¢ € [0,7]. We proceed with showing the convergence of the third integral
1% (t). To do so, we use the symmetry of A and the convexity of ¥, to obtain

trn (1) — tr, (1) —
[ AV 0. v dr = = [ AT (), Vo (7)) vy dr

-

(AU UF = UF ey

up) — (U, (t)). (5.5.3)
for m € {1,..., N}. Furthermore, we observe that

d d1

(D) = - Salu(t),u(t) = (Au), w' )y forae. t€(0,T), (554

which follows from the properties of A and the fact that v € H'(0,7;V). Then,
taking into account (5.5.3), (5.5.4), the weak lower semicontinuity of ¥, the pointwise
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weak convergence (5.4.1c) as well as the symmetry of A, we obtain
lim sup 73 (#) < limsup (74 (uo) = 01(Ts, (1))

= — liminf (%(U (t) — gpl(uo))
(t

)

< Lp1<UQ> (
= [ (Au(r), ' (r))vexvdr
_ Ot<Au’(r),u(r)>V*XVdr.

In view of (5.4.1a) and (5.4.1p), we obtain for the last integral

E"'n(t) — .
nh—>nolo Ii(t) = _nh—>nc}o (DcWa(V 7, (1)), Ur, (1)) vy x vy dr
_/ Dy (u s u(r )>(U*+V*)><(UﬂV) dr.
We end up with
) tr, (1) o t
hm_>sup ; (& (1), Ur (1)) v xvy dr < /0 (€(r), u(r))vexvy dr

and thus

T _
hm_)sup 0 <€Tn (T) - 5(7”), U’Tn (T) - u("ﬂ»V)ik xVy dr <0.
It remains to show the strong convergence U, —uf — u—1ug in L2(0,7; V) as n — oo
in order to obtain the conclusions of Assumption (5.Ee). We show equivalently that
(U, — ul)nen is a CAUCHY sequence in L2(0,T; V). To do so, we follow the idea of
the proof of Lemma 4.6 in EMMRICH & SISKA [74] and consider in the first step

S (0 (0) — 01, 1)
= (AU (t) = Ur,,(£)), V() = Vo (8) vy
= (A(V.,(t) = Vo (1)), U (t) = Us, ()
= (A(V.,(t) = Vo (1), Tn(t) = Ur,, () vexy
+(A(V ., (t) = Vo (£), Un(t) = Un(t) = Un, () + U, ())vexcy
(o (t) = & (0) + VI (8) = V2 (1) + Sy, (1) = Sa (1)
— DeWs(V 5, (1) + DeWa(V o, (t), U (t) — Us, () vexv + bim(t)
= (&, (1) = & (), TR (t) = Ury () vy + (VL (8) = VI (), Ur () = Ur ())vexv

S AU @) = Un, (0)]ly +
+(=Da (V4 (1)) + Dala(Vr, (1), Un(t) = Us, (8)vexv
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+ (S () = Sn(8), Un (@) = Un () v + bum (1)
< 20 (1) - Ur,, (O} + 20T (t) = Un () = U, (1) + U, (1)
+ (V2 (8) = V(). Un(t) = U () vexv
+ (=Da¥ (V5 (1) +DG%(VTm(f)) () = Uxr, () vexv
+ (S (t) = S (8), Uy (t) = Unry () vescy + brm(£)
2\

< ;%(U (t) = Ur, (1) + 22U (t) = Un (1) = Us, (8) + U, ()11

+ (V7 (8) = VI (1), UT()
+ (=Dl (V1 (1)) + D
+ (S5, (t) — Sq(t), Un, )

(t
:2:@1 (T (1) = U, (1)) + cim(t

(t)>V*><V
rm(t)) 0 () = U () vexv
o ) vescv + bum(t)

(
)

Q\ Q\ Q\

m

for almost every t € (0,7), where we have used the symmetry and strong positivity
of A, the A-convexity of £, and that (5.3.10) is fulfilled. Then, by GRONWALL’S
lemma (Lemma A.1.1), there holds

A A L2\ 22 4,
U (Uy, (t) — Uy, () < cm(t) + ; Icl,m(r)e 2 (t=)

dr.

Integrating the latter inequality from ¢ = 0 to ¢t = T" and using the strong positivity
of ¥ yields

T . t2)\
/L/O 10, (8) — \|th</ cum(t dt+/ —em(r Je 2 =) ardt.

Employing again the convergences (5.3.9), (5.4.1a), (5.4.1g), (5.4.1i), (5.4.1k), and
(5.4.1p)-(5.4.1r), as well as the discrete integration by parts formula (5.5.2), w
obtain limy ;e fg cm(r)dr = 0 for all ¢t € [0,7] and that fo clm( ydr < C for
all [,m € N. Therefore, by the dominated convergence theorem, (U, — u)nen is
a CAuCHY sequence in L?*(0,7;V). By the convergence (5.3.9), we obtain that
(U,, — ul)nen is a CAUCHY sequence in L2(0,T;V) as well and thus convergent.
Hence, by the closedness condition (5.Ee), there holds £(t) € 0y, E(u(t)) as well as

(U...(1) = E(u(t)) and  limsup &, (Tr (1) < D& (ult))  (5.5.5)

5,
trn (1) n—00

n

for a.e. t € (0,7). Now, we show that the energy-dissipation inequality holds. Let
t €[0,T]and N C (0, 7] be a set of measure zero such that & (U, (s)) = Ei(u(s))
and V. (s) — u/(s) for each s € [0, T\N. Then, exploiting the convergences (5.4.1)
and (5.5.5) as well as the condition (5.Ed) and Theorem 2.6.1, we obtain from the
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discrete energy-dissipation inequality,

1, . "
S OF + &) + [ @) + 07 (5() = 66 — (7))
1,— —
<t (57 <t>\ +&, 0T (1)
o [ T+ (5,00~ 7200 £,00))
_ 2 — o ()
S lim sup (2 ‘VTn<S)‘ + (C/LT (s)(UTn (5)) + L (®) 8TC€T(QTn(T>>dT
n—00 n tr, (s
. (1) _ b)) _ 9
[ S ), Ve v dr 7 [ V0] dr
tr, (s tr(s)
1 ! /
= S (5) + Eufu / 0., (u(r))dr + [ (S(r).u/ ()v-cv dr.

for all t € [0,7] if s = 0 and almost every s € (0,t), where S(r) = f(r) —
B(r,u(r),u (r)). This shows that u is a strong solution to (5.0.1) satisfying the
initial conditions uy(0) = uf € DNV and u}(0) = v} € V,k € N. We denote with
(ug)ken and (&)ren the associated solutions and subgradients of & which satisfy
(5.1.8)-(5.1.10). We recall that uf — ug in UNVy and vf — vy in H as k — co. The
next steps are the same as before:

1. We derive a priori estimates based on the energy-dissipation inequality (5.1.10),

2. We show compactness of the sequences (ug)reny and (x)ren in appropriate
spaces,

3. We pass to the limit in the inclusion 5.1.9 as k — oo.

Ad 1. From the energy-dissipation inequality (5.1.10) for ¢t € [0,7] and s = 0 while
using the FENCHEL—YOUNG inequality, Condition (5.Bb) and (5.Ed), we obtain

SO + Ee(t) + [ QL)) + 0 (Selr) = &(r) = wl(r))) dr

< Ik + Eouh) + [ B () dr+ [ (Sur), ey

< 1|v§|2+50(u§ +C [ () dr
+ [00) = Bl (), (), ()
< Slebf? + Eofub) +01/ £, (ug(r dr+/ ( F)P + yu;(r)ﬁ) dr
+ /0 (Wt (r)) + W (—B(r, ug(r), (1)) /) dr

< SIokP + Eolub) + §||f||iQ(O,T;H) + O [ Etuar+ 5 [P dr

[ () + B+ Elun(r) + [ (0P + 2 (@ (1)) dr
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1 1 t 1,
< I + Eo(u) + 51 I rm + CT + € [ (& (urr)) + Slui(n)?) dr
t
+(e+2) [ () dr

for a constant C' = C(v, Cy, B) > 0, where Si(r) := f(r)—B(r,ux(r), u}(r)), r € [0, T]
and > 0,c¢ € (0,1), and ¢ > 0 such that ¢+ ¢ € (0,1). Taking into account the
non-negativity of ¥, * by the lemma of GRONWALL (Lemma A.1.1), there exists a
constant C'g > 0 such that

;|U2(t)|2 + & (uk(t) + /Ot (@ (up,(r) + ¥ (Sk(r) = &(r) —ug(r))) dr < Cp (5.5.6)
for all t € [0, 7.

Ad 2. With the same reasoning as in Lemma 5.4.1, we find (up to a subsequence)
the following convergences

up —u  in L®(0,T;U), (5.5.7a)
wp — ul Sou—wuy  in L0, T; V), (5.5.7b)
wp — uf — u—wuy in L*(0,T; V), (5.5.7¢)
ur(t) = u(t) inU forall t €0,7], (5.5.7d)
up —u in L7(0,T; W) for any r > 1, (5.5.7¢)
up(t) = u(t) in W forall t € [0, 7], (5.5.7f)
up =o' in L2(0,T; V)N L>®(0,T; H), (5.5.7g)
u, — v in LP(0,T;H) forallp>1, (5.5.7h)
up(t) = u'(t) in H fora.e. te(0,T), (5.5.71)
up(t) = u'(t) in H forall t € [0,T], (5.5.7j)
g € in L0, T,U* + V), (5.5.7k)
and in Case (a)
up =" in L2(0,T;U* + V%), (5.5.71)
B(-,ug,u)) — B(-,u,u’) in L*(0,T; V™), (5.5.7m)
in Case (b)

w, —u' in LY0,T; W), ( )

w, — o/ in L2 0 T W)  for any € € [1,q),  ( )

DeWi(uy,) = DeWa(u') in L7(0,T;U* +V*) for any r € [1,¢"), (5.5.7p)
wp — " in LR2CH0, T U + VY, ( )

B(-, ug,ul) — B(-,u,u')  in L2(0,T;V*) + L7 (0, T; W*), (5.5.71)

except from the strong convergence (5.5.7¢), which needs to be proven. Thus, we
show that (ug — uf)gen is a CAUCHY sequence in L?(0,T; V). To do so, we consider

d
E%(Ul(t) — up — um(t) +uf’)

= (A(u(t) — uly — wp (t) +ugt), uj(t) — ul,(t))vexy
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- <A(u;(t) - U/m(t)),ul(t) - ué - um(t> + u81>V*><V

(Em(t) = &(t) + up, () = (1) + S (t) = Sy(t), wi(t) = uy — wm(t) + ug)vesv
= (&n(t) = &), w(t) — up — um(t) + ui"))vexv

+ (uln (8) = uf (), w(t) = ufh — wn(t) + ug"y vy wav)

4+ (S (t) = Si(t), w(t) — ub — v (t) + up)ve v
< (&n(t) = &), uf" — uh) v xu

+ (up, () — uf/ (8), w () — uh — w () + ug") weveyxwny)

4+ (S (t) = Si(t), w(t) — vl — v () + uf ) e sy

where we have taken into account that wuy is a solution of (5.0.1) and that the
subdifferential operator 9, is monotone. Integrating the latter inequality and using
the integration by parts rule yields

pllua(t) = wg — i (8) + [}

< W ((t) = ) — tn0) + )

< [ {6nr) = &), — by
[ ) = () (r) = = ) ) v oy 0
[ S0 = Sur), () = = ) + vy

= [ {n0) — &), w7 — wbhu o
b [ ) = P dr =+ (0 (0) = 0, ) — = () + )

+ /0t<5m(7‘) — Si(r), w (1) — by — U (1) + UT )y ey dr.

From the strong convergence uf — ug in U as k — oo and in view of the convergences
(5.5.7) and the a priori bound (5.5.6), the right-hand side is uniformly bounded and
convergent to zero for every t € [0,7] as m,l — oo. Thus, by the dominated
convergence theorem, we conclude that (up — uf)ren is a CAUCHY sequence in
L2(0,7T;V), and therefore strongly convergent in L2(0,T; V) with the limit u — uy.
Ad 3. With the same argument as before, we show that the equation (5.5.1) is
fulfilled. However, it remains to identify £(t) € dy&;(u(t)) a.e. in (0,7). But this
follows from the following limsup estimate and the closedness condition (5.Ee)

i sup [ (64(r) = €(6),ua(6) = (B s dr
i sup [ (64() = €(0),we(6) = u§ = u(t) + vohyg s dr

t
= timsu ([0 = ), 16(0) = = ) + sy @

k—o0

+ /Ot<B(T,u(7’),u'(r)) — B(r, ug(r), ul, (1)), up(t) — ul — u(t) 4+ uo) vy dr
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A0 = A0 n0) = w0) +

= lim sup (/Ot W/ (r) — up, (r) [P dr + (u'(t) — uj, (1), up(t) — uf — u(t) + up)

k—o0

-+ /Ot<B(r,u(r),u’(r)) — B(r, ug(r), ul (1), up(t) — ul — u(t) 4+ uo)y-xv dr
- /Ot<A(uk(t) —uf —u(t) +up), w (1) — up (1)) vy dr) =0

which again follows from the convergences (5.5.7). Thus, there holds £(t) € Oy, & (u(t))
a.e. in (0,7), and hence the completion of this proof. O

Remark 5.5.1 If we take a closer look into the proof, we see that the assumption
that & is sequentially weakly lower semicontinuous has only been used to show the
existence of solutions to the discrete problem and to show the energy-dissipation
inequality. If we only address the existence of solutions without the energy-dissipation
inequality, we can relax the condition by assuming (in both cases) that there exists
ro > 0 such that u — %a(u, u) + &(u) is sequentially weakly lower semicontinuous.
The existence of discrete solutions under this assumption follows from the fact that

1 1 2 1

—a(u — ug,u —ug) + E(u) = —a(u,u) + E(u) — —a(u, up) + —alug, up),

T T T T
so that the first two terms are sequentially weakly lower semicontinuous and that
the remaining terms are weak-to-weak continuous. In Section 7.3, we will see that

this small difference in the proof makes a significant difference in the applications.



Chapter 6

Nonlinearly damped Inertial
System

In this chapter, we investigate the abstract CAUCHY problem

{u”(t) + Oy (U (1)) + 0&(u(t)) + B(t, u(t),u'(t)) > f(1), for a.e. t € (0,7),
u(0) = up, ' (0) = vy,
(6.0.1)

where again ¥, denotes the dissipation potential, & the energy functional, B the
perturbation, and f the external force. In the second case, we essentially deal with
the case where ¥, is nonlinear and non-quadratic and & = £ + £Z is the sum of a
functional £! that is defined by a strongly positive, symmetric, and bounded bilinear
form and a strongly continuous A-convex functional 2. The perturbation B is again
a strongly continuous perturbation of 0¥, and 0&;. An illustrative example in this
framework is, in the smooth setting, given by

O — V - (g(u) [VOul "> Vou) — Au+ W' (u) + b(u, dyu) = f,

where ¢ > 1, W : R — R is a A-convex and continuously differentiable function
with LIPSCHITZ continuous derivative, b : R — R is a lower order perturbation, and
f iR — R an external force. The energy functional and the dissipation potential are
given by

1 1
E(u) :/ (2|Vu(x)|2 +W(u(x))) dz and ¥,(v) = 7/ g(u(z))|Vo(x)|?de,
2 q/o

and the perturbation is given by
(B(u,v),w)2 = / b(u(z),v(x))w(x)dz.
I7;
In Section 7.4 and 7.5, we discuss multi-valued equations.
6.1 Topological assumptions and main result

As in Chapter 5, we assume that (U, || - ||v), (V, || - |lv), (W, - |lw) and (W, || - Hﬁ/)
are real, reflexive, and separable BANACH spaces such that U NV is separable and
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reflexive and that (H,|- |, (+,-)) is a HILBERT space with norm |- | induced by the
inner product (-, ).
Similarly, we assume again the following dense, continuous and compact embeddings

vnvAuvSw b p2g bw Ly b vy
Unv<SvaSwd g dbwe b v vy

and if the perturbation does not explicitly depend on u or «/, then we do not assume
USWor VS W, respectively. We further assume V — W if £ # 0, see
Condition (6.Ea). We note that we neither assume U < V nor V — U as in
Chapter 5. Since in this case the subdifferential of ¥, is nonlinear, we refer to

the inclusion (6.0.1) in the given framework as nonlinearly damped inertial system
(UV,W,W,H,E,W, B, f).

We first collect all the assumptions for the energy functional &, the dissipation
potential ¥,, the perturbation B as well as the external force f, and discuss them
subsequently. We start with the assumptions for the dissipation potential V.

(6.Wa) Dissipation potential. For every u € U, let ¥, : V — [0,4+00) be a lower
semicontinuous and convex functional with ¥(0) = 0 such that the mapping
(u,v) = ¥, (v) is B(U) @ B(V)-measurable.

(6.Wb) Superlinearity. The functional ¥ satisfies the following growth condition,
i.e., there exists a positive real number ¢ > 1 such that for all R > 0 there exist
positive constants cg, Cr > 0 such that for all u € U with sup;eo 7 &r(u) < R,
there holds

cr(oll% — 1) < Wu(v) < Cr(llv]l% +1) forallv e V,te[0,T]. (6.1.1)

(6.Wc) Lower semicontinuity of ¥, + ¥, For all sequences v,, — v in LI(0,T; V),
N — 0 in L9(0,T;V*), and u,(t) — u(t) in U for all t € [0,T] as n — oo
such that sup,cio 7y nen &x(u(t)) < +oo and 7,(t) € Wy, (va(t)) ae. in
t € (0,7) for all n € N, there holds

T T
[ (i (000)) + 0 (€00))) e < iing [ (00 (0)) + 22, (0 (0) .
For the solvability of problem (5.0.1), only the previous assumptions are
required. If we additionally assume the uniform monotonicity of 0¥,, we

obtain stronger convergence of the discrete time-derivatives V. in the space
L4(0,T;V), see Lemma 6.4.1.

(6.¥d) Uniform monotonicity of 0¥. For all R > 0, there exists a constant
pr > 0 such that

(€ =m0 —whvexy > prlo — w|p=E0

for all £ € 0¥, (v),n € 0¥, (w) and u,v,w € {0 € V : £&(0) < R}.
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Remark 6.1.1
i) We recall that the conjugate ¥ : V* — R is lower semicontinuous and
convex itself and that the growth condition (6.1.1) implies the following growth
condition for the conjugate ¥*: for all R > 0, there exist positive numbers
¢r, Cr > 0 such that for all u € U with Supejo €i(u) < R, there holds

cr(li€Nf- — 1) < ¥(€) < Ca(ll¢]
where ¢* = q/(¢ — 1).

7. +1) forall & eV,

i1) Also here, we can allow more general time-dependent dissipation potentials
W, . [0,T]xV — [0,400) by making the same assumptions specified in Remark
3.2.1 iv).

Now, we proceed with the assumptions for the energy functional.

(6.Ea) Basic properties. For all t € [0,T], the functional & : U — R is the sum

of functionals £' : U — R and &7 : W — R. The functional £'(-) = b(-, ")
is induced by a bounded, symmetric, and strongly positive bilinear form

b:U x U — R, i.e., there exist constants p, @ > 0 such that

b(u,v) < allully|lv|ly  for all u,v € U
pllull? < b(u,u) for all u € U.

(6.Eb) Bounded from below. &; is bounded from below uniformly in time, i.e.,
there exists a constant Cy € R such that

E(u) > Cy forallu e U and t €[0,7].

Since a potential is uniquely determined up to a constant, we assume without
loss of generality Cjy = 0.

(6.Ec) Coercivity. For every t € [0,T], & has bounded sublevel sets in U.

(6.Ed) Control of the time derivative. For all u € U, the mapping ¢ +— E2(u) is
in C([0,7]) N CY0,T) and its derivative 8;E? is controlled by the function
EZ, i.e., there exists C; > 0 such that

10,E%(u)| < C1E*(w) forall t € (0,T) and u € V.

Furthermore, for all sequences (uy,)nen, v C D with u, — u as n — oo and
SUPpen,tef0,T] Ei(uy) < 400, there holds

lim sup 9,7 (uy,) < 0;EX(u) for ae. t € (0,T).
n— oo

(6.Ee) Fréchet differentiability. For all ¢ € [0,7], the mapping u — E(u) is
FRECHET differentiable on W with derivative DE? such that the mapping
(t,u) — DE2(u) is continuous as a mapping from [0, 7] x W to U* on sublevel
sets of the energy, i.e., for all R > 0 and sequences (uy)nen,u C W and
(tn)nen, t C [0, T] with supepo 7y nen Et(tn) < 400, u, — u in W, and t, — t

as n — oo, there holds
lim |DE? (u,) — DE (u)|

n—oo

U*:O.
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(6.Ef) A-convexity. There exists a non-negative real number A > 0 such that
EX(Wu+ (1 —9)w) <IEX(u) + (1 — 9EX(v) + I(1 — I)A|ju — v|?
for all t € [0,T],9 € [0,1] and u,v € U.
(6.Eg) Control of DE?. There exist positive constants Cy > 0 and ¢ > 0 such that

IDEX(w)||%,. < Cs(1+ EX(u) + |lullz) for all t € [0,T],u € W.

Again, several remarks are in order.

Remark 6.1.2

i) The assumptions on the quadratic form &' imply that the FRECHET derivative
DE? is given by a linear, bounded, symmetric and strongly positive operator
E € L(V,V*) such that £'(u) = 1(Eu,u) is strongly convex and therefore
sequentially weakly lower semicontinuous. Furthermore, the corresponding
NEMITSKII operator is a linear and bounded map from L2(0, 7; V') to L2(0, T'; V*)
and hence weak-to-weak continuous from L?(0,7; V) to L*(0,T;V*).

i1) From Assumption (6.Ed), it follows after integration

sup EX(u) < 7T inf E2(u),

te[0,7 te[0,7]
1E2(u) — EX(u)| < DT sup E2(u)|s —t| forallu € U,s,t € [0,7T).
rel0,T7]

ii1) The derivative of the A-convex energy functional is characterized by the
inequality

E2(u) — EX(v) < (DE*(u),u — V)= + Au —v|? (6.1.2)

for all t € [0,T], u,v € U. In fact, the A-convexity can be replaced by the
latter inequality, since we only make use of (6.1.2) in order to obtain a priori
estimates, see Lemma 6.3.1.

We recall that the FRECHET differentiability of £ implies the subdifferentiability
of & and the subdifferential is a singleton with 0€(u) = {DE(u)}.

Finally, we collect the assumptions concerning the perturbation B and the external
force f.

(6.Ba) Continuity. The mapping B : [0,T] x W x W — V* is continuous on
sublevel sets of &, i.e., for every converging sequence (t,, U, v,) — (t,u,v)
in [0,T)xWxW with sup,cyG(u,) < +o0, there holds B(t,,u,,v,) —
B(t,u,v) in V* as n — oo.
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(6.Bb) Control of the growth. There exist positive constants 5 > 0 and ¢, v € (0, 1)
such that

e (ZHL) < s + 1o+ w0

forallu e Uyv eV, tel0,T].

(8.f) External force. There holds f € L2(0,T; H).

Remark 6.1.3 If the growth condition (6.Wb) for ¥, holds uniformly in v € U, then
more general external forces f € L1(0,7; H) + L9 (0,T;V*) can be considered.

6.1.1 Discussion of the assumptions

Again, we want to discuss the assumptions more in detail.

As the name suggests, we consider in this case evolution equations of second order
with nonlinear damping, i.e., where 0%, is nonlinear and in general multi-valued.
This restricts us to the case where the principle part of the operator O€ is linear. The
principle parts of 0¥, and O& are defined on spaces for which we assume not that
either of the two spaces is continuously embedded in the other one. As mentioned in
the literature review (Section 1.2), this has not been studied before. However, for
single valued operators, a similar case has been investigated by LIONS & STRAUSS
[108] and EMMRICH & THALHAMMER [77].

Ad (6.¥). The conditions for the dissipation potentials are similar to those
in Section 3.2.1 for perturbed gradient systems. In contrast to the superlinearity
condition (3.Wh), we assume here that ¥, has p-growth on sublevel sets of &, which
allows us to employ an integration by parts formula for the second derivative u”
proven in EMMRICH & THALHAMMER [77], see Lemma 6.4.1 below.

As we mentioned in Remark 2.4.5, the liminf estimate in Condition (6.Wc) is

already implied by the Mosco-convergence ¥, M, v, for all sequences u, — u.
The prototypical examples for state-independent dissipation potential which fulfill
Condition (6.Wa)-(6.¥d) are

7o) = [, (Gve@p +1ve@)) de o v = [ (L@ + o)) de

on V = WyP(2) or V = L2(2) with p € (1, +00), respectively. For state-independent
dissipation potentials more general integral functionals of the form

W, (v) :/Q1/1(:1:,u(a:),v(a:),Vu(w),Vv(a:))dw

can be considered on appropriate SOBOLEV spaces, where 1 is a proper, lower
semicontinuous and convex function satisfying certain growth and continuity conditions,
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see Chapter 4, where we discuss this more in detail. Similar to Chapter 3 and 5, we
could also consider here more general time-dependent dissipation functionals.

Ad (6.E). The crucial assumption we make for the energy functional & = ' + £2 is
that the leading part £! is defined by a bounded, symmetric, and strongly positive
bilinear form b : U x U — R. All other assumptions concern the strongly continuous
perturbation £ which are very similar to those made for the energy functional for
linearly damped inertial systems. The main difference is that we assume a FRECHET
differentiability of £2, see Section 5.1.1 for a discussion of the assumptions made in
Chapter 6. Ad (6.B). Since we have exactly the same conditions on B, we have the
same remarks as in Section 5.1.1 for linear damping inertial systems.

Having discussed all assumptions, we are in a position to state the main result
which again includes the notion of solution to (6.0.1).

Theorem 6.1.4 (Existence result) Let the nonlinearly damped inertial system
(U,V,W, W H,E, W, B, f) be given and fulfill Assumptions (6.E), (6.Wa)-(6.Wc) as
well as (6.B) and Assumption (6.f). Then, for every ug € U and vy € H, there exists
a solution to (5.0.1), i.e., there exist functions u € C,([0,T]; U) N WH>(0,T; H) N
W24 (0, T; U* + V*) with u —ug € WH(0,T; V) and n € LY (0,T;V*) satisfying the
initial conditions u(0) = ug in U and u/'(0) = vy in H such that

n(t) € MWyuu(u'(t)) and u"(t) +n(t) + DE(t) + B(t, u(t),u'(t)) = f(t) in U +V*

(6.1.3)
for almost every t € (0,T). Furthermore, the energy-dissipation balance
1
SO + Eult) + [ (B () + B (S() = DE(r) — (1)) dr
— 5|vo|2+50(u0)+/0 0,&, (ul dr+/ Vesy dr (6.1.4)

holds for almost every t € (0,T), where S(r) :== f(r) — B(r,u(r),u'(r)), r € [0,T],
and if V.— U, then (6.1.4) holds for allt € [0,T].

6.2 Variational approxiomation scheme

The proof of Theorem 6.1.4 again relies on a semi-implicit time discretization scheme.
Therefore, we will proceed in a similar way to the case in the previous section. The
main difference and difficulty arises in identifying the (a priori) weak limits associated
with the nonlinear terms DE and 0¥. Again, for N € N\{0}, let

L={0=ty<t; < - <th,=nt<---<ty=T}

be an equidistant partition of the time interval [0, 7] with step size 7 := T'/N, where
we again omit the dependence of the nodes from the partition on the step size.
Discretizing inclusion (5.0.1) in a semi-implicit manner yields

yn — yn-l

T

+ Oy Wy (V) + DEL(UF) + B (6, UL V) S 2 in U 4 V"
(6.2.1)
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n n—1
forn=1,...,N with V" = % The value U? is to be determined recursively
from the variational approximation scheme

Ul cUNV and V? € V are given; whenever U!,... U"' € DNV are known,
find Uf S JT,tnfl(Uf_R U:-L_2; B(tnv Uf_17 an_l) o ff)

(6.2.2)
for n = 1,..., N, where J,.,(v,w;n) := argmin ,ny ©(r,t,v,w,n;u) and U-! =
U° — VOr with

O(r,t,v,w,n;u) = |u —2v +w|? + Y, ( ; ) + Er(u) — (Cu) vy

forr € Rt € [0,T) withr +t € [0,T], u e UNV,v € V;w € H and { € V*.
The solvability of the discrete problem (6.2.2) and that every solution fulfills the
EULER-LAGRANGE equation (6.2.1) is ensured by the following lemma.

Lemma 6.2.1 Let the nonlinearly damped inertial system (U,V,W,H,E,¥) be
given and fulfill the Conditions (6.Ea)-(6.Ec), (6.Ee), (6.Ef) and (6.Wa)-(6.Wb).
Furthermore, let r € (0,T) andt € [0,T) withr+t < T as well asv €V, w € H and

¢ € V*. Then, the set J,+(v,w;n) is non-empty and single valued if r < 2)\, where A\

is from (6.Ef). Furthermore, to every u € J,(v, w;n), there exists n € Oy¥, ( ;U> <
V* such that

u—20—w

5 +n+D&)+C=0 U +V"

”
Proof. The proof follows along the same lines as the proof to Lemma 5.2.1 by
employing the direct methods of the calculus of variations as well as Lemma 2.2.7. [

Thus, Lemma 2.2.5 ensures that minimizer of the mapping

i D7, by, UR UR2, B, UPL VY — ),

T

fulfil the EULER-LAGRANGE equation (6.2.1).

6.3 Discrete Energy-Dissipation inequality and a
priori estimates

In this section, we derive a priori estimates to the approximate solutions. Thus,
let the initial values ug € U NV and vy € V as well as the time step 7 > 0 be
given and fixed. As before, we will assume more general intial values in the main
existence result and approximate by suitable sequences of values. Then, for given
approximate values (U")M_, with U? := ug and V.° = v, obtained from the variational
approximation scheme (6 2.2), we deﬁne again the piecewise constant and linear
interpolations U,, U, U,, V., V..V, &, f- as well as t, and t, as in (5.3.1)-(5.3.4).



128 Chapter 6. Nonlinearly damped Inertial System

Furthermore, by Lemma 6.2.1, there exists a sequence (n?)Y_, C V* of subgradients
fulfilling 0 € OyWyn-1(V),n = 1,..., N, such that

vV — Vn—l
T T + 77;’_1 + D(C/’tn(U:_l) + B (tn’ U"rz—l7 V'Tn—l)
T

T

=f' mU+V' n=1,...,N.

Then, we define the measurable function 7, : [0,7] — V* by

n.(t)=n" fort€ (ty_1,t,),n=1,...,N, and n(T)=n". (6.3.1)

Having defined the interpolations, we are in the position to show the a priori
estimates in the following lemma.

Lemma 6.3.1 (A priori estimates) Let the system (U, V,W,H,E, W, B, f) be given
and satisfy the Assumptions (6.E), (6.¥), (6.B) as well as Assumption (6.f). Fur-
thermore, let U,,U_, UT, V., V., VT,nT and f, be the interpolations associated with
the given values ug € U NV vy € V and the step size T > 0. Then, the discrete
energy-dissipation inequality

/t((:) (%, (V1)) + 5, ) (S5(7) = V(1) = Dy (U= (1)) ) ar

1,— 2 _
+ 5[V O] + & T-(1)
1,— _ t- (1) tr (t) _
< Vo) + & T+ [ o€ dr—i—/ () oy dr
2 T t-(s)
O
+7A V., (r)]2dr (6.3.2)

t-(s)

holds for all 0 < s <t < T, where we have introduced the short-hand notation
Sy(r) == f-(r) — Bt.(r),U.(r),V..(r)), » € [0,T]. Moreover, there exist positive
constants M, 7* > 0 such that the estimates

sup [V, ()| <M, sup &(U,(t) <M, sup |%&(U, (1) <M, (6.3.3)

te[0,7T te[0,7T te[0,T
/0 (W, ) (V) + 9 ) (S-(r) = V/(r) = D&y (T£(r)))) dr < M (6.3.4)

hold for all O < 1 < 7. In particular, the families of functions

(U.)ocrer C L2(0,T:0), (6.3.5)
(Vr)ocrer C L0, T V), (6.3.5b)
(N )o<r<rs C LE(0, T3 V), (6.3.5¢)
(VD)ocrer C LQ*<0, T;U" +V*), (6.3.5d)
(Br)o<r<r C L¥(0,T; V), (6.3.5¢)
(DEX(U,))o<rrs C L0, T3 W), (6.3.5¢)
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are uniformly bounded with respect to T in the respective spaces, where ¢* > 0 is the
conjugate exponent to ¢ > 1 and v € (0,1) being from Assumption (6.Bb). Finally,
there holds

sup (U, (t) = T, ()lv + |1 T-(t) = T (#)]lv) = 0

t€[0,T]

sup ([[V+(t) = Vo(0)]

te[0,T7]

(6.3.6)

v+ Vo (0) = Vo (0)lgmsv-) = 0

as T — 0.

Proof. Let (U™)N_, C UNV be the approximative values obtained from the variational
approximation scheme (6.2.2) which satisfy by Lemma 2.2.7 the EULER-LAGRANGE
equation

vn _ Vn—l
f7 =B, U V) = ———7— =D&, (U}) = n} € Wy (V) (6.3.7)
’7— T
foralln =1,..., N. According to Lemma 2.3.1, inclusion (6.3.7) is equivalent to
Vn — Vn—l

s (V) + 0 (f? Bt Ur Vi) - L D&nwf))

T T T

Vr — Vn—l
_<fr_B(tnanlv‘/;-nl)_”_Dgtn<Uf>7V‘rn> , n=1...,N.
T VEXV

Furthermore, the enhanced FRECHET subdifferentiability (6.Ef) yields

— (D&, (Up),up = Uz <&, (UFTY) AU - U

(U*+V*)x(UNV) —
— &, (U7)

=&, (U = &, (UM + U = U
tn
+ 0. (UM 1) dr

tn—1

foralln=1,..., N. Employing (5.3.11), we obtain

1 n|2 n n * n V:rn — ‘/;n_l n
SV, 02) 4 e (V) i (52 - Y g, o)

T

1 tn tn
<SVITE &, W+ [T 0 & Ui dr A [ VIR 4 7 (S Ve
n—1 n—1

forallm =1,..., N, where S" := f* — B(t,, U1, V") n=1,..., N. Summing
up the inequalities over n yields (6.3.2). Analogously to the proof of Lemma 5.3.1,
the estimates (6.3.3) and (6.3.4) are obtained by employing the discrete version of
GRONWALL’s lemma (Lemma A.1.2) taking further into account that by Condition
(6.Ed), there holds

0.E (U1 < CiENUTT)

forall r € (0,7) and n = 1,..., N. The estimates (6.3.3) and (6.3.4) in turn imply in
view of Assumption (6.Ea),(6.Ec),(6.Eg) as well as Assumption (6.Wb) and Remark
6.1.1 the uniform bounds (6.3.5a)-(6.3.5f) and the convergences (6.3.6). O
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6.4 Compactness

In this section, we prove the (weak) compactness of the approximate solutions in
suitable BOCHNER spaces in order to pass to the limit in the weak formulation
of the discrete inclusion (6.2.1) as the step size vanishes. After identifying all the
weak limits, we will indeed obtain a solution to the CAUCHY problem (5.0.1). The
compactness result is given in the following lemma whose proof follow along the
same line as Lemma (5.4.1) for linearly damped inertial systems. Therefore, we will
prove the assertions which differ from the previously mentioned lemma.

Lemma 6.4.1 (Compactness) Under the same assumptions of Lemma 6.5.1, let
(Tn)nen be a vanishing sequence of step sizes and let ug € UNV and vy € V.. Then,
there exists a subsequence, still denoted by (T,)nen, @ pair of functions (u,n) with

u € Cyu([0, T]; U) N W0, T; V) N WE(0, T; H) n W29 (0, T; U* + V*) and
n € LT (0, T; V"),

and fulfilling the initial values u(0) = ug in U and u'(0) = vy in H such that the
following convergences hold

U, U, U, =u inL®0,T,UNV), (6.4.1a)

U, (),U, (t), U, (t) =~ u(t) inU foralltel0,T], (6.4.1Db)
U, (t) = u(t) mV foralltel0,T], (6.4.1c)

U. —u inL'(0,T;W) for anyr > 1, (6.4.1d)

U, (1), U, (t),U,.(t) = u(t) in W forallte0,T), (6.4.1¢)
Vo Vo = in L0, T;V)NL®(0,T; H), (6.4.1f)

Vi Vo =’ inLP(0,T;H)  forallp > 1, (6.4.1g)

Vo, (1), V., (), V. (t) = '(t) in H foralltel0,T), (6.4.1h)
N, —n in LT (0,T;V*), (6.4.1i)

EU,, — Eu in L*(0,T;U"), (6.4.1j)

Dé'fm (U,,) = DEX(u) in L7 (0, T;W*) for anyr > 1, (6.4.1k)

VI = i LR 0, T U V), (6.4.11)

fr. = f inL*0,T; H), (6.4.1m)

B, — B(-,u(-),d'(:)) inL7(0,T;V*), (6.4.1n)

Furthermore, if the dissipation potential satisfies in addition Assumption (6.¥d),
then, there holds

V,, —u  in Lm0, T, U), (6.4.2a)
U, —u inC([0,T];0). (6.4.2b)

Finally, the function u satisfies the inequality

Il = S () + Eoluo) — Ex(u(e)) + [ 0.6, (ulr)) dr

== /ot<uﬁ(7") + D& (u(r)), u'(r))v-xv (6.4.3)



6.4. Compactness 131

for almost every t € (0,T).

Proof. We restrict the proof by only showing the convergence (6.4.1j),(6.4.1k),
(6.4.2a), and (6.4.2b) and note that the remainder of the proof can be proved
in the same manner as the proof of Lemma 5.4.1. First, convergence (6.4.1j) follows
from Remark 6.1.2 i) and the weak convergence (6.4.1a). Further, from the growth
condition (6.Eg), we obtain

IDE oy (Ur, (E)IF. < Cs(1 4+ EX (UL, (1) + U~ ()] 7)

w

and in view of the a priori estimates (6.3.3),

\mﬁ

2 T @®)lw <C forall t € [0,T].

Together with the convergence (6.4.1e) and the continuity condition (6.Ee), this
leads to (6.4.1k). The last assertions (6.4.2a) and (6.4.2b) follow immediately from
Assumption (6.Wd) and

. fA— max{p,2}
lim sup |V o, (r) =/ (r) |y dr
n—00 0
T _

< timsup [ (nu(r) = 1(r), Vi (r) = (1)) ey dr <0
n—oo

and 7(t) € OvWuu(u'(t)) a.e. in (0,7), which we will show in the proof of the
main result. It remains to show the inequality (6.4.3). The difficulty in proving the
aforementioned inequality is that we are not allowed to split the duality pairing in
the integral on the right-hand side and consider each integral separately. However,
since (6.4.3) is a slight modification of Lemma 6 in EMMRICH & THALHAMMER
[77], we follow their proof and regularize the function «’ by its so-called STEKLOV
average. For a function v € I?(0,7; X),p > 1, defined on a BANACH space X and
being extended by zero outside [0, T], the STEKLOV average is, for sufficiently small
h > 0, given by

1 ftt+h

Sh/U(t) = % e

v(r)dr.

It is readily seen that Spv € LP(0,T; X) and ||Shv||reo,rx) < |V|lieor;x). Further-
more, it can be shown by a regularization argument that S,v — v in LP(0,7; X) as
h — 0, see , e.g., DIESTEL & UHL [58, Theorem 9, p. 49].
Defining Kv(t) = [; v(r)dr, we commence with calculating

B /:“Sh“/)l(r) + D& (ug + (KSpu')(r)), (Spu') (1)) vexv dr
— /:((Shu’)'(r) + E(up + (KSpu') (1)) + DE (ug + (K Spu') (1)), (Sptd) (1)) ye sy dr

= IS ) — SIS ()P + E (o + (K Syt )(5)) — E(ug + (K Syt ) 1)
+ EXup + (KSpu!)(5)) — EX(ug + (K Spu') (1))
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for all s,t € [0, 7] where we have applied the integration by parts formula, since the
duality pairing can be split now due to the fact that (Spu')(t) = 5-(@(t+h)—a(t—h)),
where @ is a continuous extension of u outside [0,7] which makes sense, since
uw e L>0,T;U) N WH(0,T; H) C C,([0,T];U) and therefore Spu’ € L(0,T;U).
However, we are not allowed to perform the limit passage after splitting up all the
integrals, since the duality pairing in the limit would not be well defined because we
only know that u” + D& (u) € L7 (0,T;V*). Nevertheless, since we have assumed
V — W, we can treat the term involving DE? : W — W* < V* separately. First,
taking into account

1 t+h 1 [+h

/ _ o _
uo—i-(KShu)(t)—uo—f-Qh - a(r)dr 5h .

and that u € C,([0,T); U) c C([0,T]; W) since U < W, there holds

lim (uo + (KSypu')) = uin C([0,T}; w). (6.4.4)

Finally, by the continuity of £ and DE?, the convergences (6.4.4) and Spu’ — u’ in
L%(0,7;V) as h — 0, there holds

= — /:(D&?(u(r)), u' (1)) ey dr

= lim — i (DE? (ug + (K Spu') (1)), (Sptt) (1)) ye sy dr

= lim (€2 (uo + (KSuu')(s)) — & (uo + (K Spd)(1)))
= EX(u(s)) — E(u(t)) (6.4.5)

for all s,¢ € [0,T]. Second, it has been shown in EMMRICH & THALHAMMER [77,
Lemma 6] that

_ /Ot<u”(r) + E(u(r)), v (r))ysxy dr

< Lt = Lo + £4(u0) - £1(ut0)

for almost every t € (0,T'). The latter inequality together with (6.4.5) implies (6.4.3),

which completes the proof.
[

6.5 Proof of Theorem 6.1.4

Let ug € U,vg € H and (7,,)nen be a vanishing sequence of positive step sizes. Let
(ub ey € U NV and (v8)geny C V be such that uf — ug in U and vl — vy in H
as k — o0o. We let £ € N be fixed and we denote the interpolations associated
with the initial data uf and vf again by (5.3.1)-(5.3.3) and (6.3.1). Henceforth, we
suppress the dependence of the interpolations on k for simplicity. By the previous
lemma, there exists a subsequence (relabeled as before) of the interpolations and limit
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functions u € C, ([0, T]; U) " WL2(0,T; H) N WH4(0,T; V*) " W2 (0, T; U* + V*)
(notice that uf € UNV) and u(0) = uf in U and v/(0) = v} in H such that the
convergences (6.4.1) hold, where we again suppress the dependence of the limit
functions on k. First, we prove that the inclusion (6.1.3) holds. To do so, we note
that the EULER-LAGRANGE equation (6.3.7) reads

VL (t) + 1, (1) + D (U (1)) + 55, () =0 in U* + V",

™ _ (6.5.1)
m(t) € vy @(Vr, (1))

for all t € (0,7"), where S, (t) = B(t,,(t),V, (1), U, (t)) — fr.(t),t € [0,T]. Testing
equation (6.5.1) with w € maxt2, a0, T;UNV), we “obtain

T I
A (V2.(r) + 07, (r) + D& (5)(Unr, () + Sr, (r), w(r)) w++vox@wmvydr = 0

Then, with the aid of the convergences (6.4.1), we are allowed to pass to the limit in
the weak formulation obtaining

[0 0l + DEu() + Bt ) () = F0), 0w vy dr =0

for all w € L™ax{24}(0, T; U N'V). Then, by a density argument and the fundamental
lemma of calculus of variations, we deduce

u"(t) + n(t) + DE(u(t)) + B(t,u(t),u'(t)) = f(t) in U +V*

for a.e. ¢t € (0,7). We shall identify the weak limit 7 as subgradient of the
dissipation potential almost everywhere, i.e, 1(t) € OyW,u) (' (t)) for almost every

€ (0,T). For that purpose, we will employ Lemma 2.4.4 with f,(t,v) = ¥y )(v)
and f(t,v) = Yy (v) for allv € X =V and n € N. Assumption (2.4.1) is already
fulfilled by Condition (6.Wc). Hence, it remains to show that

T —

limsup [ (. (1), Vo, (£)vexydt < /0T<77(t),u'(t))v*xvdt. (6.5.2)

n—oo 0

In order to show the latter limes superior estimate, we use the fact that 7, can be
expressed through the remaining terms of the EULER-LAGRANGE equation (6.5.1).
Therefore, we will split the integral on the left-hand side of (6.5.2) and note first
that

[0V ey
= / ATn >V*XVdT + / Vrn (T) - VTn (T)>V*><Vd7ﬂ
= 2luol? - §|vm<t>|2 [0, 70 0) = V(e dr

1 1~
< —|v|* = = |V (t)]?
< Slool? = 51V, @,
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where we used the fundamental theorem of calculus for the absolutely continuous
function ¢ — 3|V, (¢)* and that the estimate

/ot <‘7T/” (r). ‘77" (r) = Vo, (r)vexydr

St (VE =V — Lt
-y ( =V 1+V£;1—v:n> v
; ti—1

t (Vm—yml —t bt — T
. m—1 —1'm
+ ™yl FVE— V) dr
tm—1 7_77, Tn " T’I’L

:_Z/tl ( éll(Vf;—fo)t"T_vdr
.. <Vm_fvm1 (v = ve) ==

m—1
r 112 bty —
— 7 i—1 m
S Vi - Vi dr—/t
m—1

2
i=1 Jti-1 n T

mo m—12
v vt dr <0

with ¢ € (t,,—1, t,] for some m € {1,..., N}.
We continue with the term involving the derivative of the energy functional and
start with the linear part:

— [BU ), Vo 0w
_ /O(EUTn(r)V ())U*XUdr—ir/ (B, (r) — ET,. (1), Vs (r)) v xv dr

Sl (ug) — (T (1) + /0 BT (1) — T (1), Vo (7)) s dr
< &Yug) — EY(U,, (1)),

where we used

/ot<E(ﬁm(r) — U, (1), Ve, (r))uexu dr <0,

which can be shown in the same way as above by using the strong positivity of E.
As for the nonlinear part, we obtain by employing the A-convexity of £2 that

B / < tfn(T (T))>V‘rn<7")>U*><Ud7”

= : : t—tm_
== > (DEU;,), U5, = Us Ny — ——{DE(U7), Ut = Up e
=1 n
m—1 ] ) ) 2
<- ¥ (@i -g ) -av, - v
=1
U=t m— m m—1]2
- (g - e wm) - Ao - vz f)
m . t. )
=3 (52 (USY = &,(UL ) + O, EXUL Ydr + AT2 VL 2)
i=1 ti-1
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o Um—l 2
T T Tn

= &3(uo) £, o Tn) + [ 0.E2T ()ar + 1),

tm
+

t m— m
(&2, wm - &2, W - A

where

In(t> ==

Tn

(2w - 2w - A

2 ™ ()
v ) o [ R

Now, we want to make use of the inequality (6.4.3). However, the aforementioned
inequality only holds true for almost every ¢ € (0,7T"). Therefore, we take a sequence
of increasing values (3;)ien, B; € (0,T) for all ¢ € N, converging to T" for which (6.4.3)
holds true. Then, choosing ¢ = f3;, we obtain with the convergences (6.4.1b), (6.4.1h),
(6.4.1¢), and (6.4.1g), the sequential weak lower semicontinuity of &' and | - | and
the continuity of £}, the limes superior condition and growth condition (6.Ed) on
&} and FATOU’s Lemma that

B - _ _
limsup— [ (V2 (r) + D&y (Tn (), Vi (1)) e xy dr

< timsup (S0l = 517, (B + Eofuo) — €T, (3)) — &, 5, (U, (5)
+/tT" . &(U.. (r ))dr—I—]n(t))
< Slol? - ;u'(/al)!? + &) — E(u(A) + [ 0.6 (ulr)dr

Since u € C,([0,T];U) and o’ € L>°(0,T; H) " WH1(0, T, U* + V*) C C,([0,T); H),
Lemma 6.4.1 then yields

1ol = S I + Eolu) — &5, (u(B) + [ 0.6, (ur)) dr

= _/OBZ<U”(7") + D& (u(r)), w' (1) vexv-

Then, in view of the convergences (6.4.1m) and (6.4.1n), the EULER-LAGRANGE
equation (6.5.1), we obtain

ligl_)s;ip Oﬂl (N (t), Vi, () ey dt
—h;gsogp ﬁl<sm<t>—vm<> DE; (U, (1)), Vi (1)) v
< [0 = Bt u(t), (1)) /() ~ DE(u(t) (1)) sy

B
- /0 (), 4 (£)) e it

Together with Condition (6.Wc) and Lemma 2.4.4, this implies n(t) € Oy W) (' (1))
for almost every ¢ € (0, ;) for all [ € N. Letting | — oo leads to n(t) € 0%, (v (t))
for almost every ¢ € (0,7). This shows for each k € N the existence of a function
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u satisfying the inclusion (6.1.3), and the initial values u(0) = uf € U NV and
u'(0) = vf € V. Denote with (u)ren the sequence of solutions to the associated
sequence of initial values, and with (1 )ren the subgradients of ¥, ) (uj,(t)). In the
last step, we want to show that there exists a limit function u which satisfies (6.1.3)
and (6.1.4) as well as the intial values u(0) = ug in U and /(0) = vy in H. We recall
that uf — up in U and v§ — vy in H as k — co. As in Chapter 5, the next steps
are the following.

1. We derive a priori estimates based on the energy-dissipation inequality (6.1.4),

2. We show compactness of the sequences (uy)reny and (7x)ren in appropriate
spaces,

3. We pass to the limit in the inclusion 6.1.3 as k£ — oo.

Ad 1. Let t € [0,T] and N C (0, 7] a set of measure zero such that & _,\(Ux,(s)) —
Ei(u(s)) and V, (s) — u/(s) for each s € [0, T]\N. Then, employing the convergences
(6.4.1), we obtain

SO + Exun(t) + [ (B () + 25, (S107) = DEn(r)) — (1)) b

1, _
< lim inf ( ‘an (If)‘2 + S*Tn(t)(Urn (t))

n—oo

- / o (P, ) (Ve () + 9 o) (S5 () = DE5, (T, (1) = V7, (1)) dr)

. 2 k E7'71(t)
< lim sup 00’ + &Eo(ug) + / o0& (U, (r))dr

n—oo

+/tT"t<s Ve (r)v- der+m/ HVT(r)H%/dr>

= §|v§]2+50(u§)+/0 0.8, (1) dr -+ [ (S4(r), w(1)veey b

for all ¢ € [0,T], where Si(r) = f(r) — B(r,ur(r), u)(r)). Again, taking into account
Condition (6.Ed), (6.Bb), and (6.Bb), we obtain with the lemma of GRONWALL
(Lemma A.1.1)

S0 + E(0) + [ @ () + ¥ (Sil0) — DE (1)) — () dr < C.

for all ¢ € [0, T for a constant Cz > 0.
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Ad 2. With the same reasoning as for the interpolations, we obtain the convergences

up —u in L®(0,T;U), (6.5.3a)

up — up > u—wuy  in L0, T; V), (6.5.3b)
ug(t) = u(t) inU forall t €0,T], (6.5.3¢)

up(t) —ub = u(t) —ug inV forall t €0,T], (6.5.3d)
w, = u in L7(0,T;W) for any r > 1, (6.5.3¢)

t) = u(t) in W foralltel0,T], (6.5.3f)

up(t) =o' in LIY0,T; V)N L®(0,T; H), (6.5.3g)

(1) —u  inLP(0,T;H) forallp>1, (6.5.3h)

u(t) = u'(t) in H forall t € [0,T], (6.5.31)

nt —n inLY(0,T;V7), (6.5.3])

Eup — Eu in L2(0,T;U*), (6.5.3k)

DE? (uy) — DEX(u) in L7(0,T;U*) for any r > 1, (6.5.31)

up — o in RO, T U 4 V), 6.5.3m)

B(-,up,u},) = B(-,u,u) in L7 (0,T;V*), (6.5.3n)

and if ¥, satisfies (6.Wd), then

!/ /
U, —u

in Lmax{2a} (0, T, U),

u, — u in C([0,T); U).

Ad 3. Therefore, u € C,([0,T];U) N Wh=([0,T]; H) N W24 (0, T; U* + V*) with
u—up € WH(0,T; V) and n € L4 (0, T; V*) satisfies the initial conditions u(0) = g
in U and «/(0) = vy in H. Along the same lines as for the interpolations, we obtain
with Condition (6.Wc) and Lemma 2.4.4 that u and 7 satisfy the inclusions (6.1.3).
It remains to show the energy-dissipation balance (6.1.4). The inequality

1 2
§]u()] re(un) + [ (w,

< 5\1)0\2 + Eo(up) +/0 0 Er(u(r

)+ W (S(r) = DE(u(r)) — u(r))) dr

))dr—l—/o (S(r), u

for all t € [0,T] with S(r) = f(r) — B(r,u(r),u'(r)) is obtained by passing to the
limit as k — oo while taking into account the convergences (6.4.1). Then, employing
again (6.4.3) and the FENCHEL—Y OUNG inequality, we obtain

7a))V*XVdTa

[ @t (0)) + 8 (80 = DE(ulr)) = (7)) dr

< Slool? = SO + Eofun) — Er(u(®) + [ 0. (u(r))dr

t

+ ; (S(r), v (r))yexydr

< [ DE(u(r) = o (r), () v dr + [ (S(). ! (1)) dr
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= [1(8() = DEulr)) = (1), (1)
< / )+ W (S(r) = DE (u(r)) —u"(r))) dr

for almost every ¢t € (0, 7). Now, if V' < U, then the inequality (6.4.3) indeed holds
as equality for all ¢t € [0, T] by the classical integration by parts formula. This shows
(6.1.4), and hence the completion of the proof. O

Remark 6.5.1 The proof of Theorem 6.1.4 reveals that one can consider dissipation
potentials that depend on a parameter ¢. In this case, the Condition (6.Wa) is
assumed to hold for every ¢ > 0 while Condition (6.Wb) holds uniformly in € > 0.
Condition (6.Wc) can either be replaced with the MoOsco-convergence ¥;" M, w0
for every sequence u,, — u as € N\, 0, or with a more general liminf estimate (2.4.1).



Chapter 7

Applications

In this section, we want to apply the abstract results on linear and nonlinear inertial
systems developed and proven in Chapter 5 and 6, respectively, to concrete examples.
We will give a sufficient number of examples to cover the range of applications
from the abstract results. Since our main results are established in a nonsmooth
setting, the examples with nonsmooth functionals, in particular, can not be cast into
the framework of the existing results. Those nonsmooth functionals correspond to
multi-valued equations or nonlinear constraints. We first start with examples for
linearly damped inertial systems and continue with examples for nonlinearly damped
inertial systems. We assume the same notation and function spaces as in Chapter 4.

7.1 Differential inclusion I A

In the first example, we consider a system, which can be treated in the Case (a) of
the linearly damped intertial system, where the dissipation potential is given by the
DIRICHLET energy and the energy functional is a nonsmooth A-convex function which
to the best of the authors’ knowledge can not be treated with the abstract results
known thus far. More precisely, we consider the initial-boundary value problem

Opu — Adu — Aju+ (Jul> = NDu—V-p+b(x,t,u,du) = f in O,
p(z,t) € Sgn (Vu(x,t)) a.e. in 27,

(P1) du(x,0) =wug(x) on 2,

u'(x,0) = vo(x) on {2,

u(x,t) =0 on 02 x [0,T],

where Sgn : R™™ = R?*™ ig the sign function defined in (4.0.1), f : 2 — R™,
b: 2 x[0,T] x R x R™ — R™ a CARATHEODORY function in the sense that
b(x,-,-,-) is continuous for almost every € {2 and b(-,t,y, z) is measurable for all
t €[0,7] and y, z € R™. Furthermore, b is assumed to satisfy the following growth
condition: there exists a constant Cj, > 0 and numbers ¢,r > 1 such that

|b(x,t,u,v)| < Cy(1+ |[u|? +|v|"™!) forae x€2,tc0,T]andall u,v € R™.

Here, p,q,7 > 1 are to be chosen in accordance with the assumptions.
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Choosing the spaces U = WP (2)" N LY (2)™,V = H{(2)™, W = Lmax{2a(Q)m
and H = L?*(£2)™ equipped with the standard norms, we assume f € L2(0,7T;V™*).
The energy functional £ : V' — (—o0, +00] and the dissipation potential ¥ : V' — R
are given by

400 otherwise,

£lu) = {fg (Ivu@)P + [Vu(@)| + }(lu@)]* - 1)?) dz if u € dom(£),

and
v(0) = 5 [ [Vo(@)Pd
v) =3 | [Vv(@)d=,
respectively, whereas the perturbation B : [0,7] x W x H — V* is defined by
(B(t,u,v), w)yxy = (B(t,u,v), w)wxw = /Q b(x,t,u(x),v(x)) w(x)dr.

The LEGENDRE-FENCHEL transformation ¥* : H™1(£2)™ — R of ¥ is obviously
given by W*(€) = 3||€||? . Furthermore, it is readily seen that the energy functional
is not GATEAUX differentiable and its effective domain is given by dom(&) =
WP (2)"NLA(2)™. The values p, g, > 1 are to be chosen such that all assumptions
are fulfilled. We can choose, e.g.,

d=1,pe (1,+0),r €[1,2],q € [1,p/2 + 1],
Lpd/(p—d))N[l,p/2+1] ifpe(1,2),
Lp/241] ifp>2,
q) ifpe(1,2),
1,p/2+1] ifp>3,

d=2,pe (l,+00),r€[1,2],q € {{
d>3,pe(l,4+0),r€[l,2],q€ {{

where ¢* = min{ ;l(ZJrig, 3dj4,p + 1}. Then, by the SOBOLEV embedding theorem
and the RELLICH-KONDRACHOV theorem, U and V' are densely, continuously and
compactly embedded in W and H, respectively. We will verify for illustration the
assumptions for the case d > 3. Since the dissipation potential is state-independent,

it is induced by the bilinear form a : V x V — R,
a(v, w) / Vv -Vwde,

and therefore satisfies all conditions. The conditions (5.Eb)-(5.Ed) are obviously
fulfilled by the energy functional. In order to verify (5.Ea), we note that every
convex and lower semicontinuous functional on a BANACH space is weakly lower
semicontinuous. Taking the latter into account, we observe that for u € dom(€), the
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energy functional

tw) = [ (SIvu@P + Vu@) + j(lu(@) - 17) do
= [, (Bivu@l + [Ful@)] + f(u@ - 2u@)l +1)) do
= [, (L@ « Fu@) + ju@)* + 1)) do -} [ jute)f iz

= Wi(u) — 5/9 u(z)]? de

is the sum of a convex function W and a concave function u — —3 [, |u(x)[*dz on
V. The lower semicontinuity of YW on V follows immediately from the converse of
the dominated convergence theorem (see, e.g., BREZIS [35, Theorem 4.9, p. 94]) and
FaToU’s lemma. Further, due to the compact embedding of V' in H, the concave
function is continuous on V' with respect to the weak topology. This implies £ to be
weakly lower semicontinuous on V. In fact, the convex part of the energy is perturbed
by the negative HILBERT space norm of H squared which by the parallelogram law
and the embedding V' — H leads to the A\-convexity of £ with A := C being the
constant of the very same embedding. Now, we show the closedness property (5.Ee).
First, we note that for each u € D(JE), there holds € € Iy€(u) = IyW(u) —

if and only if ¢ = —A,u+ V -p+ (Ju]*> — 1)u € U* for a measurable selection
p € L®(2)™ satisfying p € Sgn(Vu) a.e. in 2. This can be seen as follows: we
define the functionals Wy : Wy (£2)™ — [0, +00] and Wy : L1(2)>™ — R as well as
the operator A : WyP(£2)™ — L1(£2)%™ via

~+00 otherw1se,

= /Q |A(z)|dx

and Au = Vu. We note that A is linear and bounded and has as adjoint operator
A D LR (2)m 5 WP ()™ A — —V - A the divergence operator. Let u €
dom(9yW), then by the variational sum rule (Lemma2.2.7) and Lemma 2.2.8, there
holds

5 € (9U (Wl(’l.l,) + WQ(A'U,))
= anl (U) + 8UW2(/1'U,)
= anl (’U,) + A*axwg(/l’u,),

where X = L1(£2)™*4, Thus, there exists & € dyWi(u) and & € +A*IxWs(Au)
such that & = &, + &,. Now, we shall determine &; and &;. Since W, is GATEAUX
differentiable on W (2)"NL4(£2)™, we deduce immediately & = —A u+(|u|*—1)u
a.e. in £2. In order to determine &, we note first that & = V- p with p € OxWh(Auw).
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Second, we express Ox Wh(Au) with the aid of Lemma 2.3.1 equivalently through
the equation

(D, Au) x+xx = Wh(Au) + W (p). (7.1.1)

Third, by EKELAND & TEMAM [69, Proposition 1.2, p. 87], the conjugate Wj is
given by

Wi(B) = [ 15 0n(B@)dz.

with the indicator function 15 1) = {0, +o0} defined by

0 if |[A| <1
(557 A) = -
BRmxd(071)< ) {+oo otherweise.

This implies

0 if | B(x)| <1 a.e. in {2

+o00 otherweise.

W;(B) = {
Inserting the latter expression into the equality (7.1.1), we obtain

/Qp(a:) :Vu(x)dx = /Q |p(x)|dx

and |p(x)] <1 a.e. in 2. Since p(x) : Vu(x) < |p(x)| by the FENCHEL-YOUNG
(or CAUCHY—SCHWARZ) inequality, we deduce

p(x) : Vu(zx) = |p(x)| a.e. in 2.

Therefore, p(x) € Bgmxa(0,1) if |[Vu(x)| = 0 and p(x) = |§ZE§§| otherwise. We

obtain p(x) € Sgn(Vu(x)) a.e. in 2. Now let w,, — w in L>®(0,T;U) NHY(0,T; V),
u, — u in L2(0,7;V), and &, = & in L2(0,T;U*) as n — oo such that &,(t) €
O& (u,(t)) for almost every t € (0,T), sup,en seo.r) € (Un(t)) < Co, and

lim sup

T
n— oo 0

T
<£n(t),un(t)>U*XUdt§/o (E(1), w(t)) o dt. (7.1.2)
We note that we can decompose £ = ¢ —u € V* with ¢ € 9WW(u). Then, defining
¢n = &, +u,, there holds ¢, € OW (u,,) and {, — ¢ := € +win L2(0,T;U*). By the
L1IONS—AUBIN lemma, we obtain the strong convergence of u,, — u in C([0,7]; H).
Thus, in view of (7.1.2), we deduce

T T
hm_igp 0 (Ca(t), wn(t))v=xu dt S/O (€(t), u(t))v-xudt.
Since W is convex, by Theorem 2.3.7, there holds {(t) € dyW (u(t)) in U* and
W(u,(t)) - W(u(t)) as n — oo a.e. in (0,7), whence &(t) € dyE(u(t)) a.e. in
(0,7) and E(u,(t)) — E(u(t)) as n — oo a.e. in (0,7"). We proceed with showing
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the control of the subgradient of &, i.e., Condition (5.Eg). Let uw € D(9€) and
&€ € OyE(u). Then, by HOLDER’s and YOUNG’s inequality, the SOBOLEV embedding
theorem, we obtain

(&, V) = / ]V'u,|p72Vu :Vo+p:Vo+ (Ju? - 1u- v) de
< C (s gy + Pl (oynee ) Bolytoopm
+ [ullEsgyml[vllLs@m + lullez@pm vl

C ([l gy + WPlsayess + Iulisayn + luliayn ) [0l

<
<

IN

1 1 1
p 4 2
0 (14 Sl gy + Jlllsar + luliar ) ol

1 1 1
Lt el o + el = Slulieem + HUHiz(mm) [vlle

IN

C
C (1 + E(u) + IIUI\L2(Q)m) vl
C (1 + E(u)

IN

w) + [0l ) 0]l

for all v € U = WyP(2)™ N LY(2)™, where we also used the fact that Sgn is
uniformly bounded, from which (5.Eg) follows. Finally, we verify the assumptions
on the perturbation B. The continuity condition (5.Ba) can easily be checked with

the dominated convergence theorem.
Ad (5.Bb). Let u € dom(€) and v,w € V. Then, by the HOLDER & YOUNG
inequalities as well as the SOBOLEV embedding theorem, there holds

(B(u,v),w)yxy —/ x, t,u(x),v(x)) w(x)de
s&/wmw*+wmrmmmmE
< C (Jlullfet vaaiaa ym + 1015 vaasasn @y ) [0 leara-2(gym
< C (Il + 015ty ) I0lnyco

< C((1+E@) + [0]a0yn)” I llmyioye (7.13)

where ¢ € (0,1). Recalling that the conjugate is given by ¥*(£) = 1[|€||?. for

all £ € V* = H (Q)m, we conclude (5.Bb). Therefore, for every initial datum
up € dom(E) = WoP(2)" NLA(2)™ and vy € L2(2)™, there exists a weak solution

w € L0, T;U) NHY0,T; V)N Wh=(0,T; H) N H*(0,T; U*)
o (P1) in the sense that
T
/ ((u”,v)U*XU + /Q (V@tu Vo + |Vulf>Vu: Vo + (Jul> = Du-v+p: Vo
0

+ b(x, t, Oyu, u)) dz + (f, v)U*XU> dt for all v € L?(0,T;U)
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with p(z,t) € Sgn(Vu(x,t)) a.e. in 2r, and the energy-dissipation inequality

0+ ECult) + [ v ) ar
+ /st *(f(r) = b(r,u(r),u'(r)) —u"(r) — &(r))dr
< Ly + ) + [0 b ulr), (1), ()

holds for all ¢t € [0,T] if s = 0 and a.e. s € (0,t), where & € L>°(0,7;U*) and
£(t) = —Ayu(t) — (Ju(t)]> = Du(t) in U* = W7 ()™ + L3 (2)™ a.e. int € (0,T).

7.2 Differential inclusion I B

In the following example, we will cover Case (b) while also highlighting the difference
between Case (a) and (b). To do so, we consider the initial-boundary value problem

Opu —Adyu + ' (x, Ou) — Apu+ (|Ju)> —D)u -V -p+ b (x,t,u) = f in Or,
p(x,t) € Sgn (Vu(x,t)) a.e. in 2,

(P2) S u(x,0) =wuo(x) on £,

u'(x,0) = vo(x) on 2,

u(x,t) =0 on 02 x [0,T].

where we assumed that the contribution of d,u in the perturbation from the first
example is variational, i.e., it has a potential ¥ : £2xR™ — R so that the perturbation
b has only a contribution from w. Here, ¢(x, -) is for almost every @ € (2 a proper
and convex and GATEAUX differentiable function with derivative ¢’ : R™ — R™
such that ¢/(x,-) is a CARATHEODORY function and satisfies the following growth
conditions: there exists a number r > 1 and constants ¢y, ¢, C~’1 > ( such that

e (27 = 1) <v(@, 2) < i (1+ |2,
[ (2, 2)] < ex (14 |2")

for almost every & € (2 and all z € R™. As we discussed in Section 5.1.1 a
prototypical example is 1(z) = %|z|7". We choose the same function spaces for
U =Wy ()" NLYQ)™, V = HY(Q2)™, W = LmaxZrh(Q)m | = Lmax{24} ()™ and
H = L2(2)™ as above. Again p,q,7 > 1 are to be chosen suitably. The external
force is assumed to satisfy the weaker assumption f € L™ (0, T; W*) + L2(0,T; V*).
Further, we assume uy € U and vg € H. In this case, the dissipation potential

V.V — Ris given
1
W(v) = = / Vo(z)2d / , dee.
() =5 [ IVo(@)Pdz+ [ (e v(@)de
The conjugate ¥* : V* — R is by Lemma 2.3.5 given by the expression

() = . (316 = nl210+ [ 0@ n(@)dz)

new=*
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where ¢* : 2xR™ — R is the conjugate of 1. The energy functional £ : V' — [0, 400]
is given as in the previous example. The perturbation B : [0,7] x W — V* is
consequently given by

(B(t,u),w va—/ (x,t,u(x)) - w(x)de.

It is readily seen that the assumptions for the dissipation potential follow from the
assumptions on . From %Hv”f{é < ¥(v), we find ¥*(€) < 1||€]|2, 5, and if we choose,

e.g.,

1,¢*) ifpe(1,3),

d>3,pe(l,+x), q €
s hpellree {[1,1+p>m<1,2d/<d—2>1 itp23

where ¢* = m1n{2(p+23 3d;r4, o= 2),]9/2 +1},d >3, p e (1,+00), we obtain again the

estimate (7.1.3) without any restriction on 7. However, from the condition V < W,
we obtain the restriction r € [1,14p)N(1,2d/(d —2)], which is now a larger range as
opposed to the previous case. Simple calculations show that the same restrictions for
the exponents p, ¢ and r hold in the dimensions d = 1 and d = 2. Again, we obtain
for every initial values uy € dom(€) and vy € H, the existence of a weak solution

u € Cyu([0, T]; U) NHY0,T; V) N Wh(0, T; H) n WH(0, T; W) n W™ (0, T; U*)
with 7* = min{2, 7*} to (P2) such that the initial conditions u(0) = uo and u'(0) = vy

are satisfied, the integral equation

T
/ ((u”,v}U*XU + /!2 (V@tu : Vo + (2, 0u) - v + |VulP*Vu : Vo +p: Vo
0
+ (Ju]* = Du - v + b=z, t, u)) dx + <f,v>U*XU> dt for all v € L™} (0, T, U)

with p(x,t) € Sgn(Vu(z,t)) a.e. in 27 is fulfilled, and the energy-dissipation
inequality (5.1.10) holds.

7.3 Martensitic transformation in shape-memory
alloys

In this example, we consider equations which describe a solid-solid phase transition
in shape-memory alloys driven by stored-energy and a dissipation mechanism. As
critically discussed in RAJAGOPAL & ROUBICEK][135], a commonly used model
describing this phenomena is for the isothermal case given by

pOuu +v(=1)"A"0u — V- (6(Vu)) + p(—1)"A"u = f, (7.3.1)

where f € L2(0, T; H %2(£2)4), m,n € N and u,v > 0 are non-negative real values.
Here, p > 0 denotes the density of the body, u : 2 x [0, 7] — R? the displacement
of the body, which is related to the deformation y by u(x,-) = y(x,:) — x on a
reference body configuration {2, and o : R¥™*? — R?*? the P1oLA-KIRCHHOFF stress
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tensor depending on the gradient Vu. The stress o is, in general, not monotone
and for hyperelastic materials given by the derivative of a potential ¢ : R¥™*4 — R
describing the specific stored energy, i.e, o = ¢’ in turn is not quasiconvex'. The
contribution of pu(—1)"A™w in the equations models a capillarity-like behaviour of
the solid and v(—1)"A"0,u describes a higher order viscosity. In fact, the authors
in [135] suggest to incorporate a correction term into the equations which describes
plasticity effects of the body. More precisely, they suggest to consider the inclusion

pOpu + v(—1)"A"0u — V - (o, + o(Vu)) + p(—1)"A"u = f,
o, € Sgn (N (Vu(z)) : Vou(x)) N (Vu(x)),

where Sgn : R = R is here the multi-valued and one-dimensional sign function,
o, : R4 — R4 jg the plastic stress, and A : R>? — R is a so-called phase
indicator and thus indicates the phase status of Vu. As the inclusion contains the
deformation gradient Vu and its time derivative 0;Vu, the structure of the inclusion
does not allow us to apply our abstract theory. We refer the reader to RAJAGOPAL
& ROUBICEK [135] and PLECHAC & ROUBICEK [133] for a detailed analysis of both
evolution inclusions and to ARNDT, GRIEBEL & ROUBICEK [15] when the inertial
forces are neglected, i.e., when p = 0. Nevertheless, we are able to cover a good
scope of cases with our theory for the model which does not incorporate plasticity
effects. Many cases have been studied in the literature in different situations, i.e., for
different dimensions, numbers of n, m € N, values of u, v > 0. We refer to [74, 135]
and the references cited therein for a good overview of the existing results. Most
results deal with the situation ¥ > 0 and n = 1 case, since higher-order viscosity
implies a regularization of the solutions. The case v = 0 and p = 0 leads to the
equations of classical nonlinear elastodynamics where very few results are known,
see EMMRICH & PUHST [72] for a nice survey on the existing results in comparison
to results for the corresponding nonlinear peridynamics, a nonlocal elasticity theory.
With the theory developed here, we show the existence of solutions for the cases
v>0,u>0and n >1,m > 0, which essentially reproduce the known results from
the literature. For the sake of simplicity, we supplement the equation (7.3.1) with
homogeneous DIRICHLET & NEUMANN boundary conditions. Before we specify
the values for n,m € N and v, u > 0, we set a system of equations and define the
associated functionals, operators and spaces. We consider the initial-boundary value
problem

pOpu + v(—=1)"A"0u — V - (o(Vu)) + p(—1)"A"u = f in 2,
(P3) u(x,0) =wug(x) on £,
u'(x,0) = vo(x) on {2,
g%(az,t) =0 on 002 x [0,T], k=0,..., max{m,n} — 1,
where we assume v, 1 > 0 and p : R? — [0, 00) to be a measurable function satisfying
p > p(x) > p>0forae xc 2 Wewant to show the existence of a weak solution
to (P3) for any initial data wy € Hy'(£2)? and v, € L?(£2)? and external forces f €
L2(0, T; H-maxtmnd (()4) e, a function u € Cy ([0, T); HZ(2)1)NHY (0, T; Hy (2)4)N

1See, e.g., ROUBICEK [145, Remark 6.5, p. 175].
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Whee(0, T; L2(02))NH2(0, T; H~max{mn}(2)4) satisfying the initial conditions w(0) =
ug, v(0) = vy, the integral equation

T
/ ((pu”,v) + /Q (V"o : V' + o(Vu) : Vo + uV™u : V") dx) dt,
0

T
- /O (f,0)dt for all v € L2(0, T; HR*mm) (0)d),
(7.3.2)

and an energy-dissipation inequality which becomes an equality if n > m, where (-, -)
denotes the duality pairing between HI™ (™™ ()4 and its dual space H~max{mn}((9)d,
where HE(£2)? is the SOBOLEV space of all measurable functions whose weak derivative
exist up to the order k£ € N and are square-integrable, and the traces of all derivatives
up to the order k — 1 vanish on the boundary 9f2. It is readily seen that these spaces
equipped with the inner product (v, w)ysu—+ = [ V*v : VFwdz form a HILBERT
space and that by a classical density argument and the POINCARE—FRIEDRICHS
inequality, the norm induced by this inner product is equivalent to the standard
norm. Now, since the stored energy ¢ was not supposed to satisfy any convexity
assumption, we have in general two possibilities of approaching this problem. On
the one hand, we can treat the stress o as strongly continuous perturbation of the
capillarity if o has at most linear growth. On the other hand, if we assume the stress
satisfies an ANDREWS—BALL type condition allowing any polynomial growth for o,
we can treat the stored energy ¢ as part of the energy functional.

o as perturbation: In the first case, we do not make any monotonicity assumption
for o and do not assume that the material is hyperelastic, i.e., o has a potential.
More precisely, we impose the following two conditions on o:

(7.3.1a) The stress o is continuous.

(7.3.1b) There exists a positive constant C, > 0 such that |o(F')| < C,(1 + |F|) for
all F € R4,

As we do not have more structure of the perturbation at our disposal, we want to
treat the stress as a strongly continuous perturbation which leads to the restriction
m > 2 and p > 0 if n = 1. Finding ourselves in Case (a), we choose the framework
U = Hp=tmmh()d v = Hy= ™™ ()4 W = HL(2)? all equipped with the semi-
norm and the LEBESGUE space H := L2(2)? equipped with the inner product
(w,v) = [, p(x)w(x) - v(x) de, which is equivalent to the standard one by the
assumption for p. Then, the dissipation potential ¥ : V' — R and the energy
functional £ : V' — (—o0, +00] are defined by

v n v
) = 2 [ [V'v(@)de = ol

and

£(u) = 5o V™ u(@)?de = Slulf,  if u € dom(€) = H(£2)?
+0o otherwise.
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Consequently, the perturbation B : W — V* is given by
(B(w), W = /Q o(Vu(z)) : w(z)dz.

We will distinguish the cases m > n and n > m by treating the system as either a
linear or a nonlinearly damped inertial system despite the dissipation potential being
quadratic in both cases. In the former case, we will obtain an energy-dissipation
inequality, and in the latter case, an equality instead. As in the previous example
seen, it is straightforward to show that the dissipation ¥ fulfills Assumption (5.¥).
In order to verify the conditions for the energy, we note that the energy &£ is convex,
sequentially weakly lower semicontinuous on V' and is time-independent so that
the Assumptions (5.Ea)-(5.Ed) and (5.Ef) are verified. To verify the (sequential)
weak lower semicontinuity, it is sufficient to check that £ is lower semicontinuous,
since £ is convex. The lower semicontinuity in turn can easily be verified with
Lemma 2.1.2 by showing the closedness of the sublevel sets of £, i.e., showing that
Jo ={v €V :EWw) < a}is closed for all @« € R. If n > m, then this is clear.
Otherwise, let @ € R and (ug)ren C Jo such that uy — w in V. Then, (ug)gey is
bounded in HZ*(£2)? and therefore weakly convergent (up to a subsequence) to an
element w € V. Since the norm on V' is weakly lower semicontinuous, we infer w € J,.
To verify Condition (5.Ee), we note that for u € dom(9€), there holds & € 0y E(u)
if and only if & = pu(—1)"A™u € U*. Now, let uj, = w in L>=(0, T;U) N HY(0,T; V),
uy, — w in L2(0,T; V), and & — & in L2(0,T; U*) with &x(t) € Op&(u(t)) in V* for
a.e. t € (0,T) and supyey yeo € (ui(t)) < 400 such that

T T

timsup | (6(1). we(D)ves At < [ (€00 (1))
—00

Then, by Lemma 2.4.2 and Theorem 2.3.7 i7), there holds &(t) € dy&(u(t)) in U* for

almost every ¢t € (0,T) and lim,, o0 fif £(w,)dt = [ E(u)dt, i.e., norm convergence

in L2(0,7;U). Since L?(0,T;U) is a uniformly convex space, weak convergence and

norm convergence imply strong convergence, whence lim,, . E(u,(t)) = E(u(t))

for a.e. t € (0,7). It remains to show that the subgradient of the energy can be
controlled by the energy: let u € D(9y€) and € € dy&(u). Then, there holds

(& v)vxv = N/Q V' - V"o de

m,. |2 % m,,|2 %
S,u(/ |V u| dm) </ V™| da:)
o) 0

< (w24 w2 [ [V7ulde) ol

= (u/2+ E(u))||v]|u,
whence (5.Eg).
Finally, we verify the Assumptions (5.Ba) and (5.Bb) for the perturbation. The
continuity Condition (5.Ba) follows immediately from the dominated convergence

theorem and the Assumptions (7.3.1a) and (7.3.1b). The growth Condition (5.Bb)
follows from the fact that ¥*(&) = 5 ||€]|%,,, for all € € V* = H™(£2)¢ and the
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inequality

(B(u), v)vexy = /QJ(VU) : Vodz

< (/Q |0(V’u,)|2dalc>é (/Q |V’U|2daz>%

<o ([ 0+ wu) o

< C(1+ |ufi2)|v]n2
< C(1+ |ufme) [vlne
SC’(1+5 %) |v|p2 foralwvelV.

Hence, we obtain
| B(u )||_n2 <C(1+&(u)) foralluel.

Then, by Theorem 5.1.4, for all initial values uy € dom(E), vy € H, there exists a
weak solution

u € C,([0,T]; U)NHY0,T; V) N Wh>(0,T; H) N H*(0,T; U*)
o (P3) such that (7.3.2) is fulfilled, and the energy-dissipation inequality

0 (0) s+ D0+ [ 10+ €0+ V- 0 (Tur) ()

+/S §|u’(r)\n72dr

< Sow () Bagape + Sl + [ (F Jexy + o (Vu(t)) : Vu(r)) dr
(7.3.3)

holds for all ¢ € [0, 7] for s = 0 and almost every s € (0,t), where & € L>°(0,7;U*)
with &(r) = pu(—=1)"A™u(r) a.e. in (0,7"). The inequality (7.3.3) holds as an equality
for almost every t € [0,7] and s = 0 if n > m. This stems from the fact that we
can test with «’ in the integral equation (7.3.2) or that we can treat the system
of equations alternatively as a nonlinearly damped inertial system with the same

choices for £, ¥, B, U,W and H but with V' = HJ'(£2)%.

o as energy: Now, we suppose that o fulfills, aside from certain growth and
continuity conditions, a potential, and that o satisfies an ANDREWS—BALL type
condition which was originally introduced by ANDREWS & BALL to show global
existence of solutions for the one-dimensional equations in viscoelastodynamics, i.e.,
when v > 0,n =1 and p = 0, see [12, 13]. The existence of weak solutions to the
aforementioned case in arbitrary dimensions has already been studied in a more
general abstract setting in EMMRICH & SISKA [74] by making the crucial assumption
that the operator B + AA is monotone for some A > 0, which in practice generalizes
the ANDREWS—BALL condition. The latter condition states that o is monotone in
the large, i.e., there exists a positive value R > 0 such that

o(F)—o(F)): (F—F)>0 forall F,F c R™ with |F — F| > R.
( ): (F—F)
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We will impose the more general assumption of the convexity of ¢ + % which is in
this smooth setting equivalent to the monotonicity of o + Aid. However, if m € N
is sufficiently large so that we can again treat the stored energy ¢ as strongly
continuous perturbation, then the previous condition is redundant. Therefore, we
will not explicitly focus on this case. Having said that, the exact conditions which
we impose on the stress o are the following:

(7.3.2a) There exists a continuously differentiable function ¢ : R¥? — R such that
/

o=y.
(7.3.2b) There exist positive constants c., C! > 0 and p > 1 such that

c|FF -Cl<o(F): F
o (F)| < Co(1+|F["™)
CLIF|P — CL < |p(F)| < CL1+ |FJP) for all F € R™.

(7.3.2c) There exists a positive number A > 0 such that ¢ + %| - | is convex.

Condition (7.3.2¢) is in fact equivalent to the following ANDREWS—BALL type
condition:

(o(F)~o(F)): (F~F)>-\F-F forall F,FecR>. (7.3.4)

This follows from the convexity and GATEAUX differentiability of ¢ + 3| - |?, the
parallelogram identity of | - | and Lemma 2.2.2 and 2.2.6. The ANDREWS—BALL
condition in turn necessitates (7.3.4) if o is in addition locally LIPSCHITZ continuous,
see [74].

The obvious choice of the spaces are U = Hgla"{"””}((z)d NWP(2)LV =W =
Hp(£2)? and H as before. Further, we assume again f € L2(0,T; H~max{mnt()d),
Then, the dissipation potential ¥ and the energy functional £ are given by

ww) =2 /Q Viu(z)[Pde, and E(u) = /Q (go(Vu(m))—Fg\Vmu(:c)]Z) da
= 51<U) + gQ(U),

respectively, and therefore, B = 0. There are essentially two cases to be discussed
here: the first case where the weak solution does not satisfy the energy-dissipation
inequality, and the second case where it does. In both cases, we assume n > 1, > 0
and m > 1. The first case then includes all ;4 > 0, whereas the second case is

limited to p > & A -, where CHén gy >0 denotes the constant of the embedding
HI H ’

H(02)? — H{(2)% "The lower bound on p ensures the convexity of £ and thus
implies that &£ is weakly lower semicontinuity which is necessary to show the energy-
dissipation inequality /balance. The weak lower semicontinuity of & is, in general, not
given. However, if £ is weakly lower semicontinuous, then we allow p > 0. We focus
first on the case where the weak solution fulfills the energy-dissipation inequality
(balance), i.e., when & is weakly lower semicontinuous. Then, the assumptions on
the dissipation potential ¥ are for both cases easily verified. Hence, we need to
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verify the Conditions (5.Ea)-(5.Eg) for £. With the remarks made above and the
fact that & is time-independent, Conditions (5.Ea)-(5.Ed) and (5.Ef) are fulfilled.
From Assumption (7.3.2¢) it follows that £ is A-convex, and Assumption (7.3.2a)
and (7.3.2b) imply that the energy functional £ is GATEAUX differentiable on U and
that the derivative is given by

(DGE (w), v UxU_/ (Vu()) : Vo(z) + pdu(z) - Av(z) de.

Consequently, by the subdifferential calculus, the subdifferential of the energy with
respect to U is single-valued with dy€(u) = {DE(w)} and hence € € Jy&(u) if and
only if £ = =V - o(Vu) + u(—1)"A"u € U*. Before we proceed with showing the
remaining conditions, we note that since A # 0, there holds V), = U N V. Then,
Condition (5.Eg) follows from the following estimate:

(D€ (1), V) 0 sy (wrv) = / o(Vu(z)) : Vo(z) + 1V™u(z) - V'o(z) de

(s ([ )
+u</ﬁ|vm |d:1:> (/ IV |2d:c)

1)

(p=1)/p
< (Ca2o [ (@ [Vu@P)de) T folluny

([ 197 u@)Pda ) olluoy
<c(1+ [ [Vu@pdz+ £ [ |Au@)dz) [v]on

<0 (14 [ p(Vu@)dz+ 2 [ |Au(e)Pdz) ol
<O+ &) vllvoy,

where we made use of HOLDER’s and YOUNG’s inequality as well as the growth
condition (7.3.2b). Finally, we verify the closedness condition for dyny €, i.e. (5.Ee):
let uy, — win L°(0,T;U) NHY(0,T;V), up — uw in L2(0,T; V), and D€ (uy) — &
in L?(0, T;U*) such that supyey sepo.r) € (ur(t)) < +0o and

T T
lim sup <DG€(uk(t))auk(t)>(U*+V*)><(UﬂV)dtS/O (€(t), u(t)) w4+v)xwnv)dt.

k—o0 0
This implies
) T
hm sup <DGg<’U,k (t))(t), uk(t»(U*JrV*)X(UﬁV) dt

k—o0 0

' T \x /T
= timsup [ (D€ (ue(t)), wl®))w-+vyxwavydt+ 5 [ [Vu(t)da

k—o0 0

N ,
—5/0 Vu(t)da

‘ T N T )
= lim sup (/0 (Da€(up(t)), wi(t))w=+vexwnv)dt + 5/0 [Vu(t)| dﬂ?)

k—o00
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N\ /T
— —/ [Vu(t)|]” de
2 Jo

T
Stt (E(), w(t)) e svyx o) dt,

whence

T A
lim sup <DGc€'(uk( ) + §uk(t), uk(t))(U*+V*)X(UﬂV) d¢

k—o0
< [0 + Ju(t), w0 vy .

The convexity of € + %\ )2 together with Lemma 2.4.2 and Theorem 2.3.7 implies
that £(t) = Dg€(u(t)) = =V - o(Vu(t)) + u(—1)"A™u(t) a.e. in (0,7") and

T
lim (DGE(uk( ))s wr(t)) W= 1vey<wnvy dt

k—o00

— lim / / o (Var(t)) : Vur(t) + ul V7w (1)?) dedt

- /0 /Q (o(Vu(t)) : Vu(t) + u|Vu(t)?) dadt

T
:/0 <£(t)’u(t)>(U*+V*)><(UﬂV)dt.

Then, the strong convergence u, — w in L2(0, T; V') implies Vug — Vu a.e. in 7 as
k — co. Together with Assumption (7.3.2b), this yields w,, — u in L?(0, T; Wy (£2))
and with the continuity of ¢ finally £(u,(t)) — E(u(t)) a.e. in (0,T) as n —
0o. Therefore, by Theorem 5.1.4, for every ug € U and vy € H, there exists a
weak solution u € C, ([0, T]; HR(2)4) N HY(0, T; Hy (2)%) N Wh(0, T; L2(£2)4) N
H2(0, T; H~maxtmnt()4) satisfying the integral equation (7.3.2) and the energy
dissipation inequality

ot Oy + Sl Ba + [ o(Vult)) o+ [ 2
7/uwwwwawm»+<aww%m—uwmmm
< ;HPU( )z Q)d+ |m2+/ (Vu(s dx—i—/ Jvexy dr,

which holds for all ¢ € [0,7] for s = 0 and almost every s € (0,¢). The inequality
(7.3.3) becomes again an equality and holds for almost every ¢ € [0,7] and s = 0 if
n > m, which stems from the fact that the system can be treated as a nonlinearly
damped inertial system.

If 1 = 0, by Remark 5.5.1, we still obtain a solution satisfying the differential inclusion
(5.1.9) if there exists 9 > 0 such that v + L LT/( )+5( ) is sequentially weakly lower

semicontinuous. But since we assumed & + 2| - 15 to be convex, which implies that
&+ %)‘CHZ},HQJ -|3, is convex with Chp iy > 0 belng the constant of the embedding
Hp(02)4 — H})(Q)d this particularly implies that £ + 0| { » is sequentially

weakly lower semicontinuous. Therefore, by the procedure carried out above, all
conditions are fulfilled so that we obtain the existence of a weak solution in the sense
of (7.3.2), which, in general, does not fulfill the energy-dissipation inequality.
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7.4 A viscous regularization of the Klein—Gordon
equation

The following example is a nonlinearly damped inertial system and can be interpreted
as a viscous regularization KLEIN-GORDON equation. The equations supplemented
with initial and boundary conditions are given by

Opu—V -p—Au+blu)=f in £,

p(xz,t) € O,¥(x,u(x,t), Vou(x,t)) a.e. in 27,
u(x,0) =wup(x) on (2,

(P4)
uw'(x,0) =vo(x) on 2,
u(x,t) =0 on 02 x [0,T],
Qu(x,t) =0 on 02 x [0,T].

If ¢ = 0 and b(u) = yu for a constant v > 0, then the equation in (P4) reduces to
the classical KLEIN-GORDON equation, which is a relativistic wave equation with
applications in relativistic quantum mechanics that is related to the SCHRODINGER
equation.

We make the following assumptions on the functions ¢ and b. For simplicity, we
choose d = 1 and note that the case d > 2 can be (under stronger assumptions) be
treated in a similar way.

(7.4.a) The function ¢ : 2 x R x R — [0, +00) is a CARATHEODORY function such
that ¢(x, y, -) is a proper, lower semicontinuous, and convex, and ¥ (y,y,0) = 0
for almost every x € (2 and all y € R.

(7.4.b) There exists a real number ¢ > 1 and positive constants ¢, Cy, > 0 such that
e (|29 = 1) <W(w,y,2) < CF (1+2]%)
forae. x € 2 andall ze R™ y e R, |y| < R.

(7.4.c) The function b : £2 — R is a continuous function and there exist a real number
p > 1 and a constant C}, > 0 such that

b(u)| < Cy(|ulPt +1)  for all u € R.
Accordingly, the function spaces are given by V = Wp%(2), U = Hé(Q),W =

Lraxdp2}(()) and H = L2(£2). Then, we identify the dissipation potential ¥ : V — R
and the energy functional £ : U — [0, +00) as

7, (v) :/Qw(x,u(x),Vv(x))dx and E(u) = ;/Q]Vu(x)ﬁdx,

respectively. The perturbation B : W — V*is given by

(B(u), w)gr. i = /Qb(U(rv))w(x)d:c-
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We note that the conjugate functional ¥ can, in general, not be expressed as an
integral functional over (2, since it is defined on W=7 (2).

Obviously, £ satisfies all Conditions 6.1. In view of the compact embedding
H{(2) <% C(2) and FATOU’s lemma, it is readily that ¥, satisfies Conditions (6.Wa)
and (6.Wb). In order to verify Condition (6.Wc), we show that for every sequence

U, — w in U with sup,cy&(u,) < +o00, there holds ¥, Mg, as n > oo, As

we mentioned in Remark 2.4.5, the MOSCcoO-convergence ¥, M, ¥, implies the
Mosco-convergence of the related integral functionals defined by (2.3.6) that in turn
implies Condition (6.Wc). The liminf estimate in the Mosco-convergence follows
from IOFFE [95, Theorem 3]. The limsup estimate is trivially fulfilled by choosing,
for each v € V, the constant sequence v, = v,n € N, and the dominated convergence
theorem.

If we assume p € (1,2], and f € L2(0,T; H), it is easy to check in the same way as
in the previous examples that Conditions (6.Ba), (6.Bb), and (6.Bb) are also fulfilled.
Therefore, Theorem 6.1.4 ensures that for every initial values vy € H and ug € U,
the existence of a solution u € C,([0,T];U) N W= (0, T; H) N W4 (0, T; U* + V*)
with u — ug € WH9(0,T; V) to (P4) satisfying the integral equation

T T
/0 ((UHU>(U*+V*)X(U0V) + /Qp -Vou + b(u)vdx) dt = /o /Q fodxdt

for all v € L™24° (0, T, U* + V*) with p(x,t) € O,(x, u(x,t), Vou(z,t)) a.e. in
{27, and the energy-dissipation balance

1 1 ' .

SO+ S g + [ (o (0 0)) + Wiy () — () — Au(r)))
1 1 t

= §||U0H%2(9) + 5”“0”?{3(9) +/0 (f(r), v (1) 12(2)xL2(0) dr

holds for almost every ¢t € (0,T) if ¢ € (1,2) and for all t € (0,7) if ¢ > 2.

7.5 Differential inclusion 11

In the final example, we consider a nonlinearly damped inertial system which can not
be treated with the known abstract results. The differential inclusion supplemented
with initial and boundary conditions is given by

Optt + \8tu\q72 ou+p—Au=f in 27,
p(x,t) € Sgn (Qyu(x,t)) a.e. in Op,
(P5) du(x,0) =up(x) on 2,

u'(x,0) =vo(x) on 2,

u(x,t) =0 on 012 x (0,71,

where ¢ > 2 and f € L2(0,T; H). We set U = H{(£2), V =14(2), and H = L2(12).
The dissipation potential ¥ : V' — R and the energy functional £ : U — [0, +00] are



7.5. Differential inclusion I1 155

given by

v(0)= [ <;|U(a:)|q+|v(a:)|> dz  and S(U):;/Q\Vu(w)Fdw,

respectively. Consequently, B = 0 and £ = 0. Again, all the assumptions are easily
verified, so that Theorem 6.1.4 ensures for any initial values vg € H and ug € U the
existence of a solution u € C,([0,T]; U) " WH(0,T; H) "W (0, T; U* + V*) with
u—uy € WH(0,T; V) to (P5) fulfilling the integral equation

T T
/ (<u”v>(U*+V*)X(UQV) + [ 10wl + po + Vu- Vo dm) at= [ [ fodwat
0 0

for all v € L{7°}0, T;U* + V*) with p(t,z) € Sgn(u(x,t)) a.e. in 27, and the
energy-dissipation balance

1 / 1 t / * "

Sl ONF200) + §||u(t)||3{5(9) +/0 (@ (' (r) + ¥ (f(r) —u"(r) — Au(r))) dr
1 1 : ,

= 5””0”%2(9) + 5”“0”%{5(9) +/0 (f(r), v (r))2(2)x12(0) dr

holds for almost every ¢ € (0,T).



Appendix

A.1 The Gronwall lemma

In this section, we provide two versions of the GRONWALL lemma, the discrete and
the classical version. The GROWALL lemma is indispensable for obtaining a priori
estimates or to show stability or uniqueness results.

Lemma A.1.1 (GRONWALL) Let T € (0,4o¢], s € [0,T), a,b € L>®(s,T), A €
Ll(s,T) with A(t) > 0 almost everywhere in (s,T) such that

t
a(t) < b(t) + / A()a(r)dr  ae. in (s,T),
then, there holds
t
a(t) < b(t) + / AO-AONP(F) dr  ace. in (s,T),

where A(t) = [*\(r)dr, t € [s,T).

Proof. A proof can be found in EMMRICH [71, Lemma 7.3.1, pp.180]. O
Lemma A.1.2 (Discrete GRONWALL) Let A, o € [0, +00) and a,, 1, € [0, +00) for
all n € N be satisfying

n
an§A+aZTkak for allm € N,m :=supar, < 1.
k=1 neN

Then, setting 5 = «a/(1 —m),B = A/(1 —m) and 19 = 0, there holds
a, < BeP X for all n € N.

Proof. A proof can be found in AMBROSIO et al. [10, Lemma 3.2.4, p. 68]. O

A.2 A compactness result

In this section, we provide a version of the LIONS—AUBIN or LIONS—AUBIN—SIMON
lemma, a well-established strong compactness result for BOCHNER spaces. This
version is also known as the LIONS—AUBIN-DUBINSKII lemma and deals with the
case of piecewise constant functions in time, which avoids the construction of weakly
time differentiable functions.
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Lemma A.2.1 (L1oNS-AUBIN-DUBINSKII) Let X, B and Y be BANACH spaces
such that the embedding X — B is compact and the embedding B — Y is continuous.
Furthermore, let either 1 <p < oo andr =1 or p=o00 and r > 1, and let (ur, )nen
be a sequence of functions that are constant on each subinterval ((k — 1)1, k7,), 1 <
k <n, T = nt, satisfying

rorx) < C  foralln €N, (A.2.1)

TTL_IHO-TnuTn - uTn LT(OnyTn;Y) + ||UT7L

where o, u: = u(- + 7,) and C > 0 is a constant which is independent of 7. If
p < 00, then (ur, )nen is relatively compact in LP(0,T; B) and if p = oo, there exists
a subsequence of (ur, )nen converging in L4(0,T; B) for all 1 < q¢ < oo to a limit
function belonging to C([0,T]; B).

Proof. A proof can be found in DREHER & JUNGEL [64, Theorem 1]. O
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