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Zusammenfassung

In dieser Dissertation analysieren wir ein Optimalsteuerungsproblem, wel-
ches durch ein ratenunabhéangiges System gestellt wird. Dabei bewegen wir uns
in einem abstrakten, unendlichdimensionalen Szenario. Das ratenunabhingige
System wird durch eine nicht-konvexe Energie charakterisiert, die iiber eine
zeitabhingige duflere Last von der Zeit abhdngt, sowie durch ein konvexes, be-
schranktes, und positiv 1-homogenes Dissipationspotential.

Das Optimalsteuerungsproblem wird durch die duflere Last gesteuert und
die zulédssigen Zustdnde werden auf die Menge der normalisierten, parameter-
isierten balanced viscosity Losungen (BV Losungen) des ratenunabhéngigen Sys-
tem beschridnkt. Losungen dieser Art werden in dieser Arbeit durch viskose
Regularisierung des ratenunabhingigen Systems und anschliefenden Ubergang
zum Grenzwert flr verschwindende Viskositdt erhalten. Da BV Losungen in der
Regel nicht eindeutig sind, ist ein Meilenstein auf dem Weg zur Existenz einer
optimalen Steuerung die Kompaktheit der Menge der BV Lésungen.

Abstract

In this dissertation, we analyze an optimal control problem governed by a
rate-independent system in an abstract infinite-dimensional setting. The rate-
independent system is characterized by a nonconvex stored energy functional,
which depends on time via a time-dependent external loading, and by a convex
dissipation potential, which is assumed to be bounded and positively homoge-
neous of degree one.

The optimal control problem uses the external load as control variable and is
constrained to normalized parametrized balanced viscosity solutions (BV solu-
tions) of the rate-independent system. Solutions of this type appear as vanishing
viscosity limits of viscously regularized versions of the original rate-independent
system. Since BV solutions in general are not unique, as a main ingredient for
the existence of optimal solutions we prove the compactness of solution sets for
BV solutions.
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Notation

* For a Banach space B and p € [1,00), we denote with L?(0, T; B) the linear
space that consists of the equivalence classes of Bochner integrable func-
tions u : [0, T] — B with

T
f ll(t)][5 dt < co.
0

Here, we consider two functions equivalent if they coincide almost ever-
where. We endow LP(0, T; B) with the norm

T 1
oz = | o).

With L*(0, T; B), we denote the linear space that consists of the equivalence
classes of Bochner measurable functions u : [0, T] — B that are essentially
bounded, i.e., those functions for which there exists M > 0 such that for
almost all t € [0,T], it holds that ||u(t)||g < M. The infimum of all these
bounds is called the essential supremum ess SUP;e[0,7] |u(t)||g. We endow
L*(0, T;B) with the norm

lullpe(o,7;B) := esssup [|u(t)|[p-
t€[0,T]

* We denote by Llloc(O,T;B) the space of functions u : [0,T] — B that are
Bochner integrable on every compact subset K C (0,T). If u € Llloc(O, T;B),

and v € Llloc( 0, T; B) is another function such that

T

T
for all ¢ € C3°(0,T): J- u(t)p’(t)dt = —JO v(t)p(t)dt,

0

then we call v the generalized derivative of u and denote it by v = u.
 For p €[1, 0], we denote with
WYP(0,T;B) :={u € LP(0, T; B)|1i € LP(0, T; B)}

the space of LP(0, T;B)-functions whose generalized derivative is an ele-
ment of LP(0, T; B) as well. We endow W1?(0, T; B) with the norm

lullwre(o,1;8) = lullzeo,7;8) + l4llze 0, 7;B)-

For all p € [1,00], the spaces LP(0,T;B) and WP (0, T; B) with their corre-
sponding norms are Banach spaces, see, e.g., [EmmO04, Satz 7.1.23, Satz
8.1.6].

* For an interval I C R and a Banach space B, we denote with C(I;B) the
space of functions f : I — B that are continuous w.r.t. the norm on B and
endow it with the supremum-norm. With Cy..(I, B), we denote the space
of functions f : I — B that are continuous w.r.t. the weak topology on B.

X



The symbols C, c are used to denote real, positive constants in estimates.
Their value may change from line to line. The notation C(fy,..., f,) or
c(fi,..., fu) is used to symbolize that the value C or c, respectively, depends
only on the entities fi,..., f,.

The functions F : Z — [0,00) defined on p. 51 and J : Z — R defined on
p- 89 depend solely on the state variable z € Z. Therefore, we denote their
Fréchet-derivatives w.r.t. zby DF :=D,F and DJ :=D,J, respectively.

For a given Banach space B, we denote with (o, u)p the duality pairing of
an element o € B* with an element u € B, i.e., {o,u)g := o(u) € R. If no
confusion on the ambient space can arise, we may omit the index B.

exp : R — R denotes the exponential function.



Chapter 1

Introduction

The aim of this dissertation is the analysis and optimal control of rate-indepen-
dent systems with non-convex energy. Models of this type arise in a variety of
applications, such as for example the brittle damage of a workpiece under the in-
fluence of external loads, or in elastoplasticity, see, e.g., [DH08] or [MMO09]. The
common feature of these dissipative systems is the following: If we apply a time
rescaling on the external loads, the solutions of the rescaled system are exactly
those obtained by applying the same rescaling to the solutions of the original sys-
tem. In other words, the internal processes depend on the direction of the rate,
but not on its magnitude, which is why these systems are called rate-indepen-
dent. In the modelling of rate-independent systems, this requirement translates
to the condition that the dissipation potential must be positively homogeneous
of degree 1. This, however, implies its non-smoothness.

The interplay of a non-smooth dissipation and a non-convex energy causes
significant analytical complications: While there exists a variety of different so-
lution concepts, in none of these are the solutions in general unique. What is
more, the solutions feature a significant lack of smoothness, up to jumps in time,
even if the external loadings are completely smooth. This, of course, poses seri-
ous challenges when it comes to the optimal control of these systems.

Let us now go into more detail concerning the modelling of rate-indepen-
dent systems. On a bounded time interval [0, T] for an end time T > 0, we will
consider the subdifferential inclusion

0€ dR(2(t) +D,J(tz(t) c 2%, te[0,T]; z(0)=z. (RIS)

Here, z: [0, T] — Z constitutes the state variable living in an infinite dimensional
state space Z, J(-,-) : [0, T]x Z — R denotes the stored energy energy functional,
and R : Z — [0, o0) is the dissipation potential. In order to obtain a rate-indepen-
dent system, we have to assume that R is convex and positively 1-homogeneous,
i.e., forall ze Z and a € R\ {0} we have R(az) = |a|R(z). As mentioned before,
this implies that R is not differentiable, however, it is possible to show that its
convex subdifferential JR(z) C £ is non-empty. Throughout this work, we as-
sume that for every t € [0, T], J(t,-) : Z — R is Fréchet-differentiable and denote
by D,J(t, ) : Z — Z* its Fréchet-derivative.

Given an initial state z; € Z, if we aim to find a curve z: [0, T| — Z such that
(RIS) is satisfied almost everywhere, the minimal regularity required for z turns

11



12 Chapter 1. Introduction

outtobe z e Wl'l(O, T; Z). Existence results for such curves, called differential
solutions, are based on strong assumptions on smoothness and convexity of the
energy. The now classical weaker concept of global energetic solutions (GES)
was first introduced in a series of papers by A. Mielke, F. Theil, and V. I. Levitas
(see [MT99], [MTLO02], [MT04]) and instead relies on a

global stability condition
Vtel0,T],VzeZ: J(tz(t) < T(t2)+R(Z2-2z(t)) (S)

and an energy balance

Vte[0,T]: J(t z(t))+ Varg(z,[0,T]) = J(0,z9) + Jt d;J(s,z(s))ds. (E)
0

This formulation brings the advantage that it requires significantly less struc-
ture of the state space Z and no differentiability of the energy J(t,-) : Z — R,
and existence of GES can be shown for non-convex energies. What is more, it
lends itself to numerical approximation via a time discretization scheme. Many
results on GES have been collected in [MR15], where numerous applications can
be found as well.

However, the global nature of the stability condition (S) causes GES to tend to
develop discontinuities that could be considered unphysical. This is due to the
fact that the state might jump to any 2 € Z with the property that the dissipated
energy R(Z—z(t)) does not exceed the release of energy J(t,2) — J(t,z(t)), even if
this jump occurs over an energy barrier. In the quest for a weak solution concept
that retains some of the advantages of GES, but allows for a better understanding
of the non-smoothness, the authors of [EM06] proposed to start instead from a
viscously regularized system. Namely, let us assume that Z is compactly embed-
ded into a second space V, and for ¢ > 0, we replace the dissipation potential R
by an augmented dissipation potential

Re(2) := R(2) + R (2) = R(2) + 5 I2I[3.

It is then possible to show that for every ¢ > 0, the resulting rate-dependent
system

0€dR(2.(t)+D,J(t,z.(t), te[0,T] (1.0.1)

has a unique solution z., fulfilling (1.0.1) pointwisely almost everywhere. In
order to return to the original system, we would like to pass to the limit ¢ — 0.
This is done relying on a reparameterization 2, := z, o f, : [0,S] — Z for each
viscous solution z,. It is then possible to show that we obtain a limiting pair
(fure) < (£2)

The exact characterization and properties of the resulting notion of solutions
depend on the choice of the artificial time parameter f.. In this work, we choose
to parameterize by means of the vanishing viscosity contact potential, given by

p(v,&) :=R(v)+|vllydisty«(&,dR(0)) forveV, & eVr,
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which was introduced in [MRS12a]. The parameterization is then defined via

se(t):=t+ jtp(z'g(”c), -D,J(7,z.(7)))dt and f, := (55)_1 :[0,S,] —[0,T],
0

yielding what is known as p-parameterized BV solutions after passage to the
vanishing viscosity limit.

One advantage of p-parameterized BV solutions is the fact that they provide
an enhanced resolution of the jumps. Namely, it can be shown that the pair (£, 2)
satisfies the differential inclusion

0 € IR(4(s)) + A(s)IR,(2(s)) + D, T (£(s),2(s)) f.a.a.s€[0,S] (1.0.2)

for a measurable function A : [0,S] — [0, 00) such that A(s)#(s) = 0 a.e. in [0, S].
Note that 7 : [0,S] — [0, T] encodes the external time scale. Wherever f(s) >0 on
an interval (s;,s,) C [0,S], it follows that A(s) = 0, and thus, (1.0.2) describes the
original rate-independent evolution. On the other hand, whenever f(s) = 0, the
external time is frozen, and we obtain from the vanishing viscosity analysis that
at the same time, ﬁ(s) > 0, so that this is seen as a jump in the external time frame.
If A(s) > 0, a viscous dissipation is active, which allows for the interpretation of
jumps in the rate-independent system as a transition between two end points
along a curve following a viscous regime.

The aim of this work is to solve an optimal control problem governed by
(RIS) and restricted to p-parameterized BV solutions. To be more precise, we
will show the existence of a globally optimal solution of an optimal control sys-
tem of the type

min |2 - zgellz + @ll€llwreo0, 00 }

. Z 1.0.3
s.t. (S,t,f) EMad: ( )

where the external load ¢ is the control variable, @ > 0 is a fixed Tikhonov pa-
rameter, and z4.s is a desired state. We restrain the problem to the admissible set
M,y consisting of all p-parameterized BV solutions to the system (RIS). For this,
it is necessary not only to carefully determine the limit equations that character-
ize p-parameterized BV solutions, but also to prove compactness of the resulting
solution set. The major challenge in this context is to derive an a priori estimate
for the driving forces D, J(f(s),(s)). This estimate will be obtained by another
reparameterization argument starting from the subdifferential inclusion (1.0.2).
Namely, we will reparameterize (1.0.2) in such a way that the transformed func-
tion Z satisfies (1.0.1) with € = 1 and with a constant external load. We are then
in a position to apply the a priori estimates previously derived for (1.0.1) to Z
and finally transfer them back to p-parameterized BV solutions.

The main results of this dissertation are also the content of [KT18], to which
the author made significant and essential contributions. The author would also
like to acknowlegde the funding by Deutsche Forschungsgemeinschaft (DFG)
through the Priority Programme SPP 1962 Nomn-smooth and Complementarity-
based Distributed Parameter Systems: Simulation and Hierarchical Optimization
within Project P09 Optimal Control of Dissipative Solids: Viscosity Limits and Non-
Smooth Algorithms.



14 Chapter 1. Introduction

1.1 A glance into the literature on the optimal con-
trol of rate-independent systems

Let us now take a glance into the existing literature on the optimal control of
rate-independent systems in order to put this work into perspective. For this
purpose, we write the optimal control problem (1.0.3) in the more general form

mln ](Zlg) = ||Z - Zdes” + a”g”Wl’m(O,T,V*) (1 1 1)
s.t. zeMy, o

where, again, the external load ¢ is the control variable, a > 0 is a fixed Tikhonov
parameter, and zg.s is a desired state. In this section however, with a slight abuse
of notation, the admissible set M,; consists of all solutions to the system (RIS) in
the sense of GES or in the sense of parameterized BV solutions.

In the case that (RIS) has a unique solution, it is possible to define a single-
valued solution operator G mapping the control variable ¢ to the corresponding
solution z. The operator G is also called the control-to-state map. In this case,
(1.1.1) can be formulated as

min J(G(0),6) = 1G(€) - zaesll + @llllwrcsio 0
st. €D, o

where D is the domain of G and the objective function | now depends on the
control variable alone. The problem (1.1.2) is sometimes also referred to as the
reduced problem and can be tackled using what is known as the implicit pro-
gramming approach. In this approach, the control-to-state map G is studied in
great detail, in order to be able to apply the implicit function theorem to the map
{ — J(G(£),). The aim is to compute a gradient, or subgradient of some kind,
of the objective function. The necessary uniqueness of solutions can be obtained
by requiring uniform convexity of the energy functional £, which in turn also
implies that all types of solution are practically identical. A classical example of
a rate-independent problem with convex energy is the movement of a coin that
is trapped underneath a bowl, as it is described in Section 2.1. This example was
introduced as sweeping process by Jean-Jacques Moreau in 1973 in [Mor73].

Some early research on the optimal control of convex problems in the scalar
valued case can be found in [Bro87] in the context of hysterises operators. Here,
optimality conditions were derived by means of a time discretization approach
and a smoothing process. For the treatment of the multi-, but finite dimensional
case, the authors of [AC18] and [CP16] used a Moreau-Yosida approximation in
order to obtain optimality conditions, whereas [CHHM15] and [CHHM16] use
a time discretization approach. A completely different strategy was followed in
[BK15], where instead, the directional differentiability of the hysteresis operators
is established.

The convex, but infinite dimensional problem is treated in the series [Wac12,
Wacl5, Wacl6] for a quasi-static elasto-plastic model, and existence as well as
first order optimality conditions are derived via time discretization and subse-
quent smoothing of the discrete problems. Alternatively, the optimal control of
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a reduced problem of the form (2.2.12) is treated in [SWW17] by means of a
viscous approximation similar to (2.2.13) and smoothing of the dissipation po-
tential, allowing for the establishment of optimality conditions.

When it comes to the non-convex problem, however, not much literature is
available. Since we cannot expect unique solutions, it is no longer possible to
consider the reduced problem (1.1.2), rendering the implicit programming ap-
proach unfeasible. In fact, this turns (1.1.1) into an optimization problem in a
function space, rather than an optimal control problem. What is more, in the
non-convex case, the different notions of solutions are in general distinct.

There exists some literature on the optimal control of non-convex rate-in-
dependent systems restricted to GES, which relies on time discretization or
regularization approaches. For example, in [Rin08], the existence of a global
minimizer of an optimal control problem of the type (1.1.1) is shown by a com-
bination of the direct method of the calculus of variations with I'-convergence
arguments. It is now a natural question to ask whether such a global minimizer
of the continuous problem can be obtained as the limit of a sequence of minimiz-
ers of the discretized optimization problems. One crucial stepstone to achieve an
answer to this question is the construction of recovery sequences for the feasible
solutions of the continuous optimization problem, which is often referred to as
reverse approximation.

The authors of the paper [MR09] showed that under suitable assumptions, re-
verse approximation of GES of a possibly infinite-dimensional and non-convex
rate-independent system by solutions of e-approximate incremental problems is
possible. This e-approximate incremental scheme was then used in [Rin09] in
order to show that global minimizers of optimal control problems of the type
(1.1.1) restricted to GES can be approximated by solutions of discretized opti-
mal control problems. Instead of a time discretization, the authors of [MW20]
opted for a Yosida regularization of an optimal control problem governed by
the equations of quasi-static perfect plasticity at small strain. Under additional
assumptions on the smoothness of at least one global minimizer of the unregu-
larized problem, they are then able to show that minimizers of the regularized
problem converge to a global minimizer of the unregularized problem. The pa-
pers [ELS13, EL14, Stel1] contain existence results for optimal control problems
modelling shape-memory alloys and with respect to GES.

If we turn to the non-convex optimal control problem with parameterized
BV solution as the underlying notion of solutions however, the literature be-
comes even more scant. In the recent work [KMS21], the authors showed that in
a finite dimensional setting, global minimizers of a viscously regularized opti-
mal control problem converge to global minimizers of an optimal control prob-
lem governed by a rate-independent system and constricted to parameterized
BV solutions, again provided that at least one global minimizer of the limiting
problem has additional regularity.

Let us point out that the reverse approximation property is not necessary in
order to prove the existence of a global minimizer of (1.1.1), and we will not fol-
low this approach in this work. Instead, we will show the necessary compactness
properties of the admissible set in Theorem 4.3.1.
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1.2 Outline

The dissertation is structured as follows: In Chapter 2, we give a brief overview
on rate-independent systems and present different solution concepts. Their prop-
erties and the differences between them are then illustrated by means of a 1-di-
mensional example. Finally, we establish the standing assumptions on the state
space, energy and dissipation functional, as well as the choice of regularization.

In Chapter 3, we study the viscously regularized system and show existence,
uniqueness, and regularity of solutions of the viscous system. A special effort is
made to improve a priori estimates that already exist in the literature to a degree
that allows to later prove compactness of the set of p-parameterized BV solu-
tions. Subsequently, we carry out the vanishing viscosity analysis. To this end,
we define the reparameterization that is appropriate for our needs, and identify
the resulting limiting equation. We then show convergence of the reparameter-
ized solutions to p-parameterized BV solutions. We conclude Chapter 3 by giving
equivalent characterizations for p-parameterized BV solutions.

What follows in Chapter 4 are the crucial a priori estimates for p-parameter-
ized BV solutions, resulting in the proof of compactness of the solution set.

With these results, we are able to show existence of a solution to the optimal
control problem (1.0.3) in Chapter 5.

The main results of this dissertation are summarized in Chapter 6, where we
also discuss open questions and possible further research.

In Appendix A, we collect mainly already existing results from convex anal-
ysis that are required for the understanding of this work, and in Appendix B, we
list some lower semicontinuity results that are used throughout.

The other appendices include arguments that are crucial for the establish-
ment of the main results of this dissertation, but have been moved to the end
for the sake of readability. Appendix C contains an overview on Banach space-
valued absolutely continuous functions and their properties depending on the
properties of the Banach space. We also give some results on the connection
to functions of bounded pointwise total variation. The results of this appendix
help motivate the definition of the limiting equation for the p-parameterized BV
solutions.

In Appendix D, we prove additional properties of the energy functional and
dissipation potential that follow from the assumptions in Section 2.4.1, but are
not obvious. We further dedicate Appendix E specifically to proving the conver-
gence of the terms that contain the external loadings. In Appendix F, we estab-
lish chain rules for the scalar function ¢ +— J(t,z(t)) under different assumptions
on z.

Finally, in Appendix G, we give an explanation for the assumption that the
intermediate space V is uniformly convex with modulus of convexity of power
type 2, and sufficient conditions to satisfy this assumption.



Chapter 2

Rate-independent systems and their
solutions

2.1 Rate-independent systems

We begin this section by considering one of the simplest examples of rate-inde-
pendent evolution, which can be found, e.g., in [MR15, Chapter 1.1]. Imagine a
coin on a horizontal table with a large glass bowl, which has been turned upside
down, on top of it. In the starting position, the center of the bowl is aligned with
the center of the coin. If we start to slowly move the bowl, then the coin will not
move until the rim of the bowl touches the coin. At this point, the coin will start
moving at the same speed as the bowl, in a direction that is perpendicular to the
rim of the bowl. As soon as the rim of the bowl stops touching the coin, the coin
will stop moving, until both touch again.

If we imagine all movements to be slow enough that inertia can be neglected,
this experiment exhibits three properties that are characteristic for rate-indepen-
dent systems:

* The output (the position of the coin) is driven by an input function (the
position of the bowl).

* As soon as the input is constant (the bowl stops moving), the output is
constant (the coin stops moving).

* The system has no intrinsic time scale, meaning that a rescaling of the input
(change in velocity of the movement of the bowl) results in a corresponding
rescaling of the output (i.e., the coin moves at the corresponding velocity,
but along the same path).

This experiment can be modelled in the following way: We define an input
function ¢ : [0,T] — IR? to denote the displacement of the center of the bowl,
and an output function g : [0, T] — R? to denote the displacement of the center
of the coin. We further denote the radius of the bowl by R > 0, and that of the
coin by r > 0. If we assume the centers of the bowl and coin to be aligned at the
starting time t = 0, i.e., g(0) = £(0) = (0, 0), then the condition that the coin must

17
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remain under the bowl translates into requiring that |gq(¢) — €(¢)] < R —r (where
|.| denotes the euclidian distance in IR?). We also know that 4(t) = 0 as long as
lg(t) — €(t)| < R—r, and that, when the coin moves, it does so perpendicularly to
the rim of the bowl, i.e.,

if |q(t) —€(t)] = R—r, then 4(t) = A(t)(€(t) — q(t)) for some A(t) > 0.

We can determine A(t) = f(t)(€(t) — q(t))/(R —r)? by differentiating the constraint
on the left hand side and plugging the equation for 4 into the result.
All in all, we arrive at the equation

(b)e(t)—q(t) (2.1.1)

o if lg(r)— €(t)] <R -7,
g(t) =
&z () =q(t)),  else,

with the initial value g(0) = (0,0). In order to arrive at a more general formu-
lation, we now define R : R? — [0, 00) by R(q) := |g|, and € : [0, T] x R? — R by
E(t,q) = mlq —{(t)]>. The function R is 1-homogeneous and therefore not
differentiable in (0, 0), however, its convex subdifferential (cf. App. A) is given

by

Z, ifg =0,
aR(v) = lql ) 1 9+
{EeR?||El<1), ifg=0.

The function £(t,-) : R> — R is Fréchet differentiable for every t € [0, T] with
derivative D,£(t,q) = (9—£€(t))/(R—r), and thus, we can reformulate (2.1.1) as the
subdifferential inclusion

0 € IR(4(1)) + D,E(t,q(t));  4(0) = (0,0). (2.1.2)

This is a prototype for rate-independent systems that are obtained from differ-
ential formulations. While rate-independence can be defined in the context of
input-output systems and then applied to a wider variety of problems, for exam-
ple in control theory, or approached via hysteresis operators, we will not pursue
that path and instead refer to [MR15, Chapter 1.2] for that matter.

In this work, if we speak of rate-independent systems, we have the following
in mind: A rate-independent system is a triple (Q,R,£) consisting of

* a Banach space O,
* a dissipation potential R(-,-) : @ xQ — [0, 00],
* and an energy functional £:[0,T]xQ —» R,

where we have to require the following from the dissipation potential R for all
qeQ:

(i) R(g,-):Q — [0,00] is convex and lower semicontinuous, and R(q,0) =0
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(ii) R(g,-) is positively 1-homogeneous, i.e., for all v € @ and A > 0, we have
R(q, Av) = AR(q,v)

We further denote by d,R(g,v) the partial convex subdifferential, i.e.,
d,R(q,v):={£€Q|VweQ: R(qw)>R(qv)+(E,w—-v)}, (2.1.3)

where Q" is the dual space of Q, and (,-) : @"xQ — R denotes the duality pairing.
(See Appendix A for more details on convex analysis.) We then seek to solve the
inclusion

faa. te[0,T]: dsR(q(t),4(t)+D,E(tq(t)>0; q(t)=q:. (RIS)

Let us first note that the second requirement on R is made in order to ob-
tain rate-independence: If we apply a time-rescaling « : [0,T] — [0,S] to a dif-
ferentiable solution g, then the rescaled solution g := g o @ has the derivative
q(t) = a(t)g(a(t)). Therefore, 7 is a solution of the rescaled RIS (Q, R, E(a(:),-)) if
and only if the subdifferential d,R(g,v) is 0-homogeneous, that is, if for all A > 0,
it holds that d,R(g, A\v) = d,R(g,v). It follows immediately from the definition
of the subdifferential that this is equivalent to R(g,-) being 1-homogeneous.

The second remark concerns the fact that the choice of the state space Q and
consequently its dual space Q" determines with respect to which duality the sub-
differential (2.1.3) is defined, and ultimately in which space the inclusion (RIS)
is considered. This is of particular importance when it comes to solutions ob-
tained by viscosity approximations, where it is usually assumed that the state
space is embedded into a second space in which the viscous regularization takes
place, see Section 2.2.4. In the following, we will sometimes simply refer to the
inclusion (RIS) itself as a rate-independent system, when no confusion on the
ambient space Q can arise.

Thirdly, as we shall see in Section 2.2.2, while we always have the pointwise
inclusion (RIS) in mind when speaking of rate-independent systems, actually
finding an a.e. pointwise solution is in general not possible and not the goal of
this work. Instead, we will concern ourselves with the weaker concept of p-para-
meterized BV solutions.

Finally, we note that for the more general considerations that follow, we will
allow for the dissipation potential to be state-dependent, that is, to depend on g
and not only on 4. However, from Section 2.2.3 onward, we will drop the state-
dependence, allowing for significant simplifications.

2.2 Different solution concepts and how they are re-
lated

In this section, we provide several distinct concepts for solutions of (RIS), which
might coincide or imply each other, depending on the properties of £ and R.
The most straight-forward one might be that of differential solutions (see Def.
2.2.3), yet it turns out to be too restrictive for most applications, since it requires
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differentiability of £ and of the solution q. As already mentioned in Section
2.1, in the case of non-convex energies, one cannot expect differentiability of
the solution, and it might even have jumps, even if the external loadings are
completely smooth.

However, there is a solution concept that is almost completely derivative-
free, namely that of global energetic solutions (see Def. 2.2.4). This concept
comes with several advantages: Since only the derivative of the scalar function
t — £(t,q) is needed for its definition, it is possible to consider evolutionary sys-
tems on a general topological space Q that is not equipped with a linear struc-
ture. What is more, energetic solutions lend themselves to a construction via an
incremental minimization scheme (see (IMP) on p. 25), which allows for nu-
merical approximation as well as an existence theory based on the direct method
of the calculus of variations. Still, energetic solutions come with a major draw-
back: Since they are based on a global stability condition (S), they have a ten-
dency to jump over energy barriers as early as possible, leading to discontinuities
that one might consider physically unplausible.

One way to remedy this is to consider instead a viscously regularized system,
thereby localizing the stability condition. While we refer to section 2.4.1 for the
exact definition of the envolved quantities, for the moment, we consider instead
of (RIS) the subdifferential inclusion

faa. te[0,T]: JR.(q)+D,E(t,q)>0; q(t)=q:. (2.2.1)

Here, we drop the state dependence of the dissipation potential R for simplicity,
and define R,(4) := R(4) + 5ll4l| for a suitable norm |- || on Q and an artificial
viscosity parameter € > 0. Then, (2.2.1) has solutions with higher regularity than
those of the original system (RIS). Passing to the limit ¢ — 0, we formally arrive
back at (RIS), yet, it is necessary to adjust the limit equations. However, we will
not pass to the limit directly, but instead reparameterize the viscous solutions
by their dissipation arc-length, see (3.2.1) - (3.2.4). In this way, we increase the
resolution of temporal jumps, since we obtain in the limit a curve in [0,T] x Z,
connecting the end points of jumps. These curves are then called parameterized
Balanced Viscosity (BV) solutions, see Def. 3.2.5. There is an intricate connec-
tion between the choice of the norm in the definition of R, the choice of repa-
rameterization of the viscous solution, and the resulting limit equations. For this
reason, we will in this chapter only give a brief insight into the train of thought
behind parameterized BV solutions and give the exact definitions and results in
Chapter 3.2. We will further in Section 2.3 consider in detail an example for
an RIS in a non-convex, 1-dimensional setting that highlights the differences be-
tween the notions of solutions presented in this section.

Before we go into more detail about these solution concepts, we will give sev-
eral equivalent formulations of (RIS). Note that some of the following consid-
erations are valid also for dissipation potentials which are not 1-homogeneous.
In order to keep the following discussion as broad as possible, we will start with
rather weak assumptions on the energy-dissipation framework, and strengthen
these assumptions gradually, where it becomes necessary or convenient.
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2.2.1 Equivalent formulations of (RIS)

Let us take the subdifferential inclusion (RIS) as a starting point. In a first step,
we use mainly results from convex analysis in order to find equivalent formu-
lations of (RIS). The necessary tools for this are collected in Appendix A. One
of these tools is the Legendre-Fenchel transform for convex potentials, which is
defined as R*(q,7) := [R(q,-)]"(11) = sup, o1, v) —R(q,v). Now, using the Fenchel
equivalences (A.2), we find that for g € Wl'l(O, T;0Q), the following three are
equivalent for all R that are convex and lower semicontinuous:

Force balance
0€diR(q,q)+D,E(tq) CQ* (2.2.2a)

Rate equation
§(t) € OR (q(t),~D,E(La() CQ  (2.2.2b)

Power balance
RAq(),4(1) + R*(q(),~D,E(t,q()) = (~D,E(L.q(t)d(t) e R, (2.2.2)

In the case of a quadratic dissipation potential, (2.2.2b) becomes a viscous gradi-
ent flow, which is why (2.2.2b) is sometimes called a generalized gradient flow,
if R is not quadratic. Now, if the scalar map t — &£(t,4(t)) is regular enough to
fulfill the chain rule

%5(W(t)) = (Dy&(t,4(1)), 4(1)) + 9, (1, q(1)), (2.2.3)

then via integration over time, the power balance (2.2.2c) becomes the energy
dissipation balance

VO<r<t<T: £&(tq(t f R(q ) +R(q(s), —~Dy&(s,4(s)))ds

+Jt855(s,q(s))ds. (2.2.4)

In fact, if the chain rule (2.2.3) is valid, it is sufficient to have (2.2.4) as an upper
estimate, i.e.,

VO<r<t<T: £&(tq(t J R(q ) +R*(q(s), =DyE(s,q(s)))ds

+ jt d:€(s,q(s))ds  (EDP)

to conclude that all three of (2.2.2) hold true almost everywhere on [0, T]. This is
why (EDP) is also called the energy dissipation principle of (2.2.2a). The argu-
ment for this is again based on convex analysis, since we find with the Fenchel-
Young inequality (A.1) that

(=Dy&(t,q(1)),4(t)) < R(q(t),4(t)) + R (q(t), —Dg€(t, q(t)))
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holds almost everywhere on [0, T], and the opposite estimate follows from (EDP)
with the chain rule, so that we find the power balance (2.2.2c¢)

In the case of a positively 1-homogeneous dissipation potential R (that is, if
(2.2.2a) is a rate-independent system), simply by exploitation of the definition of
the convex subdifferential, we find that (2.2.2a) is equivalent to the evolutionary
variational inequality

VweQ: (D,E(Lq(t), w—q(t) +R(q(t), w) = R(q(t),4(t)) = 0. (2.2.5)

Now, if R is positively 1-homogeneous, its subdifferential has the following prop-
erties:

Lemma 2.2.1. [MR15, Lemma 1.3.1.]. Let R : @ — [0, 00| be lower semicontinuous,
convex and 1-homogeneous. Then it holds for all v € Q that

IR(v) = {n € R(0)|R(v) = (n,v)},
as well as, for all £ € Q*:
£ € IR(v) & (YweQ: R(w)— (& w) 2 R(v)—(&,v) = 0).

Therefore, for every ¢ € W1(0,T;Q) and for 1-homogeneous R, the varia-
tional inequality (2.2.5) is equivalent to the following two holding true for al-
most all t € [0, T]:

Vwe Q:(D,E(Lq(t), w)y+R(q(t),w) > 0; (S)ioc
(DyE(t,q(1)),4(t)) +R(q(t),4(t)) = 0. (E)loc

The first of these is called the local stability condition and is a purely static
condition. It is equivalent to requiring that D,&(t,g(t)) + d,R(q(t),0) > 0, which,
in light of the first statement of Lemma 2.2.1, is a relaxation of (RIS). Physically,
it can be interpreted as a force balance, requiring that the static frictional forces
be strong enough to balance the potential restoring forces. (E);,c on the other
hand is a power balance, establishing a relation between the power associated
with the change of state and the dissipation rate. Note that (E),, is purely scalar.
Again, if the chain rule (2.2.3) holds, we arrive from (E);,. at the following energy
balance forall 0<r<t<T

E(t,q(1) +j R(q(s),4())ds = E(rq(r) +j 9.8 (s5,4(s))ds. (2.2.6)

This is in accordance with (EDP), since the 1-homogeneity of R implies that its
convex conjugate is an indicator function, namely

0, foréed,R(gq,0)

R(q,€) = 69,R(4,0)(€) = {oo for & ¢ d,R(q,0)

see Lemma 2.4.4. Therefore, (2.2.6) and (S)|,. yield (EDP), and conversely, if
(EDP) holds, this implies that ~D,&(t,4(t)) € d,R(q(t),0), hence (S)oc and (E)jq-
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At this point, we also note that in the case of a convex energy £(t,-) and a
1-homogeneous dissipation potential, the local stability condition (S);. is equiv-
alent to the following global stability condition

YweQ: £&(tq(t) <E(tw)+R(q(t),w—q(t)). (2.2.7)
In fact, we have the following

Lemma 2.2.2. We define the local stability set
Sioc(t) :=1{q € Q| E(t,q) <oo, =D,E(t,q) € d,R(q,0)}
and the global stability set

S

dlob(t) :={q € Q| E(t,9) <oo, Vwe Q: E(t,q) <E(t,w)+R(qw—9q)}. (2.2.8)

Let R : QxQ — [0,00] be a 1-homogeneous dissipation potential. If E(t,-) € CI(Q, R),
;henlcnglob(t) C Sioc(t) holds for all t € [0, T]. If E(t,) is convex, then Sgiop(t) = Spoc(t)
or atl t.

Proof. Let g € Sg10b(t), i.e., for all v € Q, we have £(t,q) < E(t,v) + R(q,v —q). Now
let € >0 and w € Q be arbitrary, and set v := g + ew. Then we have that

E(t,q) <E(t,q+ew)+eR(q,w),

where we have already used the 1-homogeneity of w — R (g, w). Rearrangement
of the terms and passage to the limit ¢ — 0 then yields g € Sjoc(f).
Conversely, let £(t,-) be convex and g € Sy(t). The convexity yields

YveQ: (DyE(tq)v—q)<E(tv)-E(tq),
and local stability means that
YweQ: (-D&(tq),w)<R(qw)

Plugging the first condition for v = w + g into the second condition, we arrive at
qe Sglob(t)' u

It is often reasonable to assume that the state g decomposes into g = (v,2),
where y is a non-dissipative component and z is a dissipative component. This
goes along with a decomposition Q = )} x Z of the state space into a nondissi-
pative part )V and a dissipative part Z, where ) and Z are Banach spaces. In
applications, this can often be interpreted as a splitting into an observable vari-
able y (such as displacement) and an internal variable z that usually is neither
directly observable nor controllable from the outside (such as plastic strain, or
polarization as in the example in Section 2.4.3).

This distinction comes about since in many applications, the dissipation only
depends on the inner variable z, that is,

R(9.4)=R(z2) and (R(z2)=0=2=0) (2.2.9)
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This decomposition turns (RIS) into a coupled system, namely
Dy&(t,,2) =0, JR(2)+D,E(ty,2)30. (2.2.10)
By minimizing with respect to y first, we obtain the reduced energy
J(t,z) :==min{&(t,v,2)|y € V}. (2.2.11)

Having thus satisfied the first of (2.2.10), it remains to solve the reduced prob-
lem

IR(2)+D,J(t,z) 3 0. (2.2.12)

Note that we obtain a solution g = (z,y) of the original problem (2.2.10), if we
couple a solution z : [0,T] — Z of (2.2.12) with a suitable curve y : [0, T] — )
such that y(f) € Arg min £(t,-,z(t)).

2.2.2 Differential solutions

As already mentioned, the notion of differential solutions is the most straight-
forward one, simply requiring the subdifferential inclusion (RIS) to be fulfilled
pointwise almost everywhere. First existence results were shown in [Bré73] for
quadratic energies, and more generally in [CV90] for smooth and uniformly con-
vex energies. In order to ensure that all quantities are well-defined and that the
reformulations in the previous section are possible, g € W1(0, T;Q) is the mini-
mal regularity that is required.

Definition 2.2.3 (Differential Solutions). We call q: [0,T] — Q a differential so-
lution of (RIS), if g€ W1(0,T;Q) and

fa.a. t€[0,T]: Jd;R(q(t),4(t)) + DsE(t,q(t)) > 0.

This is a stronger notion of solution than the energetic one introduced in Sec-
tion 2.2.3 in the sense that any energetic solution g that fulfills g € W(0,T; Q)
is a differential solution, see Lemma 2.2.6. In this line of reasoning, several ex-
istence results can be found e.g. in [MR15], cf. Cor. 3.4.6 or Thm. 3.4.7 therein.
There, based on additional assumptions on smoothness and convexity of the en-
ergy, energetic solutions are shown to have higher regularity and thus to be dif-
ferential solutions.

However, in the general nonconvex case, an RIS may have energetic solutions,
but not allow for solutions in the differential sense, see the 1-dimensional exam-
ple in Section 2.3. Even if a non-convex RIS does possess both differential and
energetic solutions, this does not guarantee that they coincide, see, e.g. [MR15,
Example 1.8.2].

2.2.3 Energetic solutions

Refering back to the decomposition into a dissipative and a non-dissipative com-
ponent, we will from now on assume reduced state-dependence of the dissi-
pation potential according to (2.2.9). In this work, we will even go as far as
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to entirely drop the z-dependence of R, that is, we assume hence forth that
R(z,2) =R(2) depends on z alone.

In order to motivate the definition of energetic solutions, we return to the
equivalent formulation (S);oc & (E)joc from Section 2.2.1. We will define energetic
solutions by pairing the global stability condition with the energy balance (2.2.6)
that is obtained from (E);,., which thanks to the new assumption on R now reads

JR ))ds =&(r,q J&Es,

In order to obtain a formulation that does not require any differentiability of g,
we replace the second term on the left hand side by the total variation induced
by R, which is definded as

M
Varg(z;[r,t]) := sup { ZR(Z(fm) —2z(ty-1))
m=1

T:t0<f1<"'<tM_1<tM:t}.

In the case that z € W!1(0, T; Z), it actually holds that f R(z(s))ds = Varg (z;[r, t]),
cf. Lemma C.18. We thus arrive at the following

Definition 2.2.4. [Global energetic solutions] A curve g = (y,2): [0, T] > Q=Y xZ
is a (global) energetic solution of (RIS), zft — d;E(t,q(t)) is integrable and if the
global stability (S) and the energy balance (E) hold for all t € [0, T]:

V4=(92eQ: £&(tqt))<E(tq) +R(2-2(1)) (S)

E(t,q(t))+ Varg(z;[0,T]) = J d:€(s,q (E)

As already mentioned at the beginning of this chapter, one of the main ad-
vantages of energetic solutions is the fact that their definition only requires dif-
ferentiability of the scalar map t — £(t,9). If one were to replace the dissipation
potential R by a dissipation distance D : Z x Z — [0,00] and the expression
R(z, — z1) by D(z1,2,), one could thus formulate a theory of rate-independent
systems on spaces Z without linear structure.

What is more, (S) & (E) can be solved via time discretization, where the incre-
mental problems are minimization problems based on the global stability condi-
tion (S). To be more precise, let (0 = ty,t,...,ty = T) be a partition of the interval
[0,T], i.e., let tyg < t; < --- < ty. We then consider the following incremental
minimization problem:

For given qg € Sg10p(0) find g4 € Arg min{é’(tk,q) +R(z—2k_1) | qe Q}, k=1,...,N (IMP)

Now, the discrete minimization problems can be solved in the following way:
First, choose an infimizing sequence and show that it has a subsequence that is
convergent w.r.t. either the strong or the weak topology on Q. Second, show that
the objective functional is lower semicontinuous w.r.t. the same topology. This
implies that the limit of the converging subsequence must be a minimizer. In
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function spaces, this approach is known as the direct method in the calculus of
variations.

The solutions of the discrete minimization problems are then used to define
interpolants. The following additional smallness assumptions (E2) on the energy
€ then allow for a priori estimates for these interpolants, and the compatibility
of £ and R as required by (C1) - (C2) ensures that they converge to an energetic
solution, see Prop. 2.2.5. To be precise, we need the following assumptions

on the dissipation potential

V21,22,23€ZZ R(Z3—Zl)SR(ZZ—Zl)-I—R(Zg—Zz) (Dl)
VzeZ: R(z)=02z=0

R : Z — [0,00] is lower semicontinuous, convex and (D2)

positively 1-homogeneous

on the energy functional

Vtel0,T]: £&(t,-):Q — R, has compact sublevels (E1)

Domé& =[0,T] x Dom&(0,-),

JeeeR, A € L0, T), Ne € [0, T] with £} (Ng) =0

Vg€ Dom £(0,-): £(-,q) e WH1(0,T), (E2)
d:E(t,q) exists for t € [0, T]\ N¢ and satisfies

10:E(t,q) < Ae(t)(E(tq) + ce).
Calling a sequence (t,;, 4n)men C [0, T] x Q a stable sequence, if

sup E(ty, ) <oco and VmeIN: g, € Sgob(tm),
melN

where the global stability set Sgiop(2) was defined in (2.2.8), we further require

the compatibility of £ and R

0,T
V¥ stable sequences (t,,, 4,;)men With (£,,,,9,,) | —]X>Q (t,q) we have:

t €[0,T]\ Ng with N¢ from (E2) = 9,£(t,q) = lim 0,;E(t,g,,), (C1)
qe Sglob(t)- (CZ)

It is crucial to realize that the notion of stable sequences intrinsically links the
choice of topology in Q with the properties of £ and R, since the type of conver-
gence in (E1) and in (C1) and (C2) has to coincide. These assumptions now allow
for the following existence result:
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Proposition 2.2.5. [MR15, Thm. 2.1.6] Assume that £ and R fulfill the assumptions
(D1)-(D2), (E1)-(E2), and the compatibility conditions (C1)-(C2). Assume further
that the topology of Q restricted to compact sets is separable and metrizable. Then,
for each gy € S4105(0), there exists an energetic solution q = (y,z) : [0, T] — Q to the
initial value problem (RIS), and q is measurable.

The proof in [MR15]is based on the incremental minimization problem (IMP)
and shows that for the dissipative component z, the right-continuous piecewise
constant interpolants converge pointwisely to an energetic solution when the
fineness of the partition of [0, T| goes to zero. When it comes to the regularity
of the resulting curve, it should be noted that the energy balance (E) in combi-
nation with the assumption (E2) are sufficient to show that energetic solutions
q=(v,2):[0,T] — Q satisfy a priori estimates for the energies £(¢,4(t)) and for the
variation Varg(z;[0, T]). Since in many applications, the energy £(t,-) is coercive
and the dissipation potential R is a norm on O, this often translates into L®-
regularity for g and a BV-estimate for the dissipative component z. However, the
global stability condition (S) at the core of the definition prompts energetic solu-
tions to change state as soon as the release of the energy £(t,4(t)) — £(t,4) for any
possible state § € Q is no longer compensated by the dissipation R(Z —z(t)). This
can lead to jumps over energy barriers, even if external loadings are completely
smooth. Therefore, we cannot expect continuity of energetic solutions. Tem-
poral continuity of energetic solutions can be shown for example under strong
convexity assumptions on &, see e.g. [MR15, Section 3.4.2] or [TM10]. As men-
tioned before, if an energetic solution is absolutely continuous and if the chain
rule (2.2.3) holds, it is also a differential solution, as is shown in the next Lemma:

Lemma 2.2.6. Let Q = Y x Z be a Banach space and q = (y,z) : [0, T] — Q be a global
energetic solution of (RIS). Let further the chain rule (2.2.3) hold true for almost all
t €[0,T). Ifze W10, T; 2), then q is also a differential solution of (RIS).

Proof. For the proof, we simply verify that the required regularity is sufficient to
execute the reformulations that were done formally in Section 2.2.1. Let g be a
global energetic solution, then we know from Lemma 2.2.2 that we have for all
t € [0,T] that g(t) € Sipc(t). On the other hand, since g € W1(0, T; Z), we know

from Lemma C.18 that Varg(z;[0, T]) JO s))ds, which allows us to conclude
from (E) that (2.2.6) holds. Applymg the chaln rule (2.2.3) and localizing the
integral, this yields (E)jq. [

2.2.4 p-parameterized Balanced Viscosity (BV) solutions

From now on, we only consider the reduced problem (2.2.12).

While energetic solutions bring considerable advantages, such as the fact that
they lend themselves to numerical approximation via time discretization, the
lack of smoothness that was mentioned at the end of the previous section re-
mains an issue. This is true in particular since the jumps over energy barriers
that might occur could be considered unphysical.



28 Chapter 2. Rate-independent systems and their solutions

Solution concepts relying on viscosity approximations

One way to prevent these jumps over energy barriers is a regularization ap-
proach. Namely, we assume that there is a second Banach space V into which
Z is compactly embedded, and instead of the rate-independent system (2.2.12),
we consider for € > 0 the viscously regularized system

IR (2.)+D,J(t,z.) 30, (2.2.13)

where R.(z) 1= R(z) + Ry¢(2) := R(z) + %llzll)z/. We then consider solutions of
(2.2.13), which, in contrast to energetic solutions of the rate-independent system
(2.2.12), can be shown to be unique under rather mild assumptions and have
better regularity. In Section 3.1, we will show the existence of absolutey contin-
uous solutions z, of the viscous system, fulfilling the inclusion (2.2.13) almost
everywhere, for the setting described in Section 2.4.1, cf. Definition 3.1.1. In
this context, it is worth noting that we obtain the curves z, via a time discretiza-
tion scheme similar to (IMP), namely, for a step size T > 0, we define the partition
(0=t tf,...,.t_y <T < t;) of the interval [0, T] via tlf := tk. For a given initial
value z) € Z, we then set zj := z; € Z and choose the next iterate

Zp 4, € Argmin{I(t?(t,fﬂ), z)+R(z—z) + 5z - z]flhzj | bAS Z} (2.2.14)

cf. (3.1.9). The minimization problem (2.2.14) can be interpreted as a localiza-
tion of (IMP) in the sense that, when choosing the next iterate, those states z,
whose distance ||z—z(|l, to the current iterate is big, are penalized. After passage
to the limit in the time discretization scheme, the limiting curves z, also fulfill
the following energy dissipation balance

Lﬂa%6»+J:RAQVW+RJ—DaﬂnZAﬂ»dr

=Jm%w»ﬂfajmammu (B),

which is in analogy to (E), but now containing the convex conjugate R; of R,,
since the augmented dissipation potential R, is not 1-homogeneous. The natural
next step is to pass to the limit ¢ — 0 and study the limit of the viscous solutions
Ze.

While we refer to the forthcoming Section 2.4.1 for more details on the regu-
larization in our setting, the intention for now is to give a brief insight into why
we will not pass to the limit directly, but instead opt for a reparameterization
technique. To this end, we summarize here some of the arguments in [MRS12a,
Sections 2.3, 3.1, 4.1], where different viscous approxmation schemes for a rate-
independent system in finite dimensions are carried out, since the finite dimen-
sional setting allows for significant simplifications and more straight-forward
arguments. In particular, since on finite dimensional spaces all norms are equiv-
alent, the distinction between the spaces V and Z becomes obsolete. See also
[MRS16, Chaps. 3, 4] for details on (p-parameterized) BV solutions in infinite
dimensions, and Section 3.3 for a discussion in our setting as it is laid out in
Section 2.4.1.
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Local solutions

As we shall see in Chapter 3.1, the functions z, solving (2.2.13) satisfy the a priori
bound

T
[ Reten+Ri-DoT 0z <,
0

cf. (3.1.7c), and thus, application of Helly’s compactness theorem yields point-
wise weak convergence of a subsequence to a curve z € BV([0, T|], Z). By standard
lower semicontinuity arguments, we might then expect from (2.2.13) that the
limit z fulfills the local stability condition dR(0) + D, J(t,z(t)) 2 0, i.e., t € Sjoc
for almost all ¢ € [0, T]; and passing to the limit inferior in (E),, we arrive at the
following

Definition 2.2.7 (Local solutions). A curve z € BV([0,T]; Z) is called a local solu-
tion of the rate-independent system (2.2.12), if it fulfills the local stability condition

dR(0)+D,J(t,z(t) >0 forall t € [0, T]\ ], (S)10c

and the energy dissipation inequality

J(s,2(s)) + Varg(z;[0,s]) < J(0,2(0 J- . J(r,z(r (2.2.15)

forall s € [0, T]. Here, J, C [0, T] is the at most countable jump set of z.

Having replaced the global stability condition (S) by (S)ioc, and the energy
dissipation balance (E) by the inequality (2.2.15), the notion of local solutions
is weaker than that of GES. In fact, the inequality (2.2.15) may be strict, that is,
local solutions may exhibit a loss of energy. What is more, local solutions lack
a description of the behaviour in jumps. To see this, let us first give a precise
definition of the jump set J,. Denoting the left and right limits of z € BV([0, T]; 2)
at an arbitrary time t € [0, T| by

z(t_):=limz(s); z(t;):=limz(s); z(0_):=z(0); z(T,):=2z(T), (2.2.16)
st s\t

we define

J,:={t€[0,T]|z(t_) = z(t) or z(t ) z(ty)} (2.2.17)
Dess—J,:={t [0, T]|z(t) = z(t,)},

where ess —J, is the essential jump set of z. If we further denote the energy that
is dissipated when changing from a state z; € Z to a state z; € Z by

ARr(z9,21) :=R(z1 — z¢); and Ar(z_,2,z,) :=R(z—z_) + R(z, — 2), (2.2.18)

it is possible to deduce the following description of the behaviour in jumps in
the finite dimensional setting, see [MRS12a, Props. 2.2, 2.7]:
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Proposition 2.2.8. Let z€ BV([0,T]; Z) be

(i) a global energetic solution of (2.2.12). Then it holds for every t € |, that

T (t,2(t)) = T (t,2(t)) = —Ar(z(t-), 2z
T (t,2(t,) = T (8, 2(t)) = —Ar(2(t), 2(t,
T(t,2(t,) = T (,2(t)) = —Ar(2(t-), 2(t,)). (Jener)

(ii) a local solution of (2.2.12). Then it holds for every t € ], that

T(t,2(1) = T (¢, 2(t)) < =Ar(z(t-), 2(t)),
T (t,2(t,) = T (,2(t) < —Ar(z(t), (1)),
T(t,2(t,) = T (,2(t)) < —Ar(2(t-), 2(t,)). (Jiocat)

Together with a suitable subdifferential inclusion (see [MRS12a, Prop. 27]),
(Jioca1) is actually sufficient to conclude that z is a local solution, but not that it
fulfills an energy balance. Hence, a finer description of the dissipation in jumps
is needed.

BV solutions

To this end, we return to the viscously regularized system (2.2.13). Let us for the
moment assume that the external load is constant and that J(¢,z(t)) = J(z(t))
at all times. In this scenario, if we consider two states zy,z; € Z that are con-
nected along an almost everywhere differentiable path ¢ € AC([t(,t];Z) such
that z(tg) = zp and z(#;) = z; and (2.2.13) is fulfilled, the energy dissipation bal-
ance (E), predicts for the release of energy

5]

JT(20)=T(21)= | Re(C(t)+Ri(-DJ(C(1))dt

to

Keeping in mind that we are in need of a lower bound for the right hand side
which is independent of € > 0, it is now natural to consider

plv,w):= ing(RE(v) + RZ(w)), forveV,weV’, (2.2.19)
>

satisfying for all € > 0 the estimate

oo
T(z0)- T () > f o(C (1)), ~DI(C (1) dt

to

On the other hand, we find
forallveV,weV": (w,v)y <p(v,w) and R(v) < p(v,w), (2.2.20)

employing the Fenchel-Young inequality (A.1) for the first estimate. Thus, if
C € AC([0,T]; Z) is an arbitrary curve connecting the states z; and z;, and if
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we have a chain rule for the scalar map t — J(C(t)), we also have the opposite
estimate

fy ~ o o ~
J(%)—J(zn:f <—DJ<c<t>>,c<t>>vdtsf o(C(1),-DIT())dt.

to to

In conclusion,

5]

VG It = | e, DIt
0

is always an upper bound for the energy that is released when changing from

state z(ty) to state z(#;), and this bound is reached along those curves following

the viscous regime (2.2.13).

The function p(-,-) is called the vanishing viscosity contact potential and is
studied in great detail in [MRS12a, Section 3].

In order to carry out the vanishing viscosity limit, we again choose a se-
quence (z.).~o of solutions of the viscously regularized problem (2.2.13) and
obtain a weak pointwise limit z € BV([0,T]; Z). Considering the second esti-
mate in (2.2.20), liminf,_,q V,(z,, [0, s]) seems to be a natural candidate to replace
Varg(z,[0,s]) in the energy dissipation inequality (2.2.15) in order to obtain a
sharper estimate. However, since the limit function z can only be guaranteed to
be of bounded variation, it lacks the necessary differentiability, and Vp(z, [0,s]) is
not well-defined in general.

This problem can be circumvented using measure theory in the following
way, still following [MRS12a]: The distributional derivative z’ of z € BV([0,T]; Z)
defines a Radon vector measure with finite total variation |z’|. It has been shown,
e.g., in [AFP0O, Cor. 3.33], that z’ can be decomposed into

) ’ ’ ) ’
2 =Zgpt+2ct2, 2 =2Zgt 20

where 2%, is the absolutely continuous part w.r.t. the Lebesgue measure 1,
and z/. is the Cantor part, still satisfying z({t}) = 0 for all t € [0, T], whereas z]'
is a discrete measure concentrated on ess —J,. Therefore, z(, := 2%, + z(- is the
diffuse part of z". Introducing the reference measure y := £! +|z7|, the authors
of [MRS12a] then define for every (a,b) C (0, T)

b b ,
j dR(zéo)::f R(ddi;f)dy,

This allows for a representation of the pointwise R-variation Varg(z;[a,b]) of z
in terms of its distributional derivate z’ as
b
Varg(z;[a,b]) = J dR(z.,) +Jmpg(z;[a,b]) (2.2.21)

a

with the jump contribution (recall the definition of A in (2.2.18))
Jmpg(z;[a,b]) := Ar(z(a), z(a.)) + Ar(2(b-), z(b)) + Z Ag(z(t-), z(t), z(t,)).

te],N(a,b)
(2.2.22)
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Now, in analogy to (2.2.21)-(2.2.22), the authors of [MRS12a] define the jump
variation of a curve z € BV([0, T]; Z) induced by (p,J) on [a,b]C[0,T]as

Jmp, (2 [8,b]) = Ay, 7(@;2(a), 2(a,)) + Ay 7 (b32(b-), 2(b))
Z Amz ) 2(t),2(t.)),

te]N(

where for zj,z; €V,

t
Apgtizn 1) i=inf] [ plC0),-DLT (1 LN 5T € AC(t0 15 2)C(r0) =20.C(1) =21
' (2.2.23)

is called the Finsler cost induced by p and J at time ¢, and, just as in (2.2.18),
Ay gtz z,2,.) =N, 7(tz_,2) + Ay 7(,2,2, ).

Finally, the (pseudo-)total variation induced by (p, J) is defined as

b
Var, 7(z;[a,b]) := f dR(z.,) +Jmp, 7(z;[a,b]), (2.2.24)

differing from the pointwise R-variation (2.2.21) precisely in the way the jump
contribution is measured. Replacing the R-variation by this (pseudo-)total vari-
ation and thus obtaining an energy balance in place of an inequality, then yields
the following definition of BV solutions:

Definition 2.2.9 (BV solutions). A curve z € BV([0,T]; 2) is called a BV solution
of the rate-independent system (2.2.12), if it fulfills the local stability condition

dR(0)+D,J(t,z(t) >0 forall t € [0, T]\ ], (S)10c

and the energy dissipation balance
J (s,2(s)) + Var, 7(2;[0,s]) = J(0,2(0)) +J a,J(r,z(r))dr (2.2.25)
0

forall s [0, T].

As expected, the solutions z, of the viscously regularized systems (2.2.13)
converge pointwisely to a BV solution of (2.2.12) with ¢ — 0, cf. [MRS12a, Thm.
4.10]. On the other hand, it is not always the case that every BV solution of an RIS
can be obtained as a vanishing viscosity limit. In fact, those curves z: [0,T] —» Z
that can be obtained as pointwise limits of solutions of the viscously regularized
systems (2.2.13) are called approximable solutions in [MR15, Section 1.8] and
in general form a proper subset of the set of BV solutions. We cite here the
following example from [MR15, Ex. 1.8.3] to illustrate this fact:
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Example 2.2.10. Let T > 0 and let the energy J : [0, T]| xR — IR be given in depen-
dence of the time and state by

%(z +4)?, ifz<-2
J(t,z):=—L(t)-z+{4-32°, if -2<z<2 (2.2.26)
%(2—4)2, ifz>2,

where the external load is given by {(t) := min{t, 6 — t}. We further assume that the
dissipation potential R : R — [0, 00) is the absolute value function, i.e., R(z) := |z| for
z € R. We consider the RIS

-D,J(t,z(t)) € IR(2(t)), te[0,T]; z(0)=-5. (2.2.27)
Then there are two different BV solutions

t—5,  fortel0,3),
6, for t €[3,5],
11-t, fortel5,9]
31, for t>09;

t—5, fortel0,3],
zo(t):=4-2,  forte(3,5] (2.2.28)
3—t, fort>5.

Z](t) =

For € > 0, we obtain the curves z, as unique solutions of the viscously regularized
systems

—D,J(t,z.(t)) — €z.(t) € IR(2:(t)), t€[0,T]; z.(0)=-5 (2.2.29)
and they read

t—5+e¢e(exp(—-t/e)—-1),  forte|0,3],
z.(t) =12, fort € [3,t7], (2.2.30)

3-t+ e(exp(@)— 1), fort>t,

where z; = z.(3_) is the left limit of z. at t = 3, and t} = 3—z}. Note that z, — —2 and
t; = 5 for ¢ = 0. Then it holds for every t > 0 that z.(t) — z,(t) for ¢ — 0, whereas
the discontinuous BV solution z; can not be obtained as a vanishing viscosity limit,
i.e., Z, is an approximable solution, and z, is not.

This is in a way the desired result, since we motivated the vanishing viscosity
approach by the intention to prevent jumps over energy barriers. Since both J and
and the approximable solution z, are continuous, no jumps occour along the graph

of J(-,25(:)). On the other hand, z| has jumps at t| := 3 and at t, := 9, and at these
points, the energy J (-, z1(-)) has the left and right limits

J(3-,21(3-)) =8and J(3,,21(34)) =32, J(9-,21(9-)) =8 and J(9,,21(9+)) = 16,

i.e., jumps over energy barriers occur here. The graphs of z, z, and of the viscous
approximations z. for € €{0.1,0.2,0.3} are shown in Figure 2.1

It should be noted that BV solutions fulfill the following jump conditions,
compare with Prop. 2.2.8:
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Figure 2.1: Graphs of the two BV solutions z| (dashed, green) and z, (solid, blue)
of the RIS (2.2.27). The viscous approximations z, for € € {0.1,0.2,0.3} are dashed;
where the graph of z; is not visible, it coincides with that of z,. The admissible set
{(t,2)| =D, J(t,z) € IR(0)} is shaded.

Proposition 2.2.11. [MRS12a, Props. 2.2, 2.7] Let z€ BV([0, T]; Z) be a BV solution
of (2.2.12). Then it holds for every t € ], that

T(t,2(t) = T (£, 2(t-)) = =Ag 7 (2(t-), 2(t)),
Tt 2(ty) = T (8, 2(t) = =Ap, 7 (2(t), (1)),
Tt 2(ty) = T (8, 2(t-)) = =Ag, 7 (2(2-), 2(t,.)). (Jev)

p-parameterized Balanced Viscosity solutions

As we have seen on the previous pages, while it is possible to pass to the point-
wise limit of a sequence of solutions of the viscously regularized systems, this
will in general only yield a limit curve z € BV([0, T|; Z), exhibiting a substantial
lack of differentiability. In this work, we will instead rely on a reparameteriza-
tion technique that was introduced in [EM06]. The reparameterized solutions
then allow for stronger (local) a priori estimates, thus yielding better differentia-
bility after passing to the vanishing viscosity limit. What is more, the resulting
notion of solutions has the following advantage: The jumps that might possibly
appear in the solutions of the rate-independent system do not shrink down to
a singular point in time, but rather, we obtain a jump curve in [0,T] x Z that
describes the transition between the two end points of the jump.

To this end, we choose an artificial arc-length parameter and transform the
viscous system into an artificial time, so that the trajectory t +— (t,z.(t)) is rewrit-
ten as s > (£.(s),2.(s)). There are several possible choices for the reparameter-
ization, which, together with norm one chooses to define the viscous contribu-
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tion to the augmented dissipation potential R, heavily influences the result-
ing notion of parameterized BV solutions and its properties. In this work, we
choose to parameterize by the vanishing viscosity contact potential p(-,-) defined
in (2.2.19), which in our case of additive viscosity has the explicit representation

p(v, &) :=R(v)+|v|ly disty+ (&, IR(0)), where
disty- (&, IR(0) = inf{[l€ ~ ll- |1 € IR

denotes the distance of an element & € V* to the set dR(0) w.r.t. the norm on V*,
see [MRS12a, Rem. 3.1]. To be precise, we set

s(t)i=t+ Jtp(ZE(T), _D,J(t,2.(1)))d7, S, :=s.(T), and
0

A

te = (Ss)_l :[0,S:] = [0, T].

We then define 2, := z, o f, and consider the limit for vanishing viscosity (that
is, for ¢ — 0). We thus obtain a limit S € [0,00) of the artificial end times S,
and a limiting pair (£,2) : [0,S] — [0,T] x Z. In order to characterize the re-
sulting solution set, we apply the same reparameterization to the energy dissi-
pation balance (E), associated with the viscous problem (2.2.13) and also pass
to the limit ¢ — 0 here. In the finite dimensional setting, we arrive at a tuple
(£,2) € WL([0,S];R) x WL*(0,S; Z), fulfilling the limiting energy dissipation
balance

J R(2(r)+2(r)lly disty-(-D.J (£(r), 2(r)), IR (0)) dr
= J(0,20) - f 9, T (£(r), 2(r))i(r)dr. (2.2.31)
0

In the infinite dimensional setting on the other hand, the curve 2:[0,S] - Z is
in general not differentiable almost everwhere on [0,S]. We will show, however,
that 2 is classically differentiable w.r.t. || - ||, almost everywhere on the set

G :={s €[0,S]| disty-(-D,J (£(s), 2(s)), dR(0)) > 0},

and that for almost all s € [0,S], Z possesses what is known as a generalized
metric derivative, denoted by R[z’](s), see Prop. 3.2.2 for a definition and Ap-
pendix C for details. Instead of (2.2.31), for the infinite dimensional setting, we
therefore obtain the following energy dissipation balance

T (#(s f RI2'|(r)+]12(r)|ly disty« (=D, T (A(r), 2(r)), IR(0))dr
= J(0,20) - f 9, T (F(r),2(r))E(r)dr. (2.2.32)
0

We then define normalized p-parameterized BV solutions as triples (S, f,2) with
a certain regularity such that (2.2.31), or (2.2.32), in infinite dimensions, and a
normalization condition is fulfilled, see Definition 3.2.5. One advantage in the
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choice of the vanishing viscosity contact potential for reparameterization now
lies in the fact that the limits (f,2) that are thus obtained are automatically nor-
malized.

It can be shown both in the finite and in the infinite dimensional case (see
Lemma 3.3.1), that a normalized p-parameterized BV solution (S,f,2) satisfies
the differential inclusion

0€ IR(2'(s)) + IR, (A(s)2(s)) + D, T (s,2(s)) fa.a.s€[0,5] (2.2.33)

for a measurable function A : [0,S] — [0,00) with A(s) = 0 on (0,S) \ G and such
that A(s)f(s) = 0 a.e. in [0,S]. This allows for the following interpretation: Note
that 7 : [0,S] — [0, T] encodes the external time scale. Wherever £(s) > 0 on an
interval (sy,s,) C [0,S], it follows that A(s) = 0, so that (2.2.33) describes the
original rate-independent evolution. On the other hand, whenever f(s) = 0, the
external time is frozen, and we obtain from the normalization condition that at
the same time, Z(s) > 0. Hence, this is seen as a jump in the external time frame.
If A(s) > 0, a viscous dissipation is active, which allows for the interpretation of
a jump in the rate-independent system as a transition between two end points
along a curve following a viscous regime. The vanishing viscosity analysis and
the characterization of the resulting p-parameterized BV solutions in the infinite
dimensional setting are carried out in great detail in Section 3.2.

For now, we point out that one has the freedom of choice both when it comes
to the norm that characterizes the viscous augmentation R, . and the reparame-
terization of the z.. Another popular choice of reparameterization is that by the
|| - |l -arclength, i.e., one sets 5.(t) :=t + fot”Z'g(T)”VdT, f.:=(5.)1:[0,S.] > [0,T]
and Z, := z. o f,. This choice then leads to the definition of V-parameterized
BV solutions. However, it does not guarantee the normalization condition and
not even non-degeneracy of the solutions, see the discussion around [Miell,
Lemma 4.12]. In this context, non-degeneracy means that £(s) + [|12(s)lly, > 0 for
every s € [0,5], and it is a crucial prerequisite to obtain the equivalent charac-
terization via the differential inclusion (2.2.33). Indeed, it is easy to see that, if
-D,J(s,2(s)) € IR(0), but £(s)+||z(s)|ly = 0, it is not possible to find A(s) such that
(2.2.33) is fulfilled. This means that the interpretation and a priori estimates
arising from (2.2.33) are not a priori available for V-parameterized BV solutions.

Finally, we mention that there is an intricate interplay between the choice of
viscosity norm and of reparameterization, resulting in vastly different regulari-
ties, a priori estimates and hence compactness properties of the resulting notion
of parameterized BV solutions.

Equivalence between BV and p-parameterized BV solutions

To summarize, BV solutions are obtained by passing to the limit in the viscously
regularized systems immediately, whereas p-parameterized BV solutions are ob-
tained by applying a reparameterization before passing to the limit. In fact, as
the terminology suggests, p-parameterized BV solutions can be interpreted as
parameterized versions of BV solutions. This has been shown in [MRS12a, Thm.
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5.8] in finite dimensions, and in [MRS16, Prop. 4.7] in a more general, infinite-
dimensional setting. To be more precise, in the finite dimensional case, [MRS12a,
Thm. 5.8] reads as follows. We refer to Proposition 3.3.3 for the infinite dimen-
sional setting.

Proposition 2.2.12 (Equivalence of BV and p-parameterized BV solutions).
If (S,£,2) is a p-parameterized BV solution of (2.2.12), then every curvez:[0,T] — Z
such that

Vte[0,T]: z(t)€{2(s)|f(s) =1t} (2.2.34)

is a BV solution of (2.2.12).
Conversely, if z: [0, T] — Z is a BV solution of (2.2.12), then there exists a p-pa-
rameterized BV solution (S, f,2) of (2.2.12) satisfying (2.2.34).

This equivalence also shines a light on how the choice of parameterization
affects the resulting notion of parameterized BV solution: In fact, in order to
obtain a similar result for V-parameterized BV solutions, one has to impose the
normalization condition, since it is not automatically obtained from the vanish-
ing viscosity analysis. [Miell, Cor. 4.22, Prop. 4.24] then assert that normal-
ized V-parameterized BV solutions are equivalent to a subset of BV solutions
that exhibit a higher regularity in the sense that at all jump points, the left and
right limits can be connected by transitions which are optimal in some sense, see
[Miell, Def. 4.21]. This suggests that choosing the p-parameterization results
in a broader notion on solutions with a closer connection to the notion of BV
solutions.

We close this section with the following application of Prop. 2.2.12: While
it is one of the main results of this thesis that the reparameterized versions 2,
of the solutions z, of the viscously regularized systems converge to a p-parame-
terized BV solution with vanishing viscosity (cf. Theorem 3.2.6), the converse is
not always true. The particular challenge stems from the fact that the viscously
regularized systems allow for unique and smooth solutions, whereas the original
(unregularized) system does not. The effect of this was already illustrated in the
context of BV solutions in Example 2.2.10. There, we considered the RIS (2.2.27)
with two distinct BV solutions, one of which had two jumps, whereas the other
was continuous, and argued that the discontinuous one could not be obtained
as a vanishing viscosity limit. Using the equivalence between BV and p-para-
meterized BV solutions from Prop. 2.2.12, we can now demonstrate that the
p-parameterized BV solution that corresponds to the continuous BV solution of
(2.2.27) can be obtained via the vanishing viscosity procedure described in the
previous section, whereas the p-parameterized BV solution corresponding to the
discontinuous BV solution of (2.2.27) cannot.

Example 2.2.13 (Continuation of Ex. 2.2.10). We consider the RIS (2.2.27) for the
end time T := 10, with J defined in (2.3.1) and R : R — [0, 00) the absolute value
function. For € >0, let z. : [0, T] — R defined according to (2.2.30) be the solution of
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the viscously regularized system (2.2.29). In order to determine
t
sit)i=t+ | pla(r)-D.(n,2 (1))
0

=+ f |2e(T)] + |2 (7)|dist(-D, T (7, 2:(7)), IR(0))d,
0

we first need to calculate dist(—D,J (t,z.(t)), dR(0)) for t € [0, T]. Note that we have
IR(0) = [-1,1], and z.(t) < =2 for all t € [0, T]. Since very similar calculations are
carried out in detail in Section 2.3, we will here only give the following results:
for t €[0,3), it holds that —D,J(t,z.(t)) < -1, hence
dist(-D,J (£, z¢(t)), 0R(0)) = =1 = (=D, J (t,2:(t))) = t = z(£) = 5,
for t €[t;,10], it holds that —D,J(t,z.(t)) € [-1,1], hence
dist(-D,J (t,z(t)), dR(0)) = 0,

and thus for t € [0, 3]:
Se(t)=t+ ft |2: ()| + |2:(7)| dist(-D,J (7, 2.(1)), IR(0))d 7
0

t
= t+J 2:(1) + 2.(1)(T — 2(v) - 5)dt
0

—t for e—0

— 2t for e = 0,

for t €[3,t:]:
3
Se(t) = t+f ZE(T)+Z'E(T)(ZE(T)+5—T)dT+JtOdT
0 3

3
=t+ f 2e(1) + 2(7)(T - 2e(7) - 5)dt
0

—3 for e—=0

—t+3fore—0,

for t € (t;,10]:

se(t)=t+ J3 Z.(T)+ ZS(T)(T —z.(7)— 5)dr+ Jt —z.(t)dT
0 te

—————
—3 for e—0 —t-5 for e—0

— 2t -2 for € — 0.

In particular, we find that

S :=lims,(T) = 18. (2.2.35)

e—0
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Therefore, we extend the inverses f. := (s,)™' : [0,5.(10)] — [0,10] constantly to the
interval [0,S] and then obtain pointwise convergence to

5 for 0 <s <6,
£:10,S] —1[0,10], f(s):={s-3, for6<s<S8, (2.2.36)
%, for 8 <s<18.

The reparameterized curves 2, := z, of, : [0,s.(T)] — R are then constantly continued
to [0, S] as well, and converge pointwisely to

5-5, for0<s<6,
2:[0,S] > R, 2(s):={-2, for 6 <s <8, (2.2.37)
2-5, for8<s<18.

In summary, the vanishing viscosity procedure described on the previous pages yields
the p-parameterized BV solution (S,f,2) of (2.2.27) that is definied via (2.2.35) -
(2.2.37). In the context of Prop. 2.2.12, we find that the BV solution z, from (2.2.28)
fulfills the condition

Vte[0,T]: z(t)e(2(s)|E(s) = t).

Conversely, Prop. 2.2.12 also asserts that there must be a second p-parameterized BV
solution (S,1,Z) of (2.2.27) such that

Vte[0,T]: z(t)e{z(s)]t(s) =t}

holds for the discontinuous BV solution z, from (2.2.28). Therefore, the RIS (2.2.27)
has two distinct p-parameterized BV solutions, one of which cannot be obtained by a
vanishing viscosity procedure.

2.3 A 1-dimensional example

In the previous section, we presented different notions of solutions for rate-inde-
pendent systems. Let us now discuss an example that highlights the differences
between these concepts in a 1-dimensional setting. To this end, we assume that
T =10 and that the energy J : [0,10] xR — R is given in dependence of the time
and state by

S(z+4)?, ifz<-2
J(tz):=—t-z+{4-322, if -2<z<2 (2.3.1)
%(z— 4)2, ifz>2,

and the dissipation potential R : R — [0, c0) is the absolute value function, i.e.,
R(z) :=|z| for z € R. Then the convex subdifferential of R is given by

-1, if z<0,
IR(z)={[-1,1], ifz=0, (2.3.2)
1, ifz>0,
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and the derivative of J with respect to the state z by

z+4, ifz<-2
D,J(t,z):=-t+{ -z, if —2<2z<2
z—4, ifz>2.

This corresponds to the setting from Example 2.2.10, but with the external load-
ing €(t) := t. We will now analyze the following RIS

-D,J(t,z(t)) € IR(2(t)), t€][0,10]; 2z(0)=-5. (2.3.3)

Let us first note that the energy J(t,-) is nonconvex in the state variable, with
two minima in z = +4 and a local maximum in z = 0. We should therefore expect
that the different notions of solutions of (2.3.3) have different properties.

In fact, let us first show that (2.3.3) does not possess a solution in the differ-
ential sense. For a proof by contradiction, let us assume that z; € W1((0,10); R)
is a solution of (2.3.3) in the sense of Definition 2.2.3. Since z is differentiable
almost everywhere, we can write (2.3.3) equivalently as the system of conditions
(2.3.4) - (2.3.6)

if z(t) < -2 and 2(t) > 0: t—5 (2.3.4a)
if z(t) < -2 and 2(t) < 0: z(t)=t-3 (2.3.4b)
if z(t)<—-2and 2(t)=0: t—3 (2.3.4¢)

if z(t) € [-2,2] and 2(t) > 0 z(t)=1—t (2.3.5a)
if z(t) € [-2,2] and z(t) < 0 : zZ(t)=-1-t (2.3.5b)
if z(t) e [-2,2] and 2(¢t) =0 -1-t<z(t)<1-t (2.3.5c¢)
if z(t)>2and z(t) > 0: z(t)=t+3 (2.3.6a)
if z(t)>2 and 2(t) <0 : z(t)=t+5 (2.3.6b)
if z(t)>2and z(t) =0: t+3<z(t)<t+5 (2.3.6¢)

Now, since z, fulfills the initial condition z;(0) = —5, we first turn to (2.3.4). Note
that we must have 2;(0) = 0, since z; cannot constantly take the value —5 on an
interval [0, 8] while still complying with the inequalities in (2.3.4c). Therefore,
for some 6 > 0, we must have z;(t) =t —5 on [0,0), in order to fulfill the initial
condition. Let us first assume that z;(¢) # 0 on [0, 3). In this case, we must have
z4(t) =t—5o0n [0,3), and in order to extend z; continuously to (3,10], we must
have that z;(3) = -2.

This new initial condition can only be fulfilled in the cases (2.3.5a) or (2.3.5c).
The condition z;(3) = 0 can only be fulfilled if z; has a strict local maximum in
t = 3, or if there is a 6 > 0 such that z;(t) = -2 on [3,3 + 6]. In the constant case,
for every t € (3,3 + 0), we find that z;(t) = -2 > 1 —t, which is a contradiction to
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the inequality constraint in (2.3.5¢). In the case of a strict local maximum, we
must have that z;(f) < -2 and Z;(t) < 0 in an interval (3, 3+6), which is impossible
while complying with (2.3.4). Therefore, we must extend zs according to (2.3.5a).
But then, on an interval [3, 3+ 6] we must have at the same time that z;(¢) > 0 and
z4(t) = -1 < 0, which is impossible.

We now assume that there is a t, € (0,3) such that z;(t,) = 0. Again, this
implies that either t, is a strict local extremum of z;, or that there is a 6 > 0 such
that z; = z, € (-5,-2) is constant on (¢, — 0, t, + 0). If t, is a strict local extremum
of z;, then there must be a 6 > 0 such that z;(¢t) < 0 on [t,,t, + 9), but this is
impossible while complying with (2.3.4b). In the constant case, it is impossible
to extend z; continuously beyond ¢, + 6, while complying with either (2.3.4a) or
(2.3.4b). In conclusion, (2.3.3) does not possess a differential solution.

However, it is possible to solve (2.3.3) in weaker senses: It is noted in [MR15,
Ex. 1.8.1] that (2.3.3) has two distinct global energetic solutions z(q, which
are given by

t—5, ifte[0,1),
ZEps =444,  ift=1, (2.3.7)
t+3, ifte(1,10],

and both uncountably many distinct local solutions and BV solutions, since
any choice of a value z, € [-2, 6] yields a BV solution of (2.3.3) via

t—5, ifte]0,3),
zpv(t) = § z., if t =3, (2.3.8)
t+3, ifte(3,10),

whereas for the local solutions, we may choose an arbitrary jump time ¢, € [1, 3]
and attribute an arbitrary value z, € [3+t,,3+t,+min{2,4+/t, — 1}] and thus obtain
a local solution

t-5, ifte][0,t,),
ZlOC(t) =420 lf te [t*, 2y — 3]1 (239)
t+3, ifte(z,—3,10].

The GES and BV solutions are compared in Figure 2.2. For better understand-
ing, the admissible set {(t,z)| - D,J(t,z) € dR(0)} is included in the graphic. As
expected, the GES jump as soon as possible, whereas the BV solutions jump as
late as necessary. The figure also illustrates that the non-smoothness of solu-
tions of (2.3.3) is inherent in the definition of R and J, since it is not possible
to smoothly connect the initial point (0,-5) with any end point (T,z(T)) with-
out leaving the admissible set. Choosing the initial value Z; := 3 however would
yield -D,J(0,2y) € dR(0) at the initial time ¢ = 0 and allow for the differential
solution zg;g : [0, T] = R, zgig(£) := £ + 3.

Figure 2.3 shows the graphs of three distinct local solutions, namely for the
choices (t,,z,) = (1.1,4.3), for (t,,z,) = (1.25,5.5) and for (t,,z.) = (2,7). As the
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Figure 2.2: Graphs of the GES (solid) and BV solutions (dashed), different choices for
the value assigned at the jump time are possible, cf. (2.3.7)-(2.3.8). The admissible
set {(t,z)| =D, J(t,z) € dR(0)} is shaded.

figure illustrates, while local solutions allow for any choice of the time ¢, € [1, 3]
at which the jump occurs, the possible choice for the corresponding value z, in
(2.3.9) is restricted in such a way that the graph of zj,. is always contained in the
admissible set {(t,z)| — D, J(t,z) € dR(0)}.

We now turn to the viscous regularization of (2.3.3), that is, for 0 < ¢, we
consider

-D,J(t,z.(t)) —ez.(t) € IR(2.(t)), t€[0,10]; z.(0)=-5, (2.3.10)

which is equivalent to a system of ordinary differential equations similar to
(2.3.4) - (2.3.6), but augmentend by the term ¢z.(¢). Keeping in mind the ini-
tial condition z,.(0) = -5, we first obtain the the ODE

—(zl(t)+4-t)-ezl(t)=1; z1(0)=-5,
which has the solution
1 t
z.(t) :=exp — e+t-5-¢
This function increases monotonely until a time
t, > 0 for which z!(t,) = -2, (2.3.11)
and in order to extend z, beyond t,, we solve the ODE

~(=z2(t)—t)—ez2(t)=1; ZX(t)=-2

&
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_5p-"

Figure 2.3: Graphs of local solutions for different choices of jump time t, and assigned
value z,, cf. (2.3.9). The admissible set {(t,z)| — D, J(t,z) € IR(0)} is shaded.

by setting

22() = exp( - 5)(e+t8—3)—(€+t—1).

Again, this function increases monotonely until a time
r. > t, for which z2(r.) = 2, (2.3.12)
and in order to extend z, beyond r,, we solve the ODE

~(Z () -4-t)—e22(t)=1; 2)(r)=2

by setting

-7,

Z2(t) = exp(— )(s—r£—1)+(t+3—€).

All in all, for € > 0 the curve

zl(t), ifte(0,t,]
zo(t) =322(t), ifte(t,r,), (2.3.13)
z3(t), ifte(r,10]

solves the viscously regularized system (2.3.10). Here, . and r, are chosen ac-
cording to (2.3.11) and (2.3.12), respectively, see (2.3.15) for an explicit repre-
sentation. The graphs of these approximating curves are shown in Figure 2.4
for the values € = 0.01,0.02,0.03. As expected, they converge to a BV solution
zgy for vanishing viscosity, i.e., for ¢ — 0. To be precise, we have the following
pointwise convergence:
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Lemma 2.3.1. Let J be defined as in (2.3.1) and R as in (2.3.2). Let further for ¢ >0
the curves z, be defined as in (2.3.13). Then there exists a BV solutionz:[0,10] — R
such that for every t € [0, T], it holds that

z.(t) > z(t) for e — 0.

Further, there exists a curve z : [0,10] — R, which is a local solution and also a BV
solution of (2.3.3) such that for every t € [0, T|\ {3}, it holds that

z:(t) — z(t) for e = 0.

Proof. The crucial ingredient is the convergence of the points f, and r, that were
defined in (2.3.11) and (2.3.12). Therefore, we will first prove that

tt—3 and r.,—>3 fore—D0. (2.3.14)
The equations (2.3.11) and (2.3.12) have the unique solutions
-£-3
te ::3+£+€-W0(—exp( )), and
(2.3.15)
—e—t,+3  [—l-—e—t
rei=—e—1—¢e-W_( £t ¥ exp( ; 5)),

where W, is the principal branch of the Lambert W function, and W_; is its
lower branch. Then the first of (2.3.14) follows immediately from the fact that
lim,_,og Wy(r) = 0, see [CGH*96]. For the second convergence, we define

_—E—te+3

g(e):= . exp(

—1—€—t6)
€

and determine L :=1im,_,jeW_;(g(¢)). First note that

Ce—t 43 b3
i :—2—W0(—exp(%))—>—2for€—>0, (2.3.16)

&

whereby
g(e) /" 0fore — 0.

For the branch W_;, it holds that W_;(r) —» —oo for r /' 0, [CGH"96], and we
apply L'Hépital’s rule several times and thus find that

[ i Wo1(8(2)) W, (g(€))g’(€) g'(¢€) W_(g(¢))

=1li =1l . , (2.3.17
e—0 gl Py —e72 "y —e72g(e) 1+ W_1(g(e)) ( )
where we used the formula W’/ (z) = Z(IZV‘TI_(TIZ)) for the derivative of W_y, cf.

[CGH"96]. Now, from L'Hoépital’s rule, we infer that the second factor in (2.3.17)
converges to 1, as well as

d
e @(n=g)  in(g(e)
lim ———— = lim ————— = lim —=—
e—>0—e72g(e) &0 —e72 e—»0 ¢l
zlime(ln(€+t€_3)+ - —e—tg)
£—0 € €

= _4,
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z

gl

Figure 2.4: Graphs of viscous approximations z. for € € {0.01,0.02,0.03}, cf. (2.3.13).
The admissible set {(t,z)| —D,J (t,z) € dR(0)} is shaded.

using (2.3.16) for the first summand, and the fact that t, — 3 for the second
summand. Returning to (2.3.17), we obtain that L = —4 and therefore

limr, = lim(-¢—1-&- W_1(g(¢))) = 3,

e—0 e—0
which is the second of (2.3.14). In fact, since zé is strictly increasing in ¢, and
z1(3) < =2 for € > 0 small enough, we also find for all ¢ that are small enough
that 3 <t, <r.. All in all, we obtain for every t € [0,10]

ift<3: linézg(t):lir%zi(t):t—S (2.3.18)
E— E—

ift>3: lirrézé.(t):lir%zf(t):t+3, (2.3.19)
E—> E—>

which corresponds to the BV solution with the choice z, := 6 in (2.3.8), and to the

local solution with the choices t, := 3 and z, := 6 in (2.3.9). Choosing z, := -2 in
(2.3.8), we obtain a BV solution z for which we have pointwise convergence for
all t €[0,10]. n

In order to arrive at a p-parameterized BV solution of (2.3.3), we first need
to calculate

t
Su(t): = t+f 8(2.(1), DT (1,2 (1))d
0

=t+ Jt|Z€(T)| + 2. (7)|dist(-D,J (7, z¢(1)), dIR(0))d7, and (2.3.20)
0

Se=5(T),
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cf. p. 35. In this example, we have JR(0) = [-1,1], and we can determine the
second integrand in (2.3.20) in the following way: Let first t € [0,¢.]. Then we
have that z.(t) € [-5,-2], and

D, J(t,z:(t) = —z.(t) -4+t = —exp(—f)s +1-¢

is a strictly mononotely increasing function in t, with —-D,7(0,z.(0)) = 1. Thus,
for t € [0,t.], we find that

dist(-=D,J (t,2.(t)), IR(0)) = =D, J (t,2,(t)) = 1 = —=zL(t) = 5+ L.

With similar arguments, we obtain for all t € [0,10]

—zl(t)-5+t, ifte[0,t]
dist(-D,J (t,z(t)), 0R(0)) = =D, J (t,z: () =1 = z2(t) +t =1,  if t € (t,, 1),
-z22(t)+3+t, ifte(r,10].

We now proceed to determine the limits of s.(¢) for ¢ — 0 for different values of
t €[0,10]. Let first ¢ > 0 and t € [0, 3]. Since all t, > 3, and taking into account
the monotonicity of z., we find that

t
sty=t+ [ plzl(r),-D.T (2 ()dr
qr(?t
=t+ | (0l +[2H(Dl(-zi (1) - 5+ 1)dt
d:t
=t+ | zi(t)(-4-zl(r)+1)dT
JO

= 1= 4(z; (1) = 2:(0)) = 3((z(£)* = (2¢(0))%) + (z¢ ()t = 2:(0)0) - J:Z(l(’f)d’f
=t —4(z} () +5) - $((z(1)* = 25) + 22 (1)t - J z(t)dr.
We can now apply the convergences from (2.3.14) and (2.3.18) and obtain that
se(t) — 2t,
as well as

fe 0(2, (1), =D, (1, 2,(7))dT (2.3.21)
0

te
=—4(-2+5)— 5(4—-25) - 2t, - J z}(t)dT — 3.
0
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Figure 2.5: The graphs of the curves s, from (2.3.20) (left) and of their inverses f,
(right) for € € {0.01,0.02,0.03}.

Let now t > 3. Then it holds that 3 < t, <r, <t for ¢ small enough. With similar
calculations as for t < 3, we find that

JTE 0(2,(1), =D, J (7, z(7))d = Jt 2(0)(22(0) + 1)dr — 12, (2.3.22)

€ €

whereby

so(t)=t+ Ltf 31 (1)(~4 -z} (1) + 1) + Jt 2(0)(22(1) + 1)dr

&

+ ftzg(T)(4 —z22(1)+ t)dr

&

— 2t + 24,
In particular, we find that

S:=1imS, =1lims,(10) = 44.
e—0 e—0

We now define f, := s;! : [0,S.] — [0,10], which we extend constantly to [0, S].

We then find the pointwise limit f, — (f:[0,44] — [0,10]) for

%, for0<s<6,
f(s):=43, for 6 <s <30, (2.3.23)
%—12, for 30 <s<44.

The graphs of the resulting curves s, and of their inverses f, are shown in Figure
2.5. Figure 2.6 shows the graphs of the reparameterized curves 2, := z, o f,.

Finally, we aim to find the pointwise limit Z of the reparameterized curves 2.,
in order to obtain the last component of the p-parameterized BV solution (S, f,2).
Let first 0 < s < 6, and let 7. € [0,10] such that s.(7,) = s < 6. Since we know from
(2.3.21) that s(t,) — 6, it must hold that f.(s) = 7, < t, for ¢ small enough, and
thus

Ze(s) = Zs(fe(s))) = Zé(te(s)) d
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v_.,~"I'0 20 30 40

gL

Figure 2.6: Graphs of reparameterized viscous approximations 2, = z, o f, for values
¢ €1{0.01,0.02,0.03).

We proceed in a similar same way for 30 < s < 44: Again, let 7, € [0,10] such that
S¢(T¢) = s > 30. Since we know from (2.3.22) that s.(r,) — 18, it must hold that
f.(s) = T, > r, for ¢ small enough, and thus

2:(5) = 2elfe(5)) = 2((5)) = (5~ 12)+3 = 5 =9 = £(5),

It remains to determine 2(s) for 6 < s < 30. We achieve this by using the fact that
p-parameterized BV solutions automatically fulfill the normalization condition
(N) from Def. 3.2.5, which reads

£(s) + R(2(s)) + |3(s)| dist(-D, T (K(s), 2(s)), 9R(0)) = 1 for all s € [6,30].  (2.3.24)
This allows us to derive an ODE for Z in the following way: For s = 6, we have
the initial condition 2(6) = -2, and for s € [6,30] such that 2(s) € [-2, 2], we may
determine

-D,J(£(s),2(s)) = -D,J(3,4(s)) = 2(s) + 3 € [1, 5],

whereby dist(-D,J ((s),2(s)), dR(0)) = =D, J(3,4(s)) — 1 = 2(s) + 2. Thus, taking
into account the monotonicity of Z, the normalization condition (2.3.24) reads

2(s) + 2(s)(2(s) +2) = 1. (2.3.25)
With the initial condition 2(6) = -2, the ODE (2.3.25) has the unique solution

2(s):=V2s—11-3, for6<s<18,
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Here, the restriction s < 18 is due to the fact that 2! takes the value 2'(18) = 2,
and thus, for s > 18, it holds that

~D,J(#(s),5(s)) = —=D,J(3,4(s)) = —4(s) + 7 € [1, 5].

For s > 18, we therefore obtain in the same way as before from the normalization
condition (2.3.24) the ODE

2(s)+2(s)(—2(s)+6)=1; 2(18) =2,
and therefore Z must be given by

2%2(s):=7-V61-2s, for18<s < 30.

In summary, the triples (S, f,,2,).>0 converge to a p-parameterized BV solution
(S,f,2) defined by

5 -5, for0<s<6,

X 25-11-3, for6<s<18,
S=44, ffrom(2.3.23), %(s)=4 " Ord =9 (2.3.26)
7-vV61-2s, for18<s<30,
9,

for 30 <s < 44.

The graphs of f and 2 are included in Figure 2.7. The example illustrates the
discussion around the alternative characterization (2.2.33) of p-parameterized
BV solutions by means of a Lagrange parameter A : [0,S] — [0,00): Wherever
?(s) > 0, we find that

-D,J((s),4(s)) € IR(2(s)) (2.3.27)

holds true, i.e., it is possible to solve the RIS (2.3.3) locally. On the other hand,
wherever f(s) = 0 (that is, for 6 < s < 30), it holds that —D, 7 (£(s),2(s)) € dR(0),
and the Langrange parameter A(s) > 0 is active here. In this interval, the curve
(£(s),2(s)) can be interpreted as a transition between the two end points z* = -2
and z := 6 of the jump that the BV solutions possess at the time ¢, = 3. In-
stead of attributing an arbitrary value z, € [-2, 6], the parameterized BV solution
smoothly connects these two end points over the length of the interval [6,30].
Conversely, in keeping with Proposition 2.2.12, we can obtain every BV solution
of (2.3.3) by setting

2t, for0<t<3,

$:[0,10] — [0,44], §(t):=
2t+24, for3<t<10,

choosing an arbitrary value z, € {2(s)|#(s) = 3} = [2(8(3_)),2(3(3,))], and then
defining
2(5(t))=t-5, fort<3,
z(t):={z,, fort =3,
2(8(t))=t+3, fort>3.
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Figure 2.7: Graphs off (red, dashed) and 2 (black, solid), where (S,1,2) is the p-
parameterized BV solution from (2.3.26). Vertical lines are added at s = 6 and at
s = 30 in order to highlight the transition into and out of the viscous regime when
f = 3 is constant. The horizontal lines through z* := 2 and z, := 6 mark the two end
points of the jump that the BV solutions possess at the time t, = 3

2.4 The energy-dissipation framework

In this section, we specify the energy-dissipation framework in which the re-
mainder of this work takes place and collect some basic properties thereof. Since
we are interested in parameterized BV solutions, we will first consider a vis-
cously regularized system, for which we show existence and regularity in Section
3.1. For the remaining part of this work, we restrict ourselves to the reduced
problem as it was set out in (2.2.9)-(2.2.12). Again, we assume that R is state-
independent, see (2.4.7). Note that the reduced energy 7 is given in dependence
of an external load ¢ and the state z, that is Z(¢(t),z) = J(t,z) for J from (2.2.11).

2.4.1 Standing assumptions

Let (X,|]llx), (Z,1I-llz) and (V,]|]|))) be Banach spaces, where Z and V are assumed
to be reflexive, and such that

ZS YA (2.4.1)

We further assume that the norm || - ||,) is chosen in such a way that (V,||-||) is
a uniformly convex Banach space with modulus of convexity of power 2, e.g., a
Hilbert space, see Appendix G. We define the energy functional 7 : V*x)V — R
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in dependence of the external load ¢ and the state z via

T2 = {%<Az,z>z+7(z)—<€,z>v, ifzez (242)

00, ifzeV\Z.

Further, A: Z — Z” is assumed to be a linear, self-adjoint, bounded and coercive
operator from the space Z into its dual Z%, so that it holds

Vzzwe Z: (Az,w)z =(Aw,z)z; da>0:VzeZ: a||z||% <(Az,z)z. (2.4.3)

We denote by (-,-) z and (-, -)), the duality pairing between Z* and Z and between
V* and V, respectively. We allow for a non-convexity F for which we assume
that F € C?(Z,Rs,) fulfills that

DF : Z — V" is weak-weakly continuous and DF € C}(Z,V"), (2.4.4a)
3C>0,9>1Vzve Z: ID2F (2)[v]ll,~ < C(1 + ||z||qZ)||v||Z. (2.4.4b)

For T > 0, the function ¢ : [0, T] — V" shall characterize the externally applied
loads. It is assumed that

¢ e Wh(0,T; V). (2.4.5)

From now on, we shall always assume that the initial value z; and the load ¢
comply with the following compatibility and regularity condition

z0€Z, €eWV™(0,T;V"), and D,Z(£(0),zy)€V". (2.4.6)

Let further the dissipation potential R : VV — [0, c0) be convex, lower semicon-
tinuous, positively homogeneous of degree one and satisfiying

AC,c>0Vz€ Z: c||zllxy < R(z) < Cllzl|x, (2.4.7)

and let R be symmetric, i.e., for all z € Z it holds that R(z) = R(-z).! We will
denote the subdifferential of R with respect to the Z — Z*-duality by

IR(z):={n e Z*|for allwe Z: (n,w-2z)z <R(w)-R(z)}. (2.4.8)
The aim is to study an optimal control problem governed by the system
faa.te[0,T]: 0e€dR(z(t))+D,Z(€(t),z(t), z(0)=z. (2.4.9)
For € > 0 and given z; € Z, we consider the regularized system
faa. te[0,T]: 0€dR(2:(t)+D,Z(L(t),ze(t)), 2(0)=z, (2.4.10)

where the augmented dissipation potential R, is defined as

Re =R+ Ry, with Ry, (v) = §||v||$,. (2.4.11)

!The symmetry is only needed in the second step of the proof of Prop. E.1.
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2.4.2 Some basic consequences

We first note that we have the following standard estimate for some constants
A,c¢>0independent of z€ Z and £ € V™

Vze Z,LeV s |10Z(€, 23 =I5 < MZT(6,2) + cll€lf3). (2.4.12)
The following property of 7 is often called uniform subdifferentiability, see,
e.g., [MRS16, Section 2.1] or A-convexity, see, e.g., [KZ21, Section 2].

Lemma 2.4.1. For all p > 0 there exists a constant M, > 0 such that T fulfills for all
21,2y € Z with ||z;||z < p and for all £ € V" the estimate

a
I(l,21)2L(€,29) +(D,I({,25),21 —2z2)z + lezl ~ 75 - Mpllzy = zollyR(z1 - 22),
(2.4.13)
where a > 0 is the constant from (2.4.3).

The term “uniform subdifferentiability” can be explained as follows: The
Fréchet subdifferential of Z(¢,-): Z — R at a point z € Z is defined via

0,7(0,2):= (€ Z*' |Nw =5 2: T(C,w) > T(6,2) + (i1, w —2)z + o(||[w — 2|5 ).
(2.4.14)

Thus, (2.4.13) prescribes a specific form for the remainder in (2.4.14). Also note
that, if M, = 0 in (2.4.13) for all p > 0, Z({,-) would be strongly convex. This
explains the notion of “A-convexity” for A := M, > 0.

Proof of Lemma 2.4.1. We first show that for every p > 0 there exists C, > 0 such
that for all zy, z, € Z fulfilling ||z;|| z < p it holds

F(z1) 2 F(22) +(DF(23), 21 — 22)y — Cpllz1 — 22lzllz1 — 22y (2.4.15)
Indeed, let p > 0 and ||z]|z, |22/l z < p. It holds

1

F(z1)-F(22) :Jo (DF(zp +h(z1 —23)),21 —z2)y dh
~1 1

= . (DF(zp + h(zy —23)) = DF(22),21 —22)y dh+j0 (DF(z3),21 —z2)ydh

r1 1
= . (J(; D2F (zy + 0h(zy — 25))[h(z1 — 25)]do, 21 —25)y dh +(DF (23), 21 — 22}y

1 1
= . fo (D2F (23 + oh(z) — 25))[I(z1 — 22)], 21 — 220y do dh + (DF (z3), 21 — 22}y

~1 el

> - ID2F (2 + oh(z) — 25))[h(z1 — 22)llly-llz1 — zally do dh + (DF (23),21 — 20)y
Jfl Jr?l

>— C(1 +llzy + ah(zy = 2o)lID)llz1 = zollzHllz1 — zolly do dh+ (DF (25), 21 — 22
Jr(‘)l dfl

> - s C(1+(p+20hp))|z1 - 22l zhllz1 — 22|l do dh + (DF (2), 21 — 22)y

J
> -C(1+ (3p))llz1 — z2llzllz1 — z2lly + (DF (22), 21 — 22)y,
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where the second inequality is justified by (2.4.4b). Thus, (2.4.15) holds true
and we proceed with the proof of (2.4.13). By means of Ehrling’s Interpolation
Lemma, [Wl1o87], we obtain for every 7 > 0 a constant C,, > 0 such that

F(z1) = F(22) 2 =Cpllz1 — zallz(1llz1 — 22llz + Cyllz1 — z2llx) +(DF (22), 21 — z2)y

= —CpTIHZl —Zz||% - CquHZl - 2llxllz1 — z2llz + (DF (22), 21 — 22}y

2 Gy | 2
2 ~Cptilzr = zallz = CpCy 3, a1 = 2l + & -lles = 2212) + (DF (22), 21 =22y
n
CoCy

pr” llz1 = 22ll3 + (DF (z2),21 — z2)y

=-2C,1llz1 - 2,lI% -
Thus, the boundedness of R by the norm on X" and the boundedness of || - ||
by ||-[ly allow us to conclude that there exist constants C, ,,C,, , > 0 such that it
holds

p.1’

Flz1) = F(z2) 2 =2Cpllz1 = 22l1% = C, yllz1 = 2ollxllz1 = 22l + (DF (22), 21 — 22)y

> -2C,1llz1 - 22l1% = Cp, RAz1 — 22)ll21 — 22lly + (D F (25), 21 — 22}y

Hence, we can now estimate for all ||z1]|z,||z5]|z < p as follows:
1 1
Z(6,z1)—Z((,20) =§<A21r21 )z - 5<A22;22>2 +F(z1) = F(z2) =l z1 —22)y

=%<A(21+22),Z1 —20)z + F(21) = F(z2) = (€, z1 —22)y

1
=§<A(Zl —2),21 —22)z + F(21) = F(22) +{Azp,21 —22) z = ({,21 — 22)p

a
2= Iz — 2% - Conllzy — 22l1Z — Cpy R(z1 — 22)ll21 — 22y
+(DF(22),21 —z2)y +{Az2,21 —22)z = ({, 21 = 2p)y.

Now, choosing 7 > 0 so small that C,7 < 7 and identifying the last three terms
on the right hand side as (D,Z(z,),z; — z,)z, we arrive at the desired estimate
(2.4.13). [

Another consequence of (2.4.15) is the following
Lemma 2.4.2. F is continuous with respect to the weak topology on 2.

Proof. Let (z,),en C 2 be a sequence and z € Z such that z, — z in Z. Then,
z, — z strongly in V and there exists p > 0 such that sup, . |lz,4llz < p and, due
to the continuity of DF, sup, . [IDF (z,)lly+ < p. Therefore, (2.4.15) yields

F(2) = F(zy) < «(DF(2), 24— 2)y + Cpllz =zl zllz = zully
< (IDF (2)lly- + 2pCp)llz = zully,
as well as
F(z4) = F(2) < «(DF(2zn), 2= z0)y + Cpllz = 24l 2llz = zally
<(p+2pC)llz=zully,
so that | F(z,) — F(z)] —» 0 with n — co. [



54 Chapter 2. Rate-independent systems and their solutions

From (2.4.4b), we obtain the following estimate, for the proof of which we
refer to [Knel9, Lemma 1.1].

Lemma 2.4.3. [Knel9, Lemma 1.1] For every p > 0 and 1 > 0 there exists C,, , > 0
such that for all zy,z, € Z with ||z;||z < p it holds

(DF(z1) ~DF(22),21 — 220y < fllzs — 22lI% + Cp Rz — 2)llz1 — 22lly. (2.4.16)

Since the notion of solution for the regularized system (2.4.10) is based on the
energy dissipation principle (EDP) (cf. Section 2.2.1), we will at this point also
determine the convex conjugate of R, with respect to the Z — Z*-duality which
is defined by

Re(n):=sup{(n,2)z—Re(z): z€ Z} forneZ’. (2.4.17)
The subdifferential and the conjugate of R, can be identified as follows:
Lemma 2.4.4. For R, defined as in 2.4.11, there holds
(i) IR(z) = IR(2)+ IR, (2) CV* forall z € Z, where

* IR(z)={o eV*| forallweV: (o,w-2)y <R(w)-R(z)},
* IRye(2) = (o € V*|llolly- = llzlly and (o, 2)y = |I2l1});

(ii) dR(0) is a bounded subset of V*;
(iii) for all z € Z, it holds that JR(z) C IJR(0);
(iv) for all z € Z, it holds that, if n € IR(z), then (11,z)z = R(z);

(v) R is the indicator function

, 1%
R*(0) = 0gr(0)(0) = {(0)0, ;Z: Z i 27}\((39)73(0);

(vi) Ri(o) =inf,cor(0)R5 (0 — 1) = min,eor(0) R (0 —17) with

\ Lol ifoeV
Rz,e(a): 2¢ % f . .
Io%) ifoeZ \V".

Proof. We obtain the first assertion in (i) from [AE06, Cor. IV.3.6]. Thanks to
Lemma A.1, the subdifferential of R, , with respect to the Z — Z*-duality coin-
cides with that with respect to the V —V*-duality which we can determine with
help of [AE06, Prop. IV.3.10].

The boundedness asserted in (ii) holds true, since for every 1 € JR(0), we can
find an element v € V such that [|v||, = 1 and (y,v)y, = ||5||,~. Hence, we have

I1ll = (1, v)y <R(v) < Clvlly < CCyoxllvlly = COyei
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For the proof of (iii), let € dR(z) for some z € V, i.e., for all w € V, we
have (1, w)y — R(w) < (1,2)y — R(z) =: C(z). Thus, if there was w € V such that
(n,w)y —R(w) > 0, it would follow for N — oo that

(1, Nw)y =R(Nw) = N((1,w)y = R(w)) = oo

in contradiction to the boundedness of the left hand side by C(z).

To see (iv), let v € Z be arbitrary. Then it holds for all # € JR(v) and A € (0,1)
that
R(v+ /\K) -R(v) > (1,0} > R(v-— /\_v/i— R(v)
where we have used the 1-homogeneity of R in the first identity.

The formula (v) holds true since for every 1 € dR(0), it follows that we have
R*(1) =(n,0)z—R(0) = 0, whereas for 1 € Z*\ dR(0), there exists z € Z such that
(1,2)z=R(z) =: > 0. Thus, for N — oo, we have that (1, Nz)z—R(Nz) = Nr — oo,
and thus R*(7) = co.

In order to prove the formula (vi) for the conjugate functional, we apply
[IT79, Thm. 3.3.4.1] and infer that we have R; = R* @R}, which is defined

by (fi ® fo)() := inf{fy (v1) + fo(v2) |91 + 5 = v}. Using (v), it follows for all ¢ € Z*
that

R(v) =

=R(v),

R:(0) = inf(R*(1) + R (0 )|y € 27} = inf(R} (o ~ ) |1 € IR(O)}

Now, we determine R , by means of Lemma A.1 and obtain

R (o), ifoeV
R* — 2,
26(9) {oo, if o€ 27\ V",

Furthermore, for arbitrary o € V* and v € V, it holds
€2 €2 1 2
o, vV)y— =Yy L llolhvlvlly = =1IvI < —Ilo]|i-.
(o,v)y 2|| Iy, < llelly-llvily 2|| Il 2€|| Il

On the other hand, since V is assumed to be reflexive, we find for every o € V*
_ llolly

an element v, € V such that {(o,v,)y = [lo]ly- and [[v,|ly = 1. For w, := =*v, it
follows that
2
€ , 1. o el 1 2
o, ws)y — =|lwslly, = =llolly — = = —||olly-
(0, wohy = Sl = o1, - 2 = ol

proving the formula for R;E Now, for o € V* let (11,)en C dR(0) be a sequence
such that
RS -1, — inf R (0—-n)=:1
2,5(0 1771) 176372(0) 2,6( 17)
If we have I < oo, this implies that (1,),en C V" together with the estimate
sup,en Mnlhy < sup,enltin — olly + lloll+ < co. Thus, there exist a subsequence

and a limit 7 € V" such that My N n in V7, and for all z € Z, it holds

def. . def. ;.
<7712>Z g <77' Z>V = Ic11—>rl<;10<l/]nk; Z>V g kh_)rl;)<7/]nk;2>2 < R(Z)
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Therefore, 11 € JR(0) and
I< RE,&(O - 17) < hlgnlnf RE,E(U - ﬁnk) = I’

so that the infimum is indeed a minimum. The same is true if R}(0) = oo, since
then we have R}, (0 — 1) = oo for all 77 € IR(0). [

As a consequence of Lemma 2.4.4, we will no longer specify with respect
to which duality we determine the subdifferential and the conjugate functional,
since the subdifferentials coincide as subsets of V* and the conjugate functional
takes finite values only on the subspace V* C Z*.

2.4.3 A rate-independent ferrolectric model

The abstract semilinear setting presented above can be applied to a rate-inde-
pendent ferroelectric model such as in [Knel9, Section 5.3] (which is a simplified
version of the model from [SKT*15]). The model uses as variables a displacement
field u : Q — R?, where Q c R?, d € {2,3} is a bounded domain with Lipschitz
boundary, the strain field e(u) := sym(Vu), the electric potential ¢ : O — R, the
electric field E = —V¢, the electric displacement D : Q — R? and the sponate-
nous polarization P : Q — R?. The energy functional € is then given in terms of
a free energy density W depending on e(u), D, P and VP, as well as an external
load ¢. Assuming vanishing Dirichlet boundary conditions on dQ for u and ¢,
the function spaces are then chosen as

U:=HNQR)xLE(Q,RY), Z:=HYQ,RY), V:=L*(QRY, x:=LY(QR?,

where L} (Q,R?) := (D € L*(Q,R)|V¢ € Hy(Q,R?) : [, D-Vddx = 0}. For dis-
placements (u,D) € U, P € Z and ¢ € C!([0, T],(i4* x V*)), the energy functional
E:[0,T]xU x Z — R is then given by

E(t,u,D,P) = J W(e(u), D, P,VP)dx — (£(t), (u, D, P)T),
Q

where W is quadratic and convex in e(#), D and VP and nonconvex in P. The
dissipation potential R : X — [0, o0) is defined as

R(v) = yllvllq)

for a constant y > 0. The ferroelectric model then reads: Find (1,D): [0,T] - U
and P :[0,T] — Z such that P(0) = P, and

0=D,&(t,u,D,P), 0=Dp&(t,u,D,P)
0 € IR(P(t)) + Dp&(t,u, D, P)

Here, P plays the role of z in (2.4.9). As the discussion in [Knel9] shows, under
reasonable assumptions on W, this model satisfies all the assumptions made in
this section, whereby the results presented in this dissertation allow to solve an
optimal control problem in which, e.g., the end time polarization P(T) is pre-
scribed, cf. p. 103f.
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2.4.4 Some notes on the structure of existence proofs

As was already pointed out in [MR15, Table 2.1], existence proofs for solutions of
rate-independent systems usually consist of similar steps, in which similar kinds
of arguments are used. Since the existence proofs can be quite long, what follows
is a very schematic overview over these steps. While they are here numbered to
allow references to each other, it should be noted that for technical reasons, they
will not always occur in that exact order, and will not always have the same num-
ber in the following sections. In particular, step 4 may be spaced out throughout
a proof in order to supply the specific convergence and regularity results needed
to proceed. This being said, the generic steps are:

» Step 0: Construction of approximating sequences and a priori estimates

The approximating sequences may be constructed via a time discretization
scheme (see Section 3.1), a viscous regularization (see Section 3.2), or by
choosing a minimizing sequence for an objective functional (see Chapter 5).
Depending on the intricacy of the construction, this may actually happen
outside of the existence proof.

» Step 1: Selection of convergent subsequences

The natural next step is to use these a priori estimates to extract converging
subsequences from the approximating sequences and obtain first regularity
results.

» Step 2: Energy dissipation balance - upper bound

Now, to show that the limit element of the approximating sequence is actu-
ally a solution of the system under consideration, we pass to the limit in the
energy dissipation balance. Usually, the convergences acquired in step 2,
together with lower semicontinuity principles, are sufficient to pass to the
limit inferior and thereby obtain an upper bound for the limiting energy
dissipation principle.

» Step 3: Energy dissipation balance - lower bound

In order to show that the energy dissipation estimate is in fact a balance, it
is necessary to show the opposite estimate as well. This can be done exploit-
ing the principle that was set out in Section 2.2.1, where we argued that the
energy dissipation principle (EDP) (i.e., the upper bound obtained in step
2) together with a chain rule for the scalar function s — Z(€(t(s)),z(s)) is
actually sufficient to obtain the energy dissipation balance (2.2.4). That is
why the crucial ingredient in this step is usually a chain rule for the en-
ergy under the given regularity assumptions. In this work, the proofs of
the necessary chain rules are mostly collected in Appendix F for the sake
of readability.

* Step 4: Improved convergences and regularity

Often, the energy dissipation balance can be used to derive improved con-
vergences or further a priori estimates. In some cases however, additional
regularity may be required to prove the chain rule necessary for step 3,
which is why the order of these two steps may be switched.
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Chapter 3

p-parameterized BV-solutions:
Existence and characterizations

3.1 The viscously regularized problem

We will begin by studying the viscously regularized system as introduced in
Chapter 2.4.1. Thanks to the regularization, it is possible to show that (2.4.10)
has solutions in the differential sense. The following definition is motivated by
the reformulations done at the beginning of Section 2.2.1. In particular, the en-
ergy dissipation balance (3.1.3) below can be obtained in the same way as (2.2.4)
was in Section 2.2.1.

Let us note that we consider the viscous system on a real interval I, where
both a bounded interval I = (0,4) for somea > 0,or I =R, := (0, 00) are permitted.
For now, we only need the results obtained for a bounded interval. However, the
estimates for the case I = R,, i.e., for a system that is defined on the positive real
half axis, will be crucial in Section 4.3, where we show the compactness of the
set of p-parameterized BV solutions. In what follows, we will use the notations
I, :=T1U{0}, and I for the closure of I.

Definition 3.1.1 (Solutions of the viscous system). Let I = (0,4) for a € R, U {co}.
For € > 0, we call a curve z, € H'(I; Z) a solution of the system (2.4.10), if it fulfills
the inclusion

~D,Z(£(t),z:(t)) € IR (2:(t)) for a.a. te ], (3.1.1)

where R, is defined in (2.4.11). With L¢(zo,{), we denote the set of solutions of
(2.4.10) associated with the pair (zy,{).

In analogy to the discussion in Section 2.2.1, solutions of the differential in-
clusion (3.1.1) can alternatively be characterized by means of the energy dissipa-
tion balance (3.1.3) or even the energy dissipation estimate (3.1.4). The crucial
ingredient here is again the chain rule for the scalar function t — Z(£(t),z.(t)),
which is proven in Lemma D.2. Note that in Section 2.2.1, the energy functional
E:[0,T]x (U X Z) — [0, 00) is given in dependence of time and state, while we
consider here the reduced functional Z : V* x Z — [0,00) in dependence of the
external load € € V*, and of the dissipative variable z € Z.
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Proposition 3.1.2 (Characterization by energy dissipation balance). Let I = (0,4)
for a € R, U {co} and let & > 0 be fixed. For a curve z, € H'(I; Z) with

sup|Z(€(t),z.(t))| < oo, D,I(£(t),z.(t)) € LY(I;V*), and

tel
ng(Zg(t))dt < oo, JRZ(—DZI(Z(t), z,(1)))dt < oo, (3.1.2)
1 I

the following are equivalent:
(1) z fulfills the differential inclusion (3.1.1).

(i) The energy dissipation balance

f Re(2(r)) + Re(=DZ(E(r),z:(r))) dr + Z(€(t), z(t))

=7 J (1), z.(r))ydr (3.1.3)
holds for every s,t € I such that 0 <s < t.

(iii) The energy dissipation estimate
t
J Re(2e(r)) + Re(=D,Z(€(r),z¢(r))) dr + Z(£(2), z.(2))

<Z(€(s),z.(s)) + Jt(é(r), z.(r))yydr (3.1.4)

holds for every s,t € Iy such that 0 <s <t.

Proof. The proof is similar to the discussion in Section 2.2.1. Since the arguments
where rather formal there, we give a full proof here for completeness.

In order to show that the differential inclusion (3.1.1) implies the energy dis-
sipation balance (3.1.3), we first note that, by the Fenchel equivalence (A.2),
(3.1.1) is equivalent to

Re(2:(t) + Re(=D,Z(€(t), 2. (t))) = (=D, Z(€(t), z:(t)), 2c(t))y for a.a. teI. (3.1.5)
Now, the chain rule (Z;) from Lemma D.2 yields for almost all t € I
Re(2e() + Re(=D,Z(€(1),2(1)) = I L(€(1), 2, (1) = —L(€(t), z¢(1)),

and we obtain (3.1.3) by integration with respect to ¢.

It only remains to show that the energy dissipation estimate (3.1.4) is suffi-
cient to conclude that the differential inclusion (3.1.1) is valid. To this end, we
first use again the chain rule (Z4) to write (3.1.4) as

[ Retcmy+ RO A0
< [[azetzin- Senzma

—f< D,Z(E(r), 2 (1) 2 (r)ydr.
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Since this inequality holds for all s,t € I such that s < ¢ and the integrands on
both sides are in L!(I;R), this is sufficient to conclude the pointwise estimate

Re(ze(t) + Re(-D,Z(€(t),2.(t))) < (—D,Z(€(t),z(t)),2:(t))y fora.a. tel. (3.1.6)

Since the Fenchel-Young inequality (A.1) also yields the opposite estimate, we
find that (3.1.6) in fact holds as an identity, which again is equivalent to the
differential inclusion (3.1.1) due to the Fenchel equivalence (A.2). [

We now proceed to prove existence of solutions for the viscously regularized
systems. In order to obtain the desired estimates (3.1.7), one formally takes the
time-derivative of the inclusion (3.1.1) and chooses z, as a test function in the
resulting variational inequality. This can be made rigorous by introducing an
additional regularization of the inclusion (3.1.1), or by means of an incremental
minimization scheme based on a global stability condition (compare (3.1.9) with
(2.2.7)). In this work, we choose the latter approach, and refer to [KRZ11], the
preprint version of [KRZ13], for an instalment of the first approach in a model
for damage development in elastic materials. See also [KT18] for the simpler
case with bounded dissipation and constant load.

Proposition 3.1.3 (Existence for the viscous problem). Let a € R, U {0}, and let
I = (0,a). For every ¢ >0, £ € Wh(0,T;V*) and initial value zy € Z such that
~-D,Z(£(0),zg) € IR(0), there exists a unique function z, € H'(I, Z) satisfying (3.1.1)
and -D,Z({,z.) € L*(I; V).

Moreover, there exist a function m(-,-) : [0, 00)x[0,00) — [0, 00), mapping bounded
sets into bounded sets, and a constant C > 0 such that the following estimates are valid
forall € > 0:

Veel: I(L(t)z(t) < (Z(£(0),20) + co)exp(Vary-(£,T)), (3.1.7a)
Izellze(0,7;2) < C(Z(£(0), 20) + co) exp(Vary(£,T)), (3.1.7b)

jRg(z'g)dr + JRZ(—DZI(K(r), z.(r)))dr < m(Z(€(0),zg), Vary-(€,1)),  (3.1.7¢)
I I

Vellzello,7;) < m(Z(€(0), 29), Vary-(€,1)), (3.1.7d)
Vellzllg(0,7;2) < m(Z(£(0),20), Vary-(€,1)), (3.1.7e)

Vary(z,, 1) < m(Z(€(0),zo), Vary(£,1)), (3.1.71)
ellzellwreo(o,rv) < M(Z(€(0), 29), Vary-(£,1)), (3.1.7g)

ID.Z (L, 2l (0,57 < diamy-(IR(0)) + m(Z (£(0), z9), Vary-(€,1)).  (3.1.7h)

Proof. Step 0: Uniqueness Let ¢ > 0 be fixed, and for i € {1,2} let z; € L*([; Z)
with z; € LY(I;V) and D,Z(£(-),z;(-)) € L*(I;V*) and such that (2.4.10) is satisfied.
For the sake of readability, we omit the index ¢ on the solutions z; in this step. At
points t € I where both z; are differentiable, we further choose 7;(t) € IR, . (2(t)),
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cf. (2.4.11) for the definition of R, .. By the monotonicity of the operator dR we
obtain for almost all t € I

0> (171 () =12(t), 21 () = 22(8))y + (DL (E(t), 21 (1) = DL (), 25(t)), 21 (8) = 22(£) )y,

which, after application of the chain rule F.2 reads as

(1m1(t) = n2(t), 21 (t) - 732(f)>v+%%(<A(21(t) —2,(t)),z1(t) — 22(t)) 2)
< ~(DF(z1(t)) = DF(25(t)), 21 (t) — 22())y

Now, since V is uniformly convex with a modulus of convexity of power 2, we
know from Lemma G.1 that the monotone operator dR .(-) is uniformly convex
in the sense of (G.1), i.e., there exists ¥ > 0 such that

YlIz1 () = 225 + 3L (A2 (1) — 22(1)), 21 (1) = 22(1)) 2)
< ~(DF (z,(t)) = DF (25(£)), 21 (£) - 22())y
< IDF (21 (1)) = DF (za(£) 121 (£) = 228l
< Cllz1(t) = zo(B)lIpllZ1 () = 22(8)lly
<Clzy(®) -2+ Sla @ 20, (3.1.8)

where, in the second to last inequality, we have used (2.4.4a) - (2.4.4b) and the
fact that z; € L*(I; Z). Using the coercivity of A from (2.4.3) to estimate the left
hand side and integrating w.r.t. time, this yields

8llzy(5) - 2 (s)% < € f 21 () - 22(D)12dt < cf 21 () - (D)3t
0 0

for almost all s € I. By means of the Gronwall inequality we conclude unique-
ness.

Step 1: Time discretization scheme First, let T > 0 be arbitrary. We will
apply the existence result in Theorem 2.2 in [MRS13] to obtain existence of a
solution z, on a bounded interval I = (0,T), which is why for steps 1 and 2,
we consider the case a := T € R. We prove in Lemma D.1 and D.2, respec-
tively, that the necessary assumptions (R;)-(R3) on R and (Z;)-(Z5) on Z from
[MRS13] hold true in the setting described in Section 2.4.1. Sole application
of [MRS13, Thm. 2.2] only yields existence of a solution z, together with the
regularity and convergence results (3.1.27). We therefore return to the time dis-
cretization scheme used in the proof of [MRS13, Thm. 2.2] in order to achieve
the a priori estimates and improved regularity that are stated in (3.1.7). Namely,
we choose a fixed initial value z;, € Z and a time step size 7 > 0 to define a par-
tition {0 =t < tf <---<ty_; <T <t} of [0,T] by tj := nt. We now set z := 2
and obtain (z; )1, N as solutions of

.....

T

z2—2z
Zp 4, € Argmin{I(€(tlf+1),z) +TR€( - k ), zZ€ Z} (3.1.9)

These minimizers exist since we have proven in Lemma D.2 that for every 7 > 0
and k € {1,..., N}, the objective functional in (3.1.9) has compact sublevels, and
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is lower semicontinuous, both w.r.t. the strong topology on V and w.r.t. the weak
topology on Z. We now define the following piecewise constant and piecewise
linear interpolants:

Z.(t) = 24 for t e (t;,t;, ]
t—tg .

ﬁr(t):z,f+T(z,f+l—zk) for t € [t,t],,].

We further use the notation
t(t) =t forte(tf, tf 1.

Note that (Z;) from Lemma D.2 implies that z; , chosen according to (3.1.9)
fulfills

T
2k

zt - .
~D,Z(l(t],,),2F,,) € ane(k“T) = IR (4.(t) for te (t],t7,,).  (3.1.10)

Step 2: A priori estimates for the approximate solutions We proceed with
some a priori estimates. In order to obtain estimates that are independent of the
length of the Interval I, we apply a technique from [KZ21] relying on Lemma
D.3. First, we show a uniform bound for the energies. To this purpose, note that
by the definition of z; in (3.1.9), we have for all k € N that

T—

T((t),zp)+TR, (@) <Z(l(tk) ze_q)

tk
=Z(l(tk-1)r2f_ ) + dsI(€(s),z;_,)ds
k-1
),

= T(E(tor )2y + ()~ (1) 7 )y
< T(E(tor),2y) + 1) — €l 2y Iy
< T(E(tr)r2y) + 1001) =€l (o + Tt )2E_)), (3.1.11)

where we have used the estimate (D.11) in the last step. Since the second term
on the left hand side is non-negative, by adding cy on both sides, this estimate
reads

T(L(t), 25) + co < (T(E(te-1) 2f_y) + o)1+ 1€(t1) = €(te) )
from which we obtain by recursion and Lemma D.3

k
T(€(t),25) + co < (Z(€(0), z0) + co) | [(1+Ne(ti-0) - (t)ll-)
i=1

< (Z(£(0),29) + co ) exp(Vary-(£, [0, £])).
Therefore, we have that

V1<k<N:supZ(l(t)zf) < (Z(£(0),20) + co ) exp(Vary-(€,[0,£])  (3.1.12)
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and consequently by (D.6)

V1 <k<N:supllzfllz < C(Z(€(0),20) + o) exp(Vary-(£,[0,]) < oo, (3.1.13)
T,E

With this estimate, we obtain from (3.1.11) by summation over k that

N
:gﬁ)J;Re(fr(t))dt < Z(£(0),29) = Z(€(T), zyy) + k;@(tk-l) —C(te) 21 )y
< Z(€(0),29) = Z(€(T), zpy) + Vary-(£, [0, T]lIzg_; Iy
< my(Z(€(0), zy), Vary-(£, [0, T1)), (3.1.14)

for a function m(-,-) : [0, 00)%[0, 00) — [0, c0) that maps bounded sets into bound-
ed sets. Since R, grows quadratically in ||z[|) and is coercive w.r.t. || -], this
allows us to conclude that

sup VellZelleo,r,) < € - mi(Z(€(0),20), Vary«(£,[0, T])) < co. (3.1.15)

&,7>0

Furthermore, we infer from (3.1.14) and the superlinear growth of R, w.r.t. the
norm on V that (2;);59 C L'(0, T;V) are uniformly integrable, so that (£;),>( are
equicontinuous w.r.t. the norm on V. Together with the L*(0,T;Z) estimate
(3.1.13), this enables us to apply the Arzela-Ascoli-Theorem [Die69, Thm. 7.5.7]
to the sequence (2;).-9, whereby we find a curve z. € C([0,T];V) such that the
interpolants converge uniformly, up to a subsequence.

Next, we are going to derive further estimates for the interpolants’ deriva-
tives. First, we infer from the subdifferential inclusion (3.1.10) and the charac-
terization of the subdifferentials in Lemma 2.4.4 that for all k > 0, there exists

T

zl -z .
E041 € 8722’5( ek ), i.e. 0x41 € V* such that

zt . —zt zt . —zt zt . —zt

k+1 k k+1 k k+1 k12

kel = I—=ly kil ——— )y = || ——— Vr
lloks1lly =l - lly and (o W=l I

which fulfills
T

ZE %
“D,Z(Utgs1), 25, ) — £01s € an(%) c IR(0), (3.1.16)

=:&ke1

where the last inclusion follows from Lemma 2.4.4. Also due to this Lemma, we
find that for all k > 0, it follows from & € 87%(@) that

Zlf+1 _Zlf Zlf+l _ZIZ
(Ekr1s T%} = R(T) S (Eke1r 254 — )V = R(ZZH - Z;f) (3.1.17)

For all k > 1, it follows from &; € dR(0) that

VYveV:R(v) > (&), (3.1.18)
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and setting oy := 0, we obtain the same for &, from our assumption on the initial
value z;. Now, the identity (3.1.17) and the inequality (3.1.18) for v = z;_ | —z;
yield

0> (&2 g — 200y —(Eke1r 2y — ZE MV (3.1.19)

=&k = Eke1rZpyy — 2V
=(D,Z(l(tks1) 25,1) — DL ((tr), 2), 25 — 20y + €{0ks1, 25,1 — 200V =0k, 21 — 25 )V

=1/rllzg ==

and thus, using estimate (2.4.16) for 1 = 3,

allgfyy ~2ls + et~ < (A ~ 22— 2Dy + g, =
< (b)) = (), 25,y = 200y —(DF(2,,) = DF(2), 2,y = 200y + 00 2, — ZE )y
< le(ticrn) = €tV l1zEyy = 2Elby + SlzEyy = 2E1% + CoyR (2, =26 Iz, = 2l
+ ellowlhvllzg,q = 2z lly-

By absorbing the Z-norm of z , — z; into the term on the left hand side and
using the embedding of Z into V, this estimate reads

(04 &
Sz = 2fllz + —llayy = 2l < I6(E) = €0l + CopR (2, = 2F) + ellowh-
(3.1.20)

For k > 1, we can estimate the last term by &/7||z; —z;_,|ly, whereas for k = 0,
we have to use the assumption —-D,Z(0,z5) € dR(0) in order to conclude that
estimate (3.1.20) is true for oy = 0. Summation of (3.1.20) for k =0,...,N gives

N N

& (o4

Sl - 2ol + 5 ) et =20z < ) (Heltkn) = €0l + CouR (2, = 1)),
k:0 k:O

i.e.

T N T
€ a 2 A
ekl G [ IEllzdr < ) W)=l + G [ R(E )1
k=0

and since the right hand side is uniformly bounded according to (3.1.14), this
implies that

sup ||2T||L1(O,T;Z) < VarV*(f, [0, T]) + ml(Z(€(0), zo),VarV*(& [O, T])) < o0. (3121)

&,>0

With similiar arguments, we obtain an estimate for the V-norms of the inter-
polants” derivatives from (3.1.20). Namely, by summation up to an arbitrary
index k €{0,...,N}, it follows that it holds for all T > 0 that

tht1

& A A
“Mefun =il = Ol < Vars (C [0t D+ | CoRIENE,
0
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and together with (3.1.14), this implies

sup é€llZ¢[lwieo(o, ;1)
e>0,7>0

< Vary(£,[0, T]) + my (Z(€(0), zp), Vary-(£, [0, T])) < co. (3.1.22)

Having this estimate in mind, we reconsider the subdifferential inclusion (3.1.16),
which reads

“D.I(Utg1),2E,,) € IR(0) - €0,

where oy, € V* with ¢|log,q]ly = eIl@Ilv. Thus, the right hand side of the
above inclusion is uniformly bounded and it holds that

sup ID,Z(E(t),Zo)llro(o,T5v7) < diamyy-(IR(0)) + m(Z(£(0), z9), Vary«(£, [0, T])).
&E,T>

(3.1.23)

Let us now return to the variational inequality (3.1.19) in order to obtain an
estimate for ||Z¢||;2(o,1;2z). We first divide (3.1.19) by 7 > 0 and obtain for t €
(tk, txs1), similarly to (3.1.20), the estimate

(011 = 0% 2o (E))y + TalZ(D1F < (Cltxsn) = (1), 2Dy + TS 2 (O)1F + TC 12 (£)]150
(3.1.24)

where we also exploited the embedding V < X'. We now proceed as in [KRZ13,
Prop. 4.1] in order to estimate the first term on the left for s € (#;_1, ) by

<@H—GbiU»V:%miﬁmi—Mﬂﬂ%+Onﬂﬁﬁv+wbﬂﬂw—2®biﬁ»ﬂ
> 2 (WO~ W + (1O~ o))
> 12 (DI = Hl12:(s)I1-

With this estimate, (3.1.24) now reads
SN2 (DI = SH2c ()1, + T2 (B1Z < (Lltxrr) = 1), 2(8)y + TCp 12 (D))

for all k > 0, where we may set Z.(s) := 0 for k = 0 thanks to our assumption that
-DZ,(£(0),zg) € IR(0). Summation for k = 0,..., N now yields

IN

%zuw@+%j

. N . ~ tN .
£ < Y (Elt)= 000,500 + oy | IE R
0 k=0 0

< Wl 0,0 Waellzs 0,10 + Colléel Paio
(3.1.25)

where we used the fact that the partition {¢,...,t,} is equidistant in the second
inequality. We can now estimate the right hand side of (3.1.25) by means of



3.1. The viscously regularized problem 67

(3.1.15) and (3.1.21), and also estimate Z, according to (3.1.13), and thus find
the existence of a function m, : [0,00) x [0,00) — [0, 00) that maps bounded sets
into bounded sets such that

supll2lir 07,2 < ma(Vary- (€, [0, T) Z(£(0), 20)(1+ %) (3.1.26)
™

Step 3: Convergence and energy dissipation balance Now, applying [MRS13,
Theorem 2.2], we find that there exist a solution z, of (3.1.1) on the interval (0, T)

in the sense of Definition 3.1.1 such that D,Z({(t),z.(t)) € L'(0,T;V*) and a se-
quence 7, \, 0 such that

2¢,, 2, = 2 in L2(0, T; V), (3.1.27a)
2, —z. in WHH(0, T; V), (3.1.27b)
Z(€(t),z,, (t) — Z(€(t),2.(t)) for all t € [0, T}, (3.1.27¢)
t t
j Rg(ﬁTn(r))dr o J Re(Ze(r))dr forall 0 <s<t<T. (3.1.274d)
S S

We will use the a priori estimates from Step 2 in order to obtain the improved
estimates (3.1.7) in the next step. Before that, let us convince ourselves that
(2.4.10) can be solved not only on bounded intervals (0, T), but also has global
in time solutions in the case that I = (0, c0). To this end, we first note that (3.1.1)
can be solved on the closed interval [0, T]. Indeed, since the solution z, of (3.1.1)
on (0,T) is an element of AC([0,T];V) (cf. Lemma C.6), it can be extended to
[0, T] with a value z,(T). What is more, (3.1.1) has a solution z, € W'1(0, T +1;V)
on the interval (0, T + 1), and due to the uniqueness, it holds that Z.(t) = z.(t) for
almost all 0 <t < T. We thereby infer that

so that z, must be a solution of (3.1.1) on [0, T]. We now argue by contradiction:
Assume that there is a time T, > 0 such that the solution on [0, T,] cannot be
extended beyond T,. Now, applying [MRS13, Theorem 2.2] to the system (2.4.10)
on an interval [T, S] for some S > T, with the new initial state z.(T,) yields a
contradiction.

Step 4: A priori estimates for viscous solutions We now proceed to transfer
the a priori estimates for the interpolants that were derived in step 2 onto the
viscous solution z, in order to improve the estimates obtained from [MRS13,
Thm. 2.2]. From the estimate (3.1.26), we conclude that there exists a curve
Z. € H(I; Z) such that

2, —Z,in HY(I; 2) c HY(L; V),

and we infer that z, € H!(I; Z) together with the estimate (3.1.7¢). From the es-
timate (3.1.21), we further obtain (3.1.7f), and estimate (3.1.22) implies (3.1.7g).
Finally, in order to show the estimate (3.1.7h), we first show that

D,Z(l(ty, (t)),Z,, (1) = D,Z(L(t),2.(t)) weakly in V" a.e. in I. (3.1.28)
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Indeed, let t € I be such that £(t) exists. Then we have that
IDLZ(E() g, (1) ~ DLZ(E(Fe, (1)), Ze, (DDl < NE(E)~ E(Ee (DD < Tullllzoqry,  (3.1.29)
whereby we may conclude from the a priori estimate (3.1.23) that

sup|[D,Z(£(t), 2y, (1))l < oo,
nelN

so that there exists £(t) € V* such that
D,Z(l(t),z,, (t)) — &(t) weakly in V*

along a (not re-labelled) subsequence that might depend on t. Now, taking into
account (3.1.27a) and (3.1.27¢), we infer that we have for almost all t € I the
convergences that are necessary to apply property (Z5) of the energy functional
(cf. Lemma D.2), and obtain that

D,Z(6(t),2,(t)) = D,Z(£(t),z.(t)) weakly in V.
Using (3.1.29) again, we obtain (3.1.28) and therefore for all t € I the estimate
IDLZ(E(8), 2 (1)l < imin ID.Z (€(Er, (1)), 2, (1)l
<sup|ID,Z(E(tc), Z )10

>0

< diamy-(IR(0)) + m(Z(£(0), zy), Vary-(£,1))

and (3.1.7h) ensues.

It remains to prove the estimates (3.1.7a) - (3.1.7d). The estimate (3.1.7a) for
the energies follows from (3.1.12) by lower semicontinuity, which then implies
the boundedness of ||z.||;~(1,z) in (3.1.7b) thanks to the coercivity estimate (D.6).
Now, the energy dissipation balance (3.1.3) and the boundedness of the energies
(3.1.7a) yield for every 0< T < a

T T
f Rg<z;>dr+f R:(= D, Z(C(r),z(r) dr
0 0

< Z(6(0),29) = Z(U(T), z¢(T)) + L(f(r); z(r))ydr
<Z(6(0),29) = Z(U(T), z¢(T)) + Vary-({, Il|ze |10

which implies that the dissipation terms are bounded as asserted in (3.1.7c). Fi-
nally, the estimate (3.1.7d) for the H!(I;V)-norms of z, follows from (3.1.7¢c) and
the definition of R, via the V-norm on z, in (2.4.11).

|

As mentioned in the beginning of this section, a version of the results from
Theorem 3.1.3 will be needed again in Section 4.3. To be more precise, we will
need regularity properties and estimates for solutions of the system

0€ IR, (2(t) + DI (2(t) — L., t el
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for a constant load ¢, € V*, where J : Z — R is defined by
J(z):= %(Az, 2)+F(z)=Z(,z)+¢

and R;(z) = R(z) + %||Z||12)- For this reason, we now give the following corollary
for later use.

Corollary 3.1.4 (Solutions of the autonomous system (3.1.30)).

(i) Existence of solutions and regularity: For every €, € V* and zy € Z such that
DJ(zg) € V7, there exists a function z € L*(I; Z) with z € LZ(I;V) that satisfies
z(0) = zy and the inclusion

0€ IR, (2(t) + DI (2(t) — L., tel (3.1.30)

for almost all_t € I. Moreover, this solution belongs to W1'°°(I;V), and it holds
that Varz(z;1)) < co and DJ(z(-)) € L=(I; V).

(ii) Uniqueness of solutions: For every {, € V* and zy € Z there exists at most one
function z € L®(I; Z) with z € LY(I;V) and DJ (z(-)) € L*®(I;V*) that satisfies
z(0) = zy and the inclusion (3.1.30) for almost all t € I.

(iii) Uniform estimates: There exist functions my,m, : Z x V* — [0, 00) that map
bounded sets on bounded sets such that for all €, € V and all zy € Z with
DJ(zy) € V* it holds: Let z be the solution of (3.1.30) corresponding to (zy,<.).

Then
2llr(1;,2) < m1(20,L2), (3.1.31)
12l Lo (1;0) + Varz(z1) < mz(zo,&)( disty(-DJ (zg) + €., IR(0)) + m (zo,&)),
(3.1.32)
IDT (D) < diamy:(IR(O) +leully: + Clillory.  (3.1.33)

Remark 3.1.5. Let z € Z, ¢, € V" and assume that ~-DJ (zg) + ¢, € IR(0). Then the
constant function z(t) = z, t € I, is the unique solution of (3.1.30).

3.2 Vanishing viscosity analysis

The aim of this section is to perform the limit ¢ — 0 in the regularized system
(2.4.10). Let therefore z, be solutions of the viscous problem (2.4.10) in the sense
of Def. 3.1.1. Following the discussion in Section 2.2.4, before extracting con-
vergent subsequences from (z.).-o, we parameterize the graph of each viscous
solution by its respective arclength measured w.r.t. the dissipation associated
with their paths. To be precise, we choose the following parameterization of the
functions (z,),: For v € Z and w € V" let

p(v,w):= R(v) +||v|l, disty+(w, IR(0)), (3.2.1a)
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Se(t):=t+ J-tp(z'g(r), -D,Z(l(r),z.(r)))dr, (3.2.1b)
0

Se :=5.(T), (3.2.1¢)

where p(-,-) is the vanishing viscosity contact potential and fulfills forallve Z
and w € V* (see [MRS12a, Rem. 3.1])

p(v,w) = inf (R, (v) + Ri (w)} = R(w) + inf{ S[elfy + 2ieoustw(w, IR(0)?).

e>0

In particular, with the Fenchel-Young inequality (A.1), it holds for all v € Z and
w € V" that

(w,v)y < p(v,w). (3.2.2)

Thanks to Young’s inequality, the formula for R} in Lemma 2.4.4, and the es-
timate (3.1.7¢) for the dissipation terms, S, is uniformly bounded in ¢, so that
for ¢ — 0, there exists a converging subsequence, whose limit we denote by S.
Moreover, s, is a strictly increasing function in f. Hence, its inverse function

s -1

te:=(sg)” :[0,S:] —[0,T] (3.2.3)
exists and we define

2,:=2,0f.:[0,S.] > Z by 2.(s) := z.(Fc(5)). (3.2.4)

Observe that f, are uniformly Lipschitz continuous, since for s = s,(t) such that
S¢(t) # 0, which are all t > 0, it holds

£ (s) = - =—<1. (3.2.5)

In particular, fo(s) = 0 for all s > 0. After constantly continuating every £, to
[0,S], we assume for simplicity that S, = S. Now, the absolute continuity of the
z. and Corollary C.5 imply that for all € > 0, 2, € AC([0, S]; Z) with the following
change of variable: Let ¢ > 0. Then it holds for all o € [0,S] such that f, is
differentiable in o and z, is differentiable in £.(0), that 2, is differentiable in o
and 2,(0) = 2.(£.(0))t.(0). Thus, for all 0 < r <s < S, we have:

fs(s) fs(s)
5.(5) = 2.(r) = 2 (£, (5)) — 2o (£, (1) = f 5 (v)dr = L | i
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Moreover, it holds for all s € [0, S, ]

so that differentiating w.r.t. s on both sides yields
Fe(s) + p(Ze(s),~DZ(L(Ee(5), 2(9)) = 1 (3.2.6)
for almost all s € [0,S,]. We further use the abbreviation
e(t, z) := disty«(-D,Z(€(t), z), IR(0)), (3.2.7)
with the convention that ||z||,¢(t,z) = 0, if D,Z(£(t),z) € Z*\ V*, so that we have
p(v, =D Z(£(t),2) = R(v) + [|vllye(t, 2).

We further denote by P(t,z) := d;Z({(t),z) the derivative of the scalar function
t — Z({(t),z). Evaluating the energy dissipation balance (3.1.3) for z, at the times
t = f.(sp) and s = f.(s;) now yields

L(E(Fe(s1))2e(51)) = L (L(Ee(52))s 2 (Ee(52))

Fe(s2)
=f R£<zg<r>>+R;<—Dzz<€<r>,zg<T>>>dT—f Ptz (1)) d

A&(Sl) fs(sl)

= f 1) [Re el (1) + RADLI(EG (M) 2o ()] dr

_ f E(NPUE (1), 2 () dr

- EZRW)) AR R DT 2
—f (P, 2)dr, (3.2.8)
which we write as
T(E(E,(51)) 2(51)) = T (52) 2 (s) :Mg<t;<s>,7;<s>,z(t}(s),zs(s))ds
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for

1(0,00) x V x [0,00) —[0,00]
e, v,0) - R(v)+ L llg+£C2
Thus, a hypothetical limit (£, 2) of the sequence (f,,Z2,), should fulfill an estimate
that is obtained by lower semicontinuity arguments, so that one might expect a
functional M, such that

0

However, we are not able to show that the limiting state Z is still differentiable
w.r.t. the new variable s, so that we cannot give M, in dependence of %(r), cf. the
limiting energy dissipation principle (EDB) in Definition 3.2.5. This is due to
the fact that we are only able to obtain an estimate for the differences Z(s) — 2(r)
measured w.r.t. the dissipation potential R (cf. (3.2.17)), which does not induce
a reflexive topology on V in general. While we refer to Appendix C for a more
detailed discussion of how this affects differentiability, at this point, we only give
the necessary definitions.

Definition 3.2.1 (R-absolutely continuous functions). For a subset K CV and a
subinterval [a,b] C [0, T], we say that a curve v : [a,b] — K is R-absolutely continu-
ous, if there exists a nonnegative function m € L'(a, b) such that

R(v(t)—v(s)) < Jt m(r)dr foreverya<s<t<b (3.2.9)

and denote by AC([a, b]; K, R) the set of all R-absolutely continuous curves [a,b] — K
and by AC([a,b]; R) the set of all R-absolutely continuous curves [a,b] — V.

R-absolutely continuous curves fulfill the following notion of differentiabil-
ity:

Proposition 3.2.2 (Generalized metric derivatives). [RMS08, Prop.2.2] For every
curve v € AC([a,b]; K, R), the limit

Nt e T v(t+h)—v(t)) _ .. v(t)—v(t —h)
R[v'](t) := %@)R(#) = ]111&1)73(—}1 )

exists almost everywhere and is called the generalized metric derivative of v. More-
over, the function t — R[v’](t) belongs to L'(0,T), it is an admissible integrand in
(3.2.9) and is minimal with this property, i.e., if m is another function satisfying
(3.2.9), then R[v’](t) < m(t) almost everywhere.

Definition 3.2.3. For a subinterval [a,b] C [0, T], we denote by AC™([a, b]; X) the set
of all R-absolutely continuous curves v : [a,b] — V whose generalized metric deriva-
tive R[v’] is an element of L*(a, b).
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Remark 3.2.4. For a curve v : [a,b] — V, we use the notation

v(t) —v(s)

v(t):= lirrl} _—p eV for the classical time-derivative.
5— —
t+h)—v(t
R[V'](t) := %@R(w) € R for the generalized metric derivative.

If v is classicaly differentiable in t € [0, T, then R(v(t)) > R[v’](¢).
Absolutely continuous curves w.r.t the norm on 'V are R-absolutely continuous.

The following Definition 3.2.5 shows that the function ¢(-, ) defined in (3.2.7)
is crucial for the characterization of the limit (£, 2). Namely, defining the set

G :={s €0, S]|e(f(s),2(s)) > 0},

we find that, on its complement [0,S]\ G, Z can be understood as a solution of
the relaxated problem

dR(0) +D,Z(£(i(s)), £(s)) 3 0, (S)ioc

resulting in a somewhat weaker description of Z here than on the set G. Formally,
this is foreshadowed by the arclength (3.2.6) of the reparameterized solutions Z,,
which yields the estimate

||,7f€(s)||vz(fe(s),2€(s)) <1 ae.on[0,S] (3.2.10)

On connected components [a,b] C G, we will later use (3.2.10) to derive local a
priori estimates for ||Z,[|r(4,5};1), which allow us to prove the differentiability of

Z on [a,b], see the discussion around (3.2.16).
In anticipation of Theorem 3.2.6, we now give the following definition of p-

parameterized BV solutions of the system (2.4.9).

Definition 3.2.5 (p-parameterized Balanced Viscosity solutions). Let z, € Z and
e WH(0,T; V). A triple (S, f,2) with

$>0, feWb™((0,S),R), andzeAC([0,S];R)NL>(0,S;Z)

is a p-parameterized, normalized BV solution of the rate-independent system (2.4.9)
with data (zy,€), if the set

G:=1{s€[0,S]|e(£(s),2(s)) > 0} (3.2.11a)
= {s €[0,S]| =D.Z(L(#(s)), 2(s)) & IR(0)}

is a relatively open subset of [0, S| such that

2e WEHGY), (3.2.11b)
D,I((of,2) € L2(G;V). (3.2.11c)

Furthermore, the following conditions shall be satisfied:
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Complementarity and normalization condition: For almost all s € [0, S], it holds

f(s)>0, #0)=0, #S)=T, 2(0)=z (3.2.12a)

f(s)disty-(=D,Z(£((s)), 4(s)), IR(0)) = O (3.2.12b)

| JES +RIZVS) +11E6)ve(Es), 2(5), ifs€ G N)
t(s)+R[2](s), ifse[0,S]\G

Energy-dissipation balance: For all s € [0, S], it holds

(6(0),20) = I<€<f<s>>,2<s>>+fo RIZNr) + B0 ye(E(s), 2(5)) dr
—f: O T(L(i(r), 2(r)E(i(r)ir)dr,  (EDB)

where we adopt the convention that ||2(r)||l,e(£(s), 2(s)) = 0 for s € [0,S]\ G.
With L(zy,€) we denote the set of normalized, p-parameterized BV solutions asso-
ciated with the pair (zg,{).

We will now prove that p-parameterized BV solutions exist. Apart from the
estimate (3.2.13c), the arguments in the proof of following theorem are in essence
similar to those in the proof of [MRS16, Thm. 4.3]. However, our additional as-
sumptions on the energy functional allow for much more direct arguments and
a notation with much higher readability.

Theorem 3.2.6 (Main existence result). Let (zg,€) comply with (2.4.6). Let (z.)¢>0
be a family of solutions of the regularized problem (2.4.10) satisfying the estimates
(3.1.7), and let f,, 2, be defined according to (3.2.3)-(3.2.4). Then there exist a subse-
quence e, — 0 and curves f € W1*(0,S) and

2eBV([0,5];2)NAC([0,S];R) N C([0,S];V) N Cyear ([0, S]; 2)

such that (S, ,2) € L(zg,€) and for G = {s € [0, S]|e(f(s), 2(s)) > 0} and every connected
component [a,b] C G, it holds:

f, —fin W'(0,5), (3.2.13a)

Ze (s) — Z(s) in Z for all s € [0, S], (3.2.13b)
ID,Z(€ o £, 2)llpo(0,5,7) < o0, (3.2.13¢)
2. = 2in Wh(a,b;V), (3.2.13d)

2., —2in L'(0,S;V). (3.2.13e)
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Furthermore, it holds for all 0 <r <s < S that

T(L(Eg, (5)) 2, (5)) = Z(L(E(5)), 2(s)), (3.2.13f)

J R(Z,(0)) + )Ilfg,l((f)llfﬁfen(U)RZn(—sz(g(fen((f)),25,,(0)))dO" (3.2.13g)

En

—>J R[2'](0) +||2(0)llydist(-D,Z(€(()), 2(0)), dR(0))do .

Proof. Step 1: Compactness of rescaled solutions (3.2.13a) is clear thanks to the
uniform Lipschitz estimate (3.2.5) for the f,. As a first step, we apply Proposi-
tion C.13 to the sequence (Z,),en and thus obtain the existence of an element
2 € C([0,S];V) N Cyeak([0,S]; Z) such that 2, — Z uniformly in C([0,S];V) and
(3.2.13b) is fulfilled. Thanks to Lemma C.16 and Remark C.17, the absolute
continuity of the 2, w.r.t. the norm on Z and the pointwise weak convergence
(3.2.13Db) are sufficient to conclude that Z € BV([0, S], Z).
Next, we want to show the following implication:

If t, > tin R, z, — zin Z and sup||D,Z(¢(t,),z,)|[y» < oo
nelN (3.2.14)
then D,Z(¢(t,),z,) — D,Z({(t),z)in V" and ¢(t,z) < liminfe(t, z,).
n—00

To this end, we note that the map

V'— R

& > disty«(&,dR(0))
is convex and continuous w.r.t. the norm on V*, hence lower semicontinuous
w.r.t. the weak topology on V*. Thus, it remains to show the weak convergence
D,Z(¢(t,),z,) — D,Z(£(t),z) in V*. From the convergence z, — z in Z* and the as-
sumptions on A and F, it follows immediately that Az, +DF (z,,) = Az+DF(z) in
Z*. Since ¢ is continuous w.r.t. the norm on V*, D,Z({(t,),z,) — D,Z({(t),z) in Z*
ensues. Now, the boundedness of the sequence D,Z({(t,),z,) w.r.t. the norm on
V* implies the existence of a subsequence converging weakly in V*, whose limit
has to coincide with that in Z*. Therefore, the entire sequence weakly converges
to D,Z(€(t),z) in V* and (3.2.14) is proven.

Now, the a priori estimate (3.1.7h) implies that

sup  [[D,Z(£(£:(5)), 2e(5))lly- < o0
£>0,5€[0,5]

holds true. By the first part of (3.2.14), we conclude that
D,Z(£(E:(s)), 2:(s)) = D,Z(£(£(s)),2(s)) in V* for all s € [0, S],

so that the limit element has to be an element of V* as well, fulfilling (3.2.13c).
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We now choose a connected component [4,b] C G = {s € [0, S]|e(£(s), 2(s)) > 0}
and a sequence (s,,),eN C [4,b] such that
c:= inf ¢(#(s),2(s)) = lim ¢(£(s,), 2(s,))
s€la,b] n—00
and convince ourselves that ¢ > 0: For every subsequence (s, )ren that converges

to a point o, we conclude that ¢ is an element of the closed interval [4,b] and
apply (3.2.14) to t; := f(snk) and zj := Z(s,, ) and obtain
c= inf e(£(s),2(s)) = lim e¢(#(s,), 2(s,))
s€la,b] n—00

= lim e(£(sy, ), £(sy, ) = liminfe(#(s,, ), 2(sp,))

k—o0 k—o0

> ¢(f(0),2(0)) > 0.

Using (3.2.14) again, we infer that

liminf e(f, (s), 2, (s)) > e(i(s),2(5)) > ¢, (3.2.15)
n—-o00
which implies that
Vse[a,b]AN e NV n> N :e(fe (s), 2, (5) = %

Plugging this into (3.2.6) gives
Vse[a,b]AIN eNVn>N: (3.2.16)

S, (M < o, (5) + £l (5). 2, (DI, (9 + RUE, () = 1,

and thus 5
Vse[ab]: limsup|lZ. (s)lly < =
n—o0
implying that 2, are uniformly bounded on [a,b] in W1®(g,b;V) and we obtain
(3.2.13d). The strong convergence (3.2.13e) follows from (3.2.13b) and the uni-
form bound (3.1.7b) in L*°(0, T; Z) by means of Vitali’s convergence theorem, see
Lemma B.1 in Appendix B. Lastly, the estimate

R(2(s)—2(r)) < ,}EEOR(ﬁen(S) — 2, (r)) < limsup J\SR(Z'\EM(O'))dO' <s-r (3.2.17)
<1

forall 0 <r <s < S proves that z€ AC([0,S];R) with R[2’] < 1 almost everywhere.
Step 2: Energy dissipation balance - upper bound Young’s inequality im-
plies that

€n

12, (Nllve(te, (1), 2e,(r) < 7 (r)llz*gn(r)llfﬁ fe, (R, (~D2Z(E(F, (1), 2, (1)

(3.2.18)
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for all r € [0,S]. Since weak#-convergence in W1*(g,b;V) implies weak con-
vergence in L!(a,b;V), we conclude by means of Lemma B.2 from (3.2.15) and
(3.2.13d) that for all [4,b] C G it holds

b b
j JElye((r), 2(r) dr < h,ggglff e, (e, (1), 2, (1) dr.

Using the convention that ||2(r)[l,e(f(r), 2(r)) = 0 if r € [0,S]\ G, the same inequal-
ity holds for the integral on arbitrary intervals in [0,S]. Due to Lemma C.16 we
also know that

J R[2'](0)do = Varg(,[0,s]) < llmlnf Varg(Z,,[0,s]) = 11m1nfj R[2. ](o)dao,

n—-o00

allowing us to conclude that

JR[ 1)+ [Dye(t(r), 2(r) dr

< limian R(zl (r) + ||z‘gn (r)llye(te, (r), 2, (r))dr (3.2.19)

"2, (DI + fe, (NRE, (-DZ(C(E,, (1)), 2, (1)) dr.

n—00

< liminfj R( zén ( ,

Now, in order to show the convergence of the power term, we calculate for fixed
z € Z and point of differentiability r € [0, S]

A

—~i(r)P(H(r), 2) = =L (C(E(r)), 2)(E(r)E(r) = (L(E(r)), )y (7).
Now, Lemma E.1 implies that

b -(lof.)=(Cot, )= (Lof) =i (£of)in L®(0,5;V),

which together with the strong convergence of 2, to Zin L'(0,S;V) according to
(3.2.13e) is sufficient to conclude

f (C(E(r)), 2(r))yi(r)dr = lim 5<é(t;n(r)), 5. (r)yhe (r)dr. (3.2.20)
n—-00 0

Finally, we use the fact that the nonconvex part F of the energy 7 is weakly
continuous according to Lemma 2.4.2 and obtain

Z((H(s)),2(s)) < UminfZ(L(Z,, (s)), 2, (5)), (3.2.21)

n—-oo

so that (t,z) fulfills the energy dissipation estimate
Z(€(0),z9) = Z(¢ J- R[2'](r) + |I2(r)llydist(-D,Z (£(£(r)), £(r)), IR(0)) dr

faﬂf S(n)E(Er ) dr.



78 Chapter 3. Existence of p-parameterized BV-solutions

Step 3: The limit fulfills the complementarity condition A change of vari-
able in the a priori estimate (3.1.7c) for the dissipation terms shows that

Se, .
0< J fe, (s)disty«(=D,Z(€(E, (5)), 2, (5))s JR(0))*ds < ¢,C,
0

where C is independent of ¢,, whereby the above integral converges to 0 with
n — oo. Now, thanks to the liminf-estimate (3.2.15) for ¢, Lemma B.2 implies
that

S.

&n .

0= lim fe (s)disty-(-D,Z(€(f,, (5)), 2, (5)), IR(0))*ds

S
> j £(s)disty-(~D,Z(£(#(s)), 2(s)), IR (0))>ds > 0,
0

and the complementarity condition (3.2.12b) ensues.

Step 4: Energy dissipation balance - lower bound For the opposite estimate
in the energy dissipation balance, we use the chain rule inequality from Propo-
sition FE.1 in the appendix, which implies for all s € [0, S] the estimate

d . .
— L (UEs)), 2(5)) + P(E(s), 2(s Di(s) < R[Z')(s) + IZ(s)lye(E(s), 2(s)),
and we infer the lower bound by integration w.r.t. time.

Step 5: Improved convergences Next, we want to show the convergences
(3.2.13f) and (3.2.13g) of the energies and the dissipation terms, since so far, we
have only established liminf-inequalities in (3.2.19) and (3.2.21). However, this
follows easily from the liminf-inequalities and the fact that the energy dissipa-
tion balance (EDB) implies that

S

lim | R( (r) + 2

—00
n 0

e, (DI + fe, (IR (-DZ(E(Fe, (1), Ze, () dr + T(€(Ee, (5)), 2, (5))

En

(0);Zo)+f (L (C(E(r)), 2(r)E(E(r))E(r)dr

jR 1)+ ||2(r)llydist(=D,Z (€(£(r)), 2(r)), IR(0)) dr + L (£(£(s)), £(s)).

Step 6: The limit is normalized It remains to show that the normalization
condition (N) is fulfilled. On the one hand, the liminf-inequality (3.2.19) and the
normalization condition (3.2.6) for the parameterized viscous solutions Z, yield
forall0<a<b<S:

j RIZN(P) + IB0llye((r),2() dr

n—o00
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Since the integrands on both the left hand and the right hand side are in L!(0, S),
we conclude for almost all s € [0, S):

R[21(s) +lI2(s)llye(£(s), 2(s)) = =lim - f R[21(r) +[12(r)llye(E(r), 2(r) dr
<lim hf dr=1-1(s). (3.2.22)

On the other hand, Young’s inequality as well as the convergence (3.2.13g) of the
dissipation terms implies forall 0 <a<b < S:

b . b .
J 1-f(r)dr=lim | 1-4#, (r)dr

b
= 1im [ RIZ 1)+ e, (Dllve(ie, (1) 2, (1) dr
b
< tim [ RIZ 1)+ 2 (IR + o (NRE (<DLT (€ (1), 20, (M) dr

a e, \T
b
=f RIEN(r) + [y e(i(r), 2(r) dr,

and the same localization argument as in (3.2.22) gives the opposite pointwise
estimate.

Step 7: G is a relatively open set Finally, we verify that G as defined in
(3.2.11a) is indeed an open set. To this end, we choose s € G and a sequence
(S4)neN C [0,S] such that s, — s. We can now use the implication (3.2.14), since
Z € Cyeak([0,S], Z) and we already have proven the estimate (3.2.13c), and con-
clude liminf,_, e(s,,2(s,)) = ¢(s,2(s)). In other words, there exists N € IN such
that for all n > N it holds that ¢(s,,, 2(s,,)) > ¢(s, 2(s)).

Now, for every o € G an argument by contradiction shows that there exists
a radius r > 0 small enough, such that for each s € B,(0) N [0,S], we have that

e(s,2(s)) = %2(0,2(0)) >0, i.e., G is relatively open in [0, S]. [

3.3 Equivalent characterizations

The following differential characterization of p-parameterized BV solutions is
classical, cf. [Miell] or [MRS16, Prop. 4.6] in a more general setting. It is crucial
to obtain the a priori estimates necessary for the proof of compactness of the
solution set, and therefore ultimately for proving existence of a solution of the
optimal control problem. Hence, we will give a proof here for completeness.

Lemma 3.3.1 (Differential characterization). If (S,£,2) is a normalized p-parame-
terized BV solution of the system (2.4.9), then f is constant on each connected com-
ponent of G, and there exists a measurable function A : (0,S) — [0,c0) with A(s) =0
on [0,S]\ G and such that on each connected component (a,b) C G the differential
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inclusion
0 € IR(4(s)) + IR, (A(s)2(s)) + D,Z(£(£(s)),2(s)) and £(s)A(s)=0 (3.3.1)

holds true for almost all s € (a,b), where R,(v) := %Hvllf/. Furthermore, for almost all
s € G, in holds that

A(s) = disty. (=D, Z(£(#(5)), 2(s)), IR(0)) [||2(s)

-

Conversely, if an absolutely continuous curve (£,2) : [0,S] — [0, T|x Z satisfies (3.3.1)
for almost all s € [0,S] for a measurable function A : (0,S) — [0,00), and the map
s > Z(C((s)), 2(s)) is absolutely continuous, and if further (f,£) are non-degenerate in
the sense that

£(s) + R(E(r) + 12(r)llve(F(s), £(s)) > 0 for all s € [0, S], (3.3.2)
then (S,f,2) is a p-parameterized BV solution to the system (2.4.9).

Proof. Let us first assume that we are given a normalized p-parameterized BV
solution (S, £,2) of (2.4.9). Since ¢(£(s),2(s)) > 0 on G, from the complementarity
condition (3.2.12b) we deduce that f is constant on each connected component
of G. In order to verify (3.3.1), let [a, b] be such a connected component. Since by
assumption 2 € W1 ((a,b); V), we have R[2](s) = R(4(s)) for almost all s € (a,b),
cf. [AGS05, Remark 1.1.3]. Thus, localizing the energy dissipation identity (EDB)
(where we apply the chain rule formulated in Proposition F.2) yields

R(2(s)) + (DL(#(s), 2(s)), £(s))y +||2(s)|,, disty-(-D-Z(€(#(s)), £(s)), IR(0)) = 0,
(3.3.3)
which is valid for almost all s € (a,b). Since f is constant on (a,b), from the nor-

malization condition (N) (cf. Def. 3.2.5) it follows that Z(s) # 0 almost everywhere
on (a,b). Hence, with

A6 = disty: (=D, Z(€(£(s)),2(s)), IR(0))/||4(s)||,,, if £(s) =0,
B 0, otherwise,

we have (A(s)u(s),Z(s))y = ||4(s)||,, disty(-D2Z(€(#(s)), 2(s)), IR(0)) for every ele-
ment p(s) € IR,(2(s)). Multiplying (3.3.3) with A(s) and taking the one-homo-
geneity of R, as well as the characterization of the convex dual (R + Rz)’e from
Lemma 2.4.4 into account, we obtain

(=D,Z(£(s), £(s)), As)2(s))y
= R(A(s)4(s)) + disty- (=D, Z (£(£(s)), (s)), IR(0))?
= R(A(s)2()) + 3lIA(s)2(s )IIV 1Ohstv( D I((f(f( 5)),2(5)), IR(0))*

= (R+R2)(A(s)(s)) + (R +R,) (-D.Z (5))-
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By means of the Fenchel equivalence (A.2), we conclude
~D.Z(€(#(s)), 2(s)) € (R + Rz )(Als)4(s))

which implies (3.3.1), since JR(-) is 0-homogeneous.

For the proof of the converse, following the proof of [MRS16, Prop. 4.6],
we first observe that under the given assumptions, if s € [0,S] is chosen such
that A(s) = 0 and 2 is differentiable, then ¢(f(s),2(s)) = 0, and since this implies
(~D,Z(L(£(s)),2(5)),2(5))y = R((s)) according to Lemma 2.4.4, we infer (3.3.3).
On the other hand, if A(s) > 0, then #(s) = 0, and if 2 is differentiable at s, we infer
that Z(s) # 0 from the non-degeneracy (3.3.2). What is more, applying first the
Fenchel-equivalence (A.2) and then the inequality (3.2.2), we obtain

(=D.Z(£(£(s)), 2(s)), 2(s))y = R(Z(s)) + MIIZA(S)II2 +
? 2 V2009

> R(2(s)) +lI2()llye(£(s), £(s))

> (~D,Z(C(£(s)), 2(5)), 2(s))v»

e(f(s), 2(s))°

and consequently, all inequalities must indeed have been equalities. Therefore,
we must have ¢(f(s),£(s)) > 0, since otherwise, the second identity above would
not be fulfilled. We can now infer that (3.3.3) holds almost everywhere on [0, S].
Since s > Z(£(£(s)),2(s)) is presupposed to be absolutely continuous, it is differ-
entiable almost everywhere and its derivative

LT(e(Hs)), 2(5)) = (DI(L(H(5)), 2(5)), £())y + DL (C(E(s)), 2(5))E((5))E(s)

is an element of L'(0,S), so that we may infer the energy dissipation balance
(EDB). ]

As was already pointed at the end of Section 2.2.4, this differential represen-
tation allows for the interpretation of jumps in the rate-independent system as
transitions between two end points along a curve following a viscous regime,
with an explicit description of this transition given by the curve (£,2).

Let us now return to the connection between BV and p-parameterized BV so-
lutions that was hinted at at the end of Section 2.2.4. First, we need to update the
definition of BV solutions to our infinite dimensional setting. Just as in Section
2.2.4, BV solutions are characterized by a local stability condition (S),,. and an
energy dissipation balance (3.3.5), which is given in terms of the (pseudo-) total
variation Var, 7 induced by p and Z. However, the discussion around the proof
of (3.2.11) suggests that we need to adjust the definition (2.2.23) of the Finsler
cost in the following way: The first issue concerns the fact that in the infinite
dimensional setting, we can only expect BV solutions to be of bounded variation
w.r.t. the dissipation potential R, see Definition 3.3.2. While it is well-known,
see, e.g., [Fed69, 2.5.16], that functions in BV([a, b]; Z) have left and right limits
at every time t € (a,b), it is not a priori clear that the same is true for functions
in BV([a,b];R). In Lemma C.19, we show that these functions in fact do have left
and right limits w.r.t. the norm on V), and not only w.r.t. R and give a definition
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of their jump set J,. The second issue concerns the transition between the left
and right limit at such a jump point: Instead of allowing only for V-absolutely
continuous transitions between two states z, and z;, we consider for t € [0, T]
the richer set of admissible transition curves 7 (t;z, z; ), consisting of all curves
C € AC([0,1];R) whose restriction to the relatively open set

G(t,C):={re[0,1]|e(t,C(r)) > 0}

belongs to ACj,.(G(¢,C);V) and such that C(0) = zy and (1) = z;. For such admis-
sible transition curves, the expression

R(C(r) +lIC(nllye(t,C(r)) if r € G(t,C)

pt[C’C,](r) = {R[C/](r) if re [0;1]\G(t’C)

is well-defined, and we define the Finsler dissipation cost induced by p at time
t as (see [MRS16, Def. 3.5])

1
Ay(t:20,21) = inf{f0 plC,CNNAr|C e T (120,21) ). (3.3.4)
In analogy to (2.2.24), we now define for z€ BV([0, T];K,R)
Jmp,(z;[a,b]) :=Ay(a;2(a), z(ay)) + Ay(b;2(b-), 2(D))
) (At 2(0) + Ayt (1), 2(1,)

te],N(a,b)
and
Vary(z;[a, b]) := Varg(z;[a, b]) - Jmpg (2;[a, b]) + Jmp (z;[a, b]).

Note that for all z,, z; € V and C € 7 (t;z(, z;), it holds that

1

1
Ar(zg,21) = R(z1 — 29) < Varg(C;[0,1]) = fo R[C'](r)dr < L e[, ) (r)dr,

so that Az (2¢,21) < A,(20,21) and therefore also Varg(z;[a, b]) < Var,(z;[a, b]).
We finally arrive at following definition of BV solutions, which is taken from
[MRS16, Def. 3.10]:

Definition 3.3.2 (BV solutions). A curve z € BV([0,T|;R) is called a BV solution
of the rate-independent system (2.4.9), if it fulfills the local stability condition

IR(0)+D,Z(£(t),z(t)) 30 forall t € [0, T\ ], (S)10c

and the energy dissipation balance
Z(€(t),z(t)) + Vary(z;[0,t]) = Z(£(0),2(0)) + Jt A L(L(r),z(r)l(r)dr (3.3.5)
0

forall t €[0,T].
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In analogy to in the finite-dimensional case presented in Section 2.2.4, it is
shown in [MRS16, Thm. 3.11] that solutions z, of the viscously regularized sys-
tem (2.4.10) in the sense of Definition 3.1.1 converge to a BV solution with van-
ishing viscosity, that is, when ¢ — 0. What is more, in [MRS16, Prop. 4.7], the
authors prove that BV solutions and p-parameterized BV solutions are equiva-
lent in the following sense: Every BV solution can be parameterized in such a
way that a p-parameterized BV solution is obtained, and conversely, p-parame-
terized BV solutions can be interpreted as graphs of BV solutions, see (3.3.6).
What follows is a simplified version of [MRS16, Prop. 4.7], together with a more
detailed version of the proof given therein, adjusted to our notation.

Proposition 3.3.3 (Equivalence between BV and p-parameterized BV solutions).
If (S, f,5)isa p-parameterized BV solution of (2.4.9), then every curvez:[0,T] — Z
such that

A

Vte[0,T]: z(t) €{z(s)|(s) =t} (3.3.6)
is a BV solution of (2.4.9) in the sense of Definition 3.3.2.
Conversely, if z € BV([0, T];R) is a BV solution of (2.4.9), then there exists a triple

(S,£,2) € R, x WL*([0,S]) x AC([0, S|;R) satisfying (3.3.6) which is a p-parameter-
ized BV solution of (2.4.9).

Proof. Let us first assume that we are given a p-parameterized BV solution (S, , 2)
of (2.4.9), and a curve z: [0,T] — Z such that (3.3.6) holds true. We now define
an inverse $ : [0, T] — [0,S] of f through (3.3.6), that is, for every t € [0, T], we
choose a fixed s € [0,S] such that (,z(t)) = (£(s),2(s)) and set §(t) := s. Thus, we
have that z=204:[0,T] — Z, and that t € ], if and only if ¢ € J; and f(s) = t for all
s € [$(t_),3(t)]. Here, J, and J; denote the jump sets of z and $, respectively, and
$(t_) is the left limit of $in ¢, cf. Lemma C.19 and (2.2.16) - (2.2.17), respectively.
If necessary, for t € J;, we alter § and choose $(t) € [$(t_),$(t,)]. We can now verify
that ze BV([0, T];R), since we find for all 0 <ty <t; < T that

N
Varg(z [to, 1)) =inf{ ) R(z(ti) —2(ti 1)ty =19 <+ < Ty = 1)
i=0

=inf() R(E(8(r)) ~ 2(8(ti-1)) |t = To < -+ < Ty = 11}

to

where we have used Lemma C.16 in the last equation.
In order to verify (S)oc, note that for all t € [0, T]\ J,, we have the equivalence

0€ IR(0)+D,Z(L(t),2(t) & e(F(3(1),2(3(t) =0 & t [0, TI\H(G),  (3.3.7)

where G was defined in (3.2.11a). Now, from the complementarity condition
(3.2.12b), we infer that f = 0 on G, and thus, since f is absolutely continuous, the
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Lebesgue-measure of £(G) is given by

1/p _ _ y _
ZLHEH(G)) = L(G) 1dr = J-Gt(r)dr =0.

Therefore, the local stability condition (S);,. holds on [0, T]\ (f(G) U],), which is
dense subset of [0, T]\ J, . With the lower semicontinuity property (3.2.14) of ¢,
this allows us to conclude that (S);,. holds everwhere on [0, T]\ J,. (We refer to
the forthcoming Theorem 4.2.1 for a proof that we have the necessary a priori
estimate for D,Z({(t),z(t)).) Returning to the equivalence (3.3.7), this implies
that

J. = {(G). (3.3.8)

For the proof of the energy dissipation balance (3.3.5), note that for a given t € J,,
the restriction (2 : [$(t_),3(t,)] = Z) € 7 (t;2(,21) is an admissible transition curve,
which yields that

s(£) s(t4)

gl lindr and 8,620,200 ) < | pila 20,

ALt z(E), <
(2t >z<t>><f .

s(t2)

and therefore we have for all t € [0, T] that

Var,(z;[0,t]) J R[2'](r) + 1Z(r)lye(f(r), 2(r))dr.

Evaluating the energy dissipation balance (EDB) fulfilled by (£,2) at times $(0)
and $(¢) and a change of variable yield for z the energy dissipation inequality

T((t),2(t)) + Vary(z [0, £]) < T(€( J&ﬂ Merydr  (3.3.9)

for all t € [0, T]. In order to show that the estimate (3.3.9) together with (S);,
is sufficient to obtain the balance (3.3.5), we need a chain rule inequality for BV
solutions, which is provided by [MRS16, Thm. 3.13].

Let us now conversely assume that we are given a BV solution of (2.4.9) in the
sense of Definition 3.3.2. We choose the following parameterization:

for t € [0, T], set 3(t) := t + Vary(z,[0,t]), S:=$(T).

Then the jump set J; = ], = (t,),en 1S at most countable, and we may define for
Ly = (8(t,-), $(tyy)) and I := U1,

A

f:=41:[0,S]\I - [0,T], and2:=z0f:[0,S]\I— Z.

We further extend  and 2 to I in the following way: For n € IN, we denote by
7, : I, — [0,1] the unique affine and strictly increasing function mapping I,, onto
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[0,1]. Now, according to [MRS16, Thm. 3.7], for s € I,,, there exists a unique
admissible transition

Cn €7 (t,;2(t,-),z(t,,)) such that
Cu(ru(8(ty))) = 2(t,) and (3.3.10)
Jo 00, [C CLINAT = Ag(ts2(t-),2(8) + Ayt 2(), 2(854)
hold true. The definition of f and 2 on I is then given by
forsel,: f(s):=t,, 2(s):=Cu(ru(s)). (3.3.11)

Obviously, (3.3.6) is fulfilled, since z = 20 . Just as in (3.2.5), we find that we
have f € W*([0,S];R). Furthermore, 2 € AC([0,S];R): Let us first note that
by a change of variable, Varg(2;[0,S]) = Varg(z;[0,T]) < co. Therefore, using
the fact that Var, is additive according to [MRS16, Rem. 3.9], it holds for all
OSsl <52SSthat

f(sy) = (s1) + Varg(2;[s1, 52]) = £(s2) — £(s1) + Varg(z;[£(s1), £(s2)])

(s2) = £(s1) + Vary(z; [#(s1), £(s2)])

(sp) + Var,(z [0, (s,)]) ( ) + Var,(z; [0, t(sl)]))
= $(£(s)) = 3(£(s1)) = 5 — 51.

Taking into account the monotonicity of #, this yields

IA
Th T

R(2(sy) — 2(s1)) < Varg(2;[s1,52]) < 55— 51,

and thus Z € AC([0,S];R). What is more, arguing as in (3.3.7) (using again The-
orem 4.2.1 for the regularity of D,7), we find that the set G = I is relatively
open. The complementarity condition (3.2.12b) and the improved local regular-
ity 2 € ACj,(G;V) are now a direct consequence of the definition in (3.3.11). We
find the upper estimate for the energy dissipation balance (EDB) as follows: For
the dissipation terms, it holds that (with C,, defined in (3.3.10))

fve[ ds+j||z (5)lhe(£(s), (s))ds

:VarR<z;[o,51>+L||z<s>||ve<f<s>,z<s>>ds

rl
=Varg(@[0,T)+ ) _ | IICu(s)lve(tu Culs)ds
neIN"
= Varg(z;[0,T]) + Z pt [Cr C1(S) dS— J R[C,](s)
neN 0 nelN
r\l
<Varg(z;[0,T])+ Z ¢, [Cnr Crl(s)ds — ZR Cu(1 (0))
neINJO nelN

= Varg(z[0,T)) + Jmp, (5[0, T]) ~ Jmpp(2:[0,T})
= Var,(z;[0, T]).
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Since z complies with (3.3.5), this yields

S
f R[z’]<s>ds+j ()l e(F(s), 2(s))ds
0 G
S .
< T(0(0),20) - Z(L(S), 5(S)) + fo AT (L(8(s), 2()E(0(s)(s)ds.

Just as in step 4 in the proof of Theorem 3.2.6, we use the chain rule F.1 to con-
clude that the opposite estimate holds true as well, and obtain (EDB). [

Remark 3.3.4. Note that the identity (3.3.8) implies that, for a given p-parameter-
ized BV solution (S, t,2), all corresponding BV solutions z: [0, T] — Z have jumps at
exactly the same points t € {(G), and only their value at the time of the jump can be
chosen anywhere on the curve s — (£(s), 2(s)) for s € [§(t_), 3(t,)], where § is an inverse
of f as described at the very beginning of the previous proof.

In conclusion, the previous discussion shows that p-parameterized BV solu-
tions are indeed parameterized versions of BV solutions, yet with higher regu-
larity with respect to the arclength parameter s and supplying a more detailed
characterization of the behaviour at the jump points.



Chapter 4

A priori estimates for
p-parameterized BV solutions and
compactness of the solution set

4.1 A priori estimates

Let us first collect the following classical a priori estimates for normalized p-pa-
rameterized BV solutions, which are derived from the energy-dissipation iden-
tity (EDB) and the coercivity of Z:

Lemma 4.1.1. For all zg € Z,£ € WH(0,T;V*) and all normalized p-parameterized
BV solutions (S, t,z) € L(zy,{), it holds with A, ¢ from (2.4.12) for all s € [0,S]:

fR 1) + 2y e(t(s), 2() dr

IA

(1(5(0),20) + §||€||§1<0,T;w>(1 ; Ac))(l ; %exp(%)) (4.1.1)

Proof. The estimate for the energies is a consequence of the Gronwall inequality
applied to the energy-dissipation identity (EDB). Indeed, the power integral in
(EDB) can be estimated as follows (using (2.4.12)):

J deL(L( z(r))e(t(r))f(r)dr < = j |0 Z (€( ||Z fdr+ = J 14(t) ||V tdr

_fo @), 2+ OB idr+ Sl g 7my
and thus
Z(L(t(s)), 2(s))

< TN 20+ 5 [ BN fndr+ [ T, adrs S0 e

= Z(0(6(0))20) + 10 oy + %fo IO d+ | T )

=:a(s)<a(S)<T(£(0),20)+ 1€l (14+1¢) B(r)

HL(0,T;V%)

87
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which leads to the estimate
T((t(s)), 2(s)) < a(s exp(f B(r) dr) < a(S)exp(AT) (4.1.2)

Plugging this estimate into the energy dissipation balance (EDB) again yields

S

(¢ J R[Z'](r) + |12(r)|lye(t(s), z(s))dr
A

SI(f(t(O)),ZoHJ0 5 (Z(E(t), z) +clie(t I )Edr+ 5 |

< Z(EE0) 20+ S0+ |, %(a(S)exp(%)) el ) dr

(s)+ ATTa(S)exp(/\zT)

a\s
( |€||Hl OTV)(1+/\C))(1+%exp(%)).

|€||H1 0,T;V* )

IA

Corollary 4.1.2. For every L > 0, there exists a constant Cp > 0 such that for all
20 € Z, € € WH(0, T; V*) with |lzollz + g1 (0,7,+) < L and all normalized p-para-
meterized BV solutions (S, t,z) € L(zy,{) it holds

S+ lzllze(0,5,2) + Z(€(£(S)), 2(S)) < Cp

Proof. Let us first note that (4.1.1) from the preceding Lemma implies the exis-
tence of an upper bound R for the energies. Now, the coercivity estimate (D.6)
in the first step of the proof of Proposition 3.1.3 yields the desired bound for
||zllz(0,s;2)- Finally, integrating the normalization condition (N) for (S,t,2) with
respect to s yields

S
S:L i(s) + RIZ1(r) + 2y E(s), ds—T+f RIZ'](r) + [(D)lve(t(s), 2(s)) ds,

where the right hand side of the above equation is uniformly bounded according
to (4.1.1). [

4.2 Uniform estimates for the driving forces

Since the aim of the next Section 4.3 is to show compactness of the set of p-
parameterized BV solutions, we will ultimately choose a sequence of p-parame-
terized BV solutions and show that it contains subsequence that converges to a
p-parameterized BV solution, see Theorem 4.3.1. In order to pass to the limit
in the energy dissipation balance, we require estimates on the driving forces
D,Z(¢(£(-)),2(-)) that are uniform for all p-parameterized BV solutions (§,f,2).
From the complementarity condition (3.2.12b), we already know that we have
¢(#(s),2(s)) = 0 on [0,S]\ G, meaning that D,Z(£(£(s)),2(s)) € dR(0) for almost all
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s €[0,S]\ G. Since R(0) is a bounded set in V*, this implies a uniform estimate
in L*([0,S]\ G;V*). What is more, the inclusion D,Z(¢(f(-)),2()) € Li>.(G, V") is
always satisfied by definition, but no a priori estimate is obvious here. In this
section, we want to show that D,Z(¢(f(-)),2(-)) € L*(0,S;V"*) together with uni-
form estimates on sets

M, :=

0 :=1(S,£,2);(S,1,2) € L(20,€) for (2o, ) satisfying (2.4.6)

and [lzollz + 1€llw1e=(0,77) < p)-

To this end, we start with the inclusion (3.3.1) and choose a reparameterization
in such a way that the transformed function Z satisfies

0€dR,(Z(r))+DJZ (r))-C, r>0
for a constant load ¢, € V*, where J : Z — R is defined by
J(z):= %(Az,z>+]—"(z) =7(¢,2z)+¢, (4.2.1)

see (3.1.30). We already derived the essential estimates on this system in Corol-
lary 3.1.4 and it now remains to transfer them to the original one.

Theorem 4.2.1 (Bound for the driving forces).

There exists a function m : Z x W1*(0,T;V*) — [0,c0) mapping bounded sets to
bounded sets such that for all zy € Z, £ € W>(0, T; V") satisfying (2.4.6) and all
(S,1,2) € L(zy,€) we have

( (£(-)),2()) € L*(0, S;V7),
(A( )) € Cweak([o S] Vv )

with J from (4.2.1). Furthermore, for all measurable choices y :[0,S] — V* such that
U(s) € dR,(2(s)) almost everwhere, and for the measurable function A : (0,S) — [0, c0)
from Lemma 3.3.1, it holds

”Dzz(g(f('))’2('))“@0(0,5;1/*) + ||/\'u||L°°(G;V*) < m(z,{).

Remark 4.2.2. As a byproduct, in the proof of Theorem 4.2.1 we show that the
function A from (3.3.1) is positive almost everywhere on G, and that the function
s = 1/A(s) belongs to LIIOC(G) but that it is not integrable on any connected compo-
nent of G.

Proof. As already stated at the beginning of this section, outside of the set G,
we have D,Z(£(£(-)),2(-)) € L*((0,S)\G; V"), together with the a priori estimate
DT, ZCD]| oy .59, 6y < diamy(IR(0)), and it remains to study the be-
havior on the set G. For that purpose we start from the differential inclusion
(3.3.1). We recall that by the definition of parameterized solutions, the set G is
a relatively open subset of [0,S]. Let (4,b) C G be a maximal connected com-
ponent of G. By Lemma 3.3.1, f is constant on (a,b). Hence, £ o f is constant
on (a,b) as well and we denote its value with ¢,. Now, for each compact subset
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K C (a,b) we have 2 € WV(K;V) and D,Z(£(£(+)),2(-)) € L®(K; V"), which implies
that D,Z(€(£(-)),2(-)) € Cyeak(K;V*). Here, we used the fact that the continuous
representative of 2 takes values in the space Z according to Lemma C.14. Thus,
by lower semicontinuity, there exists cx > 0 such that

disty-(=D,Z(€(£(s)), 2(s)), IR(0)) > cx > O for all s € K.

The normalization condition (N) from Def. 3.2.5 now implies that ||2(s)]|,, < cI_<1
almost everywhere on K and hence A(s) > cZ > 0 almost everywhere on K, where
we used the representation of A from Lemma 3.3.1. This observation was already
made in [MRS16].

The next aim is to perform a change of variables s — r and (a,b) — (0, A) such
that (3.3.1) rewritten in the new variable is of the form (3.1.30).

Assume first that there is s, € (a,b) such that 1/1 ¢ L'((a,s,)). The above
considerations imply that for every ¢ > 0 there exists a constant ¢, > 0 such
that 171 |(a+€ 5) < ¢,. Hence, since A7! is not integrable on (a,s,), A~! is un-

bounded in a neighborhood of a. To be more precise, for every n € IN the set
Y,:={s€(aa+ %); 1/A(s) > n} has positive Lebesgue measure. From the normal-

ization property and the structure of A we therefore deduce that

for all n € N and almost all s€ ¥,;: disty«(=D,Z(€(£(s)),2(s)), dR(0)) < \/Lﬁ
For n € N, let now s, € ¥, be points with A(s,)”! > n and such that it holds
that disty- (=D, Z(€(£(s)), 2(s)), dR(0)) < % Clearly, lim,, s, = a and without loss of
generality we may assume that the sequence (s,), is decreasing. We next study
the system (3.3.1) on the intervalls (s,,,b). For s € (s,,b), let A,(s) := Li ﬁda.
The above considerations show that A, is well defined on (s,,b). Moreover, A,
is strictly increasing and the inverse function A;! : [0, A, (b)) — [s,, b) exists. We
remark that A, (b) = oo is not excluded. For r € [0,A,()), let Z,,(r) := 2(A,,}(r)).
Observe that z, € W'1(0,A,(b—6);V) for every 6 > 0 according to [Sie20, Lemma
A.2.7.], and that the function Z,, solves the Cauchy problem

0 € IR(Z, (1)) + IR,(Z,,(s)) + DI (Z,(r)) = £,, 7€ (0,A(D)), (4.2.2)

Z2,(0) = 2(sy). (4.2.3)
Hence, Corollary 3.1.4 is applicable and implies in particular that it holds that
DJ(z,(:)) € L*(0,A,(b); V") and that Z,, is the unique solution of (4.2.2) - (4.2.3).

We now apply the third part of Corollary 3.1.4 for I = R,, and obtain the
estimate

||Dt7(?n('))”L°°(0,oo;V*) < mZ(ﬁ(sn)l &)( diStV*(_Dzz(g(tA(Sn)):2<Sn))l aR(O)) + 1y (ﬁ(sn): f*)),

where my,m, : ZxV* — [0, 00) are functions that map bounded sets on bounded
sets and that do not depend on n. This immediately translates into the inclusion
DJ(2(:)) € L*(s,,, b; V*) along with the estimate
IDT Dz, ey < m2(2(s), ) disty (~D2I(E(E(s,)), 2(si)), IR(0)) + 11 (2(s), €.))
(4.2.4)

< (20, )( 3y + 1 (20,0)),
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where 71,711, : Zx WY(0, T;V*) — [0,00) are functions that map bounded sets
on bounded sets and depend on Z,R and embedding constants, only. The pre-
vious estimate is of the structure a,, < ,, with an increasing sequence («,,), and
a decreasing sequence (f3,),. Hence, for s, ~\, 0 we obtain D7 (2(-)) € L*(a, b; V")
along with a bound that ultimately depends on ||zo||z and [[{[ly 1o, ;1) Only.
Assume next that -1 e Ll(a, .) for every s, < b. In this case, we use the trans-
formation A(s f /\1 do, and the transformed function Z satisfies (3.1.30) on

(0, A(b)) with the 1n1t1al condition z{0) = Z(a). But again, since G is open, a does
not belong to G and hence, -D,Z(¢(f(a)),2(a)) € dR(0). Arguing with Remark
3.1.5 as above, this leads to a contradiction to the normalization condition. As a
consequence, A~! is not bounded close to a. The same arguments yield a contra-
diction for the case that 0 ¢ G and A~! € L1(0,s,), since 0 G is equivalent to the
inclusion —D,Z(€(0),2(0)) € dR(0).

If 0 ¢ G, then the proof of Theorem 4.2.1 is finished. Otherwise let [0,b) be a
maximal connected component of G. But now we can argue exactly in the same
way as before with 0 instead of s, in (4.2.4). [

4.3 Compactness of solution sets

The aim of this section is to derive compactness properties of the sets

M, =

0 {(S,£,2); (S,£,2) € L(zg,€) for (zg,¢) with (2.4.6)

and [|zol|z + l€llw1.e00,7;0) < P }- (4.3.1)

for arbitrary p > 0. These properties will be based on the uniform estimates
derived in the previous two sections.

Theorem 4.3.1 (Properties of the solution set). Let p > 0 and zy, € Z. Then the set
M,, is compact in the following sense: For every sequence (S tr2n)neN S M, with
(Sy, £y 2) € L(20,€,,) and such that (z,¢,) satisfy (2.4.6), there exist a subsequence
(denoted by the same symbols for szmplzczty) and limit elements € € W1’°°(O,T;V*)
and (S,1,2) € L(z, ) such that (zy,€) comply with (2.4.6) and

S,—>SinR, f,—*fin W'(0,S), #S)=T, €,—€in W-®(0,T;V"),

(4.3.2)
2, —%in L*(0,S;2Z) and 2, — 2 uniformly in C([0,S],V), (4.3.3)
2,(Sy) = 2(S) strongly in V), (4.3.4)
DJ(2,) — DJ(2) in L(0,S; V"), (4.3.5)
and for every s € [0, S], it holds that
fa(s) = £(s), 2,(s)—=2(s)in Z, DJ(2,(s)) = DJ(4(s)) in V7, (4.3.6)
2,(s) = 2(s) stronglyin Z, J(Z,(s ))) J(2(s)) in R. (4.3.7)

Furthermore, the map s — DJ(2(s)) is continuous w.r.t. the weak topology on V*.
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Proof. Step 1: Extraction of convergent subsequences Let (S, f,,,2,,)nen € M, be
a sequence as in the theorem and for n € IN let G,, C [0, S] be the corresponding
open sets according to Definition 3.2.5. Thanks to Corollary 4.1.2, we infer the
first of (4.3.2). If S > S,,, we extend all functions 2, and £, constantly to [0, S]
by their value at S,, and thus obtain the first of (4.3.3). Due to (3.2.12a) and the
normalization condition (N), the second of (4.3.2) ensues, and since W*(0,S)
is compactly embedded into C([0, S]), also the third of (4.3.2) as well as the first
of (4.3.6). Combining the a priori estimate for [|Z,|;~(9,s,z) from Cor. 4.1.2 and
the normalization condition (N), we conclude uniform convergence of %, to 2
in ¥V and pointwise weak convergence in Z along a subsequence by means of
Proposition C.13. The same proposition also yields that Z € AC*([0,S];X’). We
also obtain (4.3.4) with the following estimate:

121 (Sn) = 2(S)lly < [124(S) = 2u(S)lly +1124(S) = 2(S)lly = O,

where for the convergence of the first term, we exploit the equicontinuity of the
sequence (£,), (cf. the proof of Proposition C.13) and the second summand tends
to zero due to the uniform convergence (4.3.3).

In order to show (4.3.5), we first note that thanks to the a priori estimate in

Theorem 4.2.1, there are an element & € V* such that D7 (2,) = & in L*=(0,S; V")
as well as pointwise limits such that D7 (Z2,,(s))—pu(s) in V* for all s € [0, S] along a
subsubsequence. Now, since we also have Z,(s) — 2(s) in Z, and DF is supposed
to be weakly continuous (cf. (2.4.4a)), we also know that D7 (2,,(s))=DJ (2(s)) in
Z*, whereby (4.3.5) and the third of (4.3.6) ensue along a subsequence. A stan-
dard argument by contradiction shows convergence along the entire sequence.
By the same arguments, we obtain the weak continuity of s — DJ(2(s)).

It remains to show that (S,f,2) € L(zy,f). As a first step, we show that the
complementarity identity (3.2.12b) is valid.

Step 2: Complementarity condition To this end, we want to apply Lemma

B.2 and first note that fn S fin L*(0,S) implies weak convergence also in L!(0, S).
Furthermore, we have ¢,,(f,,(s)) — €((s)) in V* for all s € [0, S] according to Lemma
E.1. Together with the weak convergence of D,Z(¢(f(s),2,(s)) according to (4.3.6)
and the weak lower semicontinuity of disty-(-, dR(0)), this implies

e((s), 2(s)) < liminfe(fy(s),2,(s)) for all s € [0, 5], (4.3.8)

This allows us to conclude by means of Lemma B.2 that we have
S S
0< J t'(s)e(£(s), 2(s))ds < liminff £ (s)e(t,(s),2,(s))ds = 0,
0 n—-o00 0

and since the integrand is nonnegative, (3.2.12b) ensues.

Step 3: Energy dissipation balance - upper bound Next, we want to show
that (EDB) is valid with < instead of =. For every n € N and s € [0,S], it holds
with the abbreviations

E.(s,v) : = T(L,(F,(5)),v) = T(v) = (€,,(s),v), where £, := €, 0 f,, and
f —{{(s),v), where { := o f
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that (note that m(¢,(r), z) = ¢(f,(r), z))

(5, 2,(s J R[Z, dr+J‘OS]HGH||£n(r)||Vm(én(r),2n(r))dr (4.3.9)

= £,(0,29) - O (y(r), 2,(r))dr.

Now, the second of (4.3.6) together with the lower semicontinuity of v — J(v)
w.r.t. the weak topology on Z, as well as Lemma E.1 imply for all s € [0, S] that

hml%\lnfé" (5,2,(s)) = &(s,4(s)) and lim &,(0,z0) = £(0,zp). (4.3.10)
ne n—o00

For the first dissipation integral, it follows by means of Helly’s selection princi-
ple, [MMO5, Theorem 3.2], for all s € [0, S] that

limianSR[ﬁg](r)dr > JSR[Q'](r)dr. (4.3.11)
0 0

n—o0

According to Lemma E.1 in combination with the second of (4.3.3), the load term
fulfills the convergence

j((& &(r)dr = lim (5()An(r))dr, (4.3.12)

and it remains to study the second dissipation term. First, we show that the set
G :={s€[0,5]: m({(s),2(s)) > 0} is a relatively open subset of [0,S]. To this end,
let (sx)renw € [0,S]\ G be a sequence converging to an element s € [0,S]. By the
weak continuity of s — DJ(%(s)), we obtain

0 =liminfm(l(s,), 2(s,)) > m(£(s), 2(s)) = 0, (4.3.13)
so that s € [0,S]\ G and G is indeed relatively open. Next, we are going to show
the improved regularity of Zon G. Let K C G be compact. By the same arguments
as above, we conclude that ¢ := liminf,cx m({(s), 2(s)) > 0. Thus, for every s € K,
there exists Ny € IN such that for all n > Ny we have m(¢,(f,(s)),2,(s)) > §, and
a proof by contradiction shows that N can be chosen independently of s € K .

Therefore, the normalization condition (N) implies that SUP,5 N, 127 Lo (k30 < C,

whence it follows in combination with (4.3.3) that 2, — 2 € W'(K;V). Now, by
means of Proposition B.3 and having in mind (4.3.13), we may conclude that

hglgiorolffK 1 (r)llym(£y(r), 2,(r) dr > L||£<r>||vm<é<r>,2<r>>dr, (4.3.14)

What is more, from (4.3.13), we infer that for every s € G, there exists N € N such
that for all n > N, it holds that s € G,,, so that the characteristic functions x¢, g
converge pointwisely to x¢ on [0, S]. Since for every n € N, the function x¢ ¢ is
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dominated by the integrable function xg, we in fact have strong convergence in
L'(0,S). We now consider for every s € [0, 5]

n,?liogf(f[mmm||z*n<r>||vm<én<r>,2n<r>>dr—f[o’sm||z*<r>||vm<é<r>,2<r>>dr)

n—00

=hminff[0 Ko 12,(r)lym(C,(r), 2,(r)) = x G - N12(r)lym(&(r), 2(r)) dr

=liminf [.f[o | 12,()lym(€,(r), 24(r)) - (chnc - XG)dr (4.3.15)

n—o00

Now, for the first integral, we use the strong convergence x¢ ng — X¢ in LY(0,9),

together with the uniform boundedness of (||2,|l,m(¢,,2,))nen in L(0,S) accord-
ing to the normalization condition (N) from Def. 3.2.5, to infer that

tim | W r)vm@r) 24(r) - (6,06~ 26 )dr = . (43.16)

n—-o00 [0,5]

If we are able to show that

=:gn(r) =:g(r)
then (4.3.15) implies

n—0o0 n—-o0

hminff () ym(@n(r), 2,(r) dr > hminfj (P )lym(@,(r), 20(r) dr
[0,s]NnG,, [0,s]N(G,,NG)

> J I12(r)lym(£(r), 2(r))dr, (4.3.18)
[0,sING

where the left-hand side of (4.3.18) is finite according to (4.1.1).
For the proof of (4.3.17), let (K;);en be an exhaustion of G by compact sets.
Then we find for every j € IN that

n—-00 n—00

lirninff xXc(g,—g)dr Zliminfj ()(G - )(K,)gn dr
[0,5] [0,5] ’

n—-o0 n—-o00

+liminfj XK.(gn—g)dr+limian ()(G—)(K_)gdr.
s [0.5] J

Now, the second summand is non-negative according to (4.3.14), whereas for
the first and the last summand, we can again argue just as in (4.3.16) in order to
find for arbitrary ¢ > 0 an index J € IN that is big enough, so that

liminfj lxG = xx,|-1galdr < limian- lxc —xxldr < 9, and
[0,5] n—e - Jio,s] 2

n—-o0

liminfj |)(G—)(K]|-|g|drgliminfj |)(G—)(K]|dr<é.
[0.5] e Jlos)

n—c0 2
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Thus, we find for every 6 > 0 that liminf, I[O,S]XG (gn —g)dr > =6, which is
(4.3.17)

We are now in the position to pass to the limit inferior in (4.3.9), and using
(4.3.10) - (4.3.12), as well as (4.3.18), we find that (EDB) is valid with < instead
of =. Similarly, we pass to the limit inferior in the normalization condition and
find that 2 satisfies (N) with > instead of =, which reads

1=liminff7e )(r dr+f[0]cnzn< Alym(E, (), 2,(r)dr)

n—o0

J R[Z'] dr+j0 ]mG||7f(r)||Vm(€(r),2(r))dr (4.3.19)

Step 4: Energy dissipation balance - lower bound In order to show the op-
posite estimates, we follow the ideas from [KZ21].

We first show that s — J(2(s)) is continuous on [0,S] and hence uniformly
continuous. From 2 € C([0,S];V)NL*>(0, S; Z) we obtain Z € Cy,e,k([0,S]; Z). Hence,
thanks to the assumptions (2.4.4a), F(2(-)) is continuous on [0,S] and DF(%(-))
belongs to Cyeak([0,S];V*). Since the same is true for D7 (2(-)), we conclude that
AZ2(-) is continuous with respect to the weak topology in V*, as well. But this en-
sures the continuity of the term s — (AZ2(s), 2(s))y- ) and ultimately the continuity
of T(2(") A A

For s € [0,S], let u(s) € dR(0) such that || -D,&E(s, 2(s)) — p(s)|ly+ = m(€(s), 2(s)).
An application of (2.4.13) yields for every s €[0,S)and 0 <h < S -5

T (2(s + 1)) = T (2(5)) 2(DE(s,2(5)), An2(s)) + (L(s), An2(s)) = AR(Ay ()l ARZ(s) lly
=(DE(5,2(5)) + (), An2(s)) + (L (s), An2(s)) = (puls), Ay2(s))
— AR(ARZ(s)IARZ ()l

where we abbreviate Ay Z(s) := 2(s + h) — 2(s). Now, thanks to the choice of u(s), we
can estimate the first term on the right hand side by

~(D2£(s,2(5)) + p(s), An2(s)) < ID=E(s, 2(5)) + u(s) - 1A (s) by
= m(l(s), 2(s)IIARZ(s)l,

and the third term by (u(s), Ay2(s)) < R(A,2(s)). Therefore, rearrangement of the
terms leads to the estimate

T (2(s +h) = T (2(5)) + m(L(s), 2(s)1ARZ(S)ly + (1 + MIARZ(5)lly)R(ARZ(s))
> (€(s), Apz(s)),

which we divide by h > 0 and integrate with respect to s to obtain for every
0< 01 <03 < S—h

J-Gz (7 (&(s + b)) = T (2(s ds+J‘ m(&(s), 2(s))1: Ap2(s)lly ds

o1

==

+f (14 AR (L Ay2(s) ds

\%

Fz<é(s), LAL2(s)) ds. (4.3.20)
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Now, since s — J(2(s)) is uniformly continuous (as shown above), the first inte-
gral converges to J(2(0;))—J(2(01)) with h — 0. For the second integral, we have
to distinguish the cases s € [0,S]\ G, where we have m(£(s),2(s)) = 0, and s € G,
where we can argue as follows: Since 2 € W (G V), we find by the Dominated
Convergence Theorem for every K € G

lim m(@(s), 251 Ap(s >||Vds:f m(@(s), %)IIZ (5)lly ds.

h—0 (Gl,Oz)ﬂK (Ol,Gz)ﬂK

Furthermore, since we have Z € C([0,S];V), it follows that A,2(s) — 0 strongly in
V and uniformly in s, and since Z € AC*([0,S]; X'), we infer by means of the re-
sults in Appendix C that R(%Ahﬁ(s)) — R[Z’](s) for almost every s € [0,S]. Keep-
ing in mind that R[2’](0) < 1 for almost all o € [0,S] due to the normalization
inequality (4.3.19), as well as the fact that R[z’] is an admissible integrand in
(C.4), we obtain the estimate

R(FAn2(s)) = %R( (s+h)— f R[Z'](0)do < 1.

Allin all, we find a constant C > 0 independent of h such that it holds for almost
every s € [0,S]

(1+ AlARZ(S)IVR(5A4E(S)) < 1+ Cli2lo(o,50)

so that the Dominated Convergence Theorem implies that
() 02
tim | (4 2O RGN s = | RIZs)ds
- o1 01
Finally, for the term on the right hand side of (4.3.20), we find
(o) R
[t pmnas
01

oy+h . A X )
:%(J (U(s—h) = L(s),2(5)) + (€(5), 2(5)) = (£(s — h), &(s — ) dis)

01+I’l
02+h é é b 1 O'2+h . 1 O’1+I’l .
- [ s [ aas— g [l ens
o1+h 07 o1

h 1 02+h . 1 O'1+h R
J (—= fst Z(s+h))yds+ — p J (€(s),2(s))yds — 7 J (€(s),2(s))ds.
07 o1
(4.3.21)
In order to show convergence, we apply (2) in Lemma E.2 to v = ¢ and (3) in

the same Lemma to v = Z and obtain for the first term on the right hand side of
(4.3.21) the convergence

limf (leth)-tts) s+h)>ds—hmf (Lyl(s), S2(s )>ds—f (0'(s),5(s))ds,

h—0 o1
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while the second and third term converge to (2(02) 2(0,)) and (5(01) 2(01)), re-
spectively, for almost all o1, 0,. What is more, since both £ € W»*(0,5;V*) and
2 € C([0,5],V) are continuous, the product s > (£(s),2(s)) is uniformly contin-
uous on [0,S], and we have convergence for all 01,0, € [0,S]. Alltogether, we
can now pass to the limit in (4.3.20) and obtain the opposite estimate in (EDB),
which is therefore valid as an identity.

Step 5: Improved convergences We can now procede to show that the esti-
mates (4.3.11) and (4.3.14) can be improved to equalities by standard arguments.
We first employ Lemma E.1 and write the energy dissipation balance in the fol-
lowing way,

tim [ "Rz ds+f m(An<s>,2n<s>>||z,;<s>||vds+én<a,zn<o->>)

J (0(s),4(s))ds

j R[2'](s)ds + f m(f(s), 2(s))12'(s)|ly ds + (0, 2(0))
(0,0)NG

where we also made use of the strong convergence of Z,, to Z according to (4.3.3).
We may now conclude that in fact

nh_)rgo R s)ds = J R[Z']
and
lim m(0,(s), 2,(s))lI2(s )”Vdszf m(£(s),2(s))lI2’(s)lly ds
(0,0)NG, (0,0)NG

are valid for all o € [0,S]. Now, writing

i R[M(s)ds+f(O’G)OGmwn(s),2n<s>>||7:n<s>||vds=JO (1-#1()) ds,

the above convergences yield the normalization condition (N).
Finally, we exploit the uniform subdifferentiability (2.4.13) and the fact that
all DJ(z,)) map into the space V* to deduce for every s € [0, S] the estimate

T (2(5)) = T (24(5)) + I12(5) = 24 ()5 + (DT (2(5)), 2(5) = £ ()}

Now, the last term on the right hand side converges to zero as the pairing of a
weakly and a strongly convergent sequence, cf. (4.3.3) and (4.3.6), respectively.
Since J is weakly lower semicontinuous w.r.t. the norm on Z, we find for every
s €[0,S] that

T (2(s)) = Himinf( T (2,(s)) + §112(s) = 2u()1% + (DT (2(5)), 2(5) = 24(5)) )

n—oo

> liminf( 7 (24(s))) 2 J(4(s)), (4.3.22)

n—o0o

so that all the inequalities in (4.3.22) must have been equalities , and thus (4.3.7).
|
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Compactness of the solution set for the viscously regularized system

Showing the corresponding result for the viscously regularized systems (3.1.1)
is much more straight-forward, since we have already established the crucial a
priori estimate for the driving forces —-D,Z({,z,) in (3.1.7h). We can therefore
show that, for fixed ¢ > 0, and arbitrary p > 0, the set
M, :={z¢€ HY0,T; 2); z, € LE(20,¢) for (zo,£) with (2.4.6)
and [lzollz + 1€llw 1.0, < P (4.3.23)

is sequentially compact.

Proposition 4.3.2 (Properties of the solution set for the viscous problems).

Let >0 be fixed. Let p >0 and zg € Z. Then the set M is compact in the following
sense: For every sequence (z,),eN © Mg with z, € L%(zy,{,) and such that (zy,¢,)
satisfy (2.4.6), there exists a subsequence (denoted by the same symbols for simplicity)
and limit elements £ € WV>(0,T;V*) and z € H'(0, T; Z) such that z € L(zy,€) and
(z0,€) comply with (2.4.6) and

0,— Cin WY®(0,T; V"), z,—zin H(0,T;2)

(4.3.24)

zy, = zin L®(0,T; Z) and z, — z uniformly in C([0,T],V),
(4.3.25)

DJ(z,) = DJ(z) in L°(0,T;V*), D,Z({,,z,) — D,Z(¢,z) in L(0,T; V")
(4.3.26)

and for every t € [0, T], it holds that

z,(t)—=z(t)in Z, DJ(z,(t)) = DJ(z(t)) in V7, (4.3.27)
z,(t) = z(t) strongly in Z, J(z,(t)) = J(z(t)) in R. (4.3.28)

Furthermore, the map t — DJ (z(t)) is continuous w.r.t. the weak topology on V".

Proof. Step 1: Extraction of convergent subsequences Let (z,),cn C Mg be a
sequence such that z, € £%(z(,¢,,) and (zy,¢,,) comply with (2.4.6). Since the se-
quence (£,,),en € WE*(0, T;V*) is bounded by definition of M¢, we also find that

the sequence (z,,),en C H'(0,T; Z) is bounded according to (3.1.7e), and we infer
the existence of € € W1'°°(0, T;V*)and z € Hl(O, T; Z) such that (4.3.24) is valid
along a subsequence.

The first convergence in (4.3.25) follows from the uniform L*>(0, T; Z)- esti-
mate (3.1.7b), and we also may infer the first of (4.3.27). Since ¢ > 0 is fixed,
we also find that the sequence (z,),cn is bounded in W1*(0, T;V) and therefore
equicontinuous w.r.t. the norm on V. Thus, by application of the Arzeld-Ascoli-
Theorem [Die69, Thm. 7.5.7], we also infer the second of (4.3.25).

What is more, we use the estimate (3.1.7h) in order to obtain

SUHI\DI ID.Z(€,, 2l (0,T;1+) < diamy-(dR(0)) + m(Z(£(0), 29), Vary-(€,[0, T]))
ne
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for a function (-, -) : [0, 00)%x[0, 00) — [0, 00) that maps bounded sets into bounded
sets, which is why we find an element & € L*(0, T; V") such that D,Z(¢,, zn)—*\ 3
in L*(0,T;V*). Taking into account the first of (4.3.24), this implies the weak
convergence Dj(zn)i\ &+, in L*(0,T;V"). By exactly the same arguments as
in the first step of the proof of Theorem 4.3.1, we find (4.3.26) and the second of
(4.3.27), as well as the continuity of t — DJ(z(t)) w.r.t. the weak topology on V".
Finally, the convergences (4.3.28) follow by the same arguments as in (4.3.22).
Step 2: The limit is a solution of the viscous problem In order to show the
the limiting elements z and ¢ thus obtained indeed fulfill the relation z € £(z,{),
we prove that z complies with the energy dissipation estimate (3.1.4) with lower

semicontinuity arguments. In fact, for every n € IN, the curve z, does fulfill
(3.1.4), which reads for 0 <s<t < T as

t
Z(€n(s),2n(5)) = Z(E(2), 2 (1)) + J (Cu(r), 2, (r))vdr (4.3.29)

> fwzn(r)) + RE(-D,Z(C(r), za(r))dr.
Now, for the left hand side of (4.3.29), it holds that
Z(€(s), zu(s)) = T (2(s)) = {€u(5), 2 (s))y — T (2(s)) = (€(s), z(s))y = L(L(s), 2(s)),

where the first term converges according to (4.3.28), and the second as the prod-
uct of a weakly and a strongly convergent sequence according to (4.3.24) and the
second of (4.3.25). By the same argument, Z(¢,(t), z,(t)) converges to Z(€(t),z(t)).
As for the last term on the left hand side of (4.3.29), we infer from (4.3.24) that

¢, — S {in L*(0,T;V") and from (4.3.25) that z,, — z strongly in L*°(0, T; V), so that

f Colr) 2l >Vde<e ().

We now turn to the right hand side of (4.3.29). Note that both R, : V — [0, )
and R} : V* — [0, 00) are weakly lower semicontinuous w.r.t. the norm on V and
V", respectively (cf. Appendix A for the properties of the convex dual R}). Now,
from the second of (4.3.26), we we infer that

D,Z(€,(t),z,(t)) — D,Z(£(t),z(t)) in V* f.a.a. t €[0,T].
All in all, passing to the limit inferior in (4.3.29), we find

T(e(s),2(5)) - f (), 2(r)ydr

n—o00

= liminf (J Re(2,(r) + Ri(—=D,Z(€,(r), zn(r)))dr)

Jtllm1nf(R (2,(r)) + RE(=DLZ(L,(7), zn(r))))dr

n—-o0

f Re _D,I(E(r), 2(r)))dr,
which is (3.1.4). [
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Chapter 5

Existence of globally optimal
controls

We now turn to the optimal control problem governed by (2.4.9). Our control
variable is € € W1'°°(O, T;V*) and the admissible set M,; consists of all normal-
ized, p-parametrized solutions of the system (2.4.9) with data z; and ¢. To be
more precise, we define

M, ::{(s, £,2,0) e R, x W™(0,5) x AC(0, S; X) x WI(0, T; V)|
(zg,€) comply with (2.4.6), and (S,%,2) € E(ZO,K)}.

Then, the optimal control problem under consideration reads as follows:

min  J(S,2,€) := j(2(S)) + alllllwie0,1;7)
st (S,E30)eM, (OCP)

Herein, a > 0 is a fixed Tikhonov parameter and j : V — R is bounded from
below and continuous, e.g. j(z) := ||z — zqes|ly for a desired end state zg.s € V.
We now have the following existence result:

Theorem 5.0.1 (Main existence result). Let @ > 0 be a fixed Tikhonov parameter,
zg € Z be chosen such that there exists £ € WY*(0, T;V*) such that (zy,{) complies
with (2.4.6) and let j : V — R be bounded from below and continuous. Then, the
optimal control problem (OCP) has a globally optimal solution.

Proof. Since j is prerequisited to be continuous and bounded from below, we find
that I := inf{J(S,2,£)|(S,,2,€) € M,;} > —c0. We choose an infimizing sequence

A

((Snl t ﬁnrgn))nelN C Madl ie.

I=1lim J(S,,2,¢,).

n—o0

Due to the boundedness assumption on j, we find that

R :=sup ||€n||wl>°°(0,T;V*) < 0,
nelN
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and ((S,,, £, 2,))nen C M55+ With M, as in (4.3.1) for p > 0. According to The-
orem 4.3.1, this is a sequentially compact set. Thus, there exist limit elements
l, € W1'°°(0, T;V") and (S., t.,z.) € L(z(,¢.) and a subsequence (not relabelled for
simplicity) such that (z(,¢,) comply with (2.4.6) and we have in particular the
convergences (cf. (4.3.4))

€, €, in W (0, T;V*) and 2,,(S,) — z.(S,) in V.

Therefore, (S.,t.,z.,{.) € M,,, and since j is assumed to be continuous, we infer
that

1< (8020 C) <tmin(j(2a(S) + allllwo i) = Tim TSz 0) =1,

n—00
so that (S,, t,,z,,¢,) is indeed a minimizer of ] on the admissible set M. [ ]

Remark 5.0.2. For given data (z(,{) complying with (2.4.6) and a p-parameterized
BV solution (S, f,2) € L(zy,€), it cannot be guaranteed that the driving forces at the
end time S are contained in the admissible set, i.e., that it holds that

-D,Z(£(£(S)),2(S)) € IR(0). (5.0.1)
In fact, according to Remark 3.3.4, for s € [0, S], it holds that
-D,Z((#(s)),2(s)) € IR(0) < #(s) € [0, T]\ ],

where z : [0, T] — Z is any BV solution of (2.4.9) chosen such that for all t € [0, T],
it holds that z(t) € {2(s)|f(s) = t}. Hence, if z has a jump in T = £(S), the inclusion
(5.0.1) is not satisfied. Let us note that in order to make sense of these pointwise
evaluations of =D, Z in 2, we have to use the fact that the V-continuous representative
of Z takes values in the space Z according to Lemma C.14. If one is interested only in
those p-parameterized BV solutions that comply with (5.0.1), this can be achieved by
adding this requirement to the admissible set, i.e., instead of (OCP), one considers

min  J(S,2,€) = j(2(S)) + alllllwie(o, 1)
st (S,4,%,0)eM,y. ’ (OCPea)

where

M, ;:{(s,f,ﬁ,e) e R, x Wh®(0,8) x AC(0, S; X) x Wh(0, T; V)|
(zo,€) comply with (2.4.6), (S,f,2) € L(zo,), and (5.0.1)}.

This smaller admissible set is now defined in such a way that, among all the possible
controls €, only those that yield a p-parameterized BV solution satisfying (5.0.1), are
considered. Note that M,y is non-empty only if there exists a BV solution of (2.4.9)
that does not possess a jump in T.

The proof of Theorem 5.0.1 can then be adjusted in the following way: We now
choose an infimizing sequence ((S,, t, 21, €n))nen C M,y for the objective functional,
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and it onﬁ) remains to show that its limit (S,, t,,z,,{,) is still contained in the admis-
sible set My, i.e., that

_DZI(g*(t*(S*))I Z*(S*)) = _DZI(&(-(T)I Z*(Sx—)) € aR(O) (502)
To this end, we note that it holds for all n € IN that
_Dzz(gn(tn(sn))lzn(sn)) = _Dj(zn(sn)) +€n(T) € 87%(0), (5-0-3)

and we already have the convergences DJ(z,(S,))) = DJ(z.(S.)) in V* (cf. (4.3.6)),
as well as €,(T) — €.(T) weakly in V* according to Lemma E.1.(iii). Since dR(0) is
closed w.r.t. the weak topology on V* (cf. Appendix A), this implies (5.0.2).

Application to the ferroelectric model

Returning to the rate-independent ferroelectric model that was presented in Sec-
tion 2.4.3, we can now apply Theorem 5.0.1 in order to achieve a prescribed end
time polarization. Remember that the model reads as follows: For a bounded do-
main Q ¢ R? with Lipschitz boundary, d € {2, 3}, we choose the function spaces

U:=HN QR LE(Q,RY), Z:=HYQ,RY), V:=L*(QRY, x:=LY(QR?,

where L}(Q,RY) := {D € L*(Q,RY)|Y¢$ € Hy(Q,R?) : [, D-V¢dx = 0}. The energy
functional £ : (U* x V*) xU x Z — R is then given in dependence of the external
load € = (€4+,4)+) € U* x V", a displacement field u € H&(Q,IRd), the electric dis-
placement D € L%(Q,]Rd) and the sponatenous polarization P € Z, where P plays
the role of zin (2.4.9). The dissipation potential R : X — [0, c0) is defined as

R(v) = yllvllq)

for a constant ¥ > 0. For given end time T > 0 and initial value P, € Z, it is now
the task to find (#,D):[0,T] - U and P: [0, T] — Z such that P(0) = P, and

0=D,E(C(t),u,D,P), 0=DpE(L(t),u,D,P)

. forall t € [0, T]. (5.0.4)
0 € IR(P(t))+ Dp&(L(t),u,D,P)

In order to apply Theorem 5.0.1, we now reduce the problem according to the
procedure described in (2.2.10) - (2.2.12), that is, for fixed ;- € U*, we define the
reduced energy

J :V'x 2 > Rvia J (b, P) := min{E(6y., e, 1, D, P) | (u, D) € U},

Under reasonable assumptions on the energy £ (cf. [Knel9]), we can now apply
the results from Chapters 3 - 5. Thus, if we choose any data (P, {)~) in compli-
ance with (2.4.6), we obtain from Theorem 3.2.6 that the set £L(P,, {)~) of normal-
ized, p-parameterized BV solutions of

0 € DpJ (£y-(t), P(t)) + OR(P(t)) (5.0.5)
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is not empty. What is more, from Theorem 4.3.1, we know that for arbitrary
p >0, the set

M, :={(S,4,8); (S,£, ) € L(Py, by) for (Py,by) with (2.4.6)
and [|Byl|z + 16y-lwreo (0,70 < P}

is sequentially compact, and thus, with Theorem 5.0.1, we infer that for a given
desired end time polarization Py, € Z, the optimal control problem

V) := IP(S) = Paesllz + alléyllwrooqo, 0 }

min 4
gV*) E Mad.

(S,P,
st. (S,1,P,
where

Mg :=((S,£,B,6p) € Ry x WH(0,8) x AC(0, S;X) x WH(0, T; V)|
(Py, £y-) comply with (2.4.6), and (S, 1, P) € L(Py, 6,1)},

admits a globally optimal solution (S., t., P.,¢,) such that (S,, t., P.) € L(Py,%.).

It remains to transfer this result back to the original problem (5.0.4). To this
end, for a fixed ;- € C1([0, T];U*), couple P, with a curve (i, D) : [0, T] — U such
that

(i1, D)(t.(s)) € Argmin{é’((&,@,*)(t*(s)), u, D, P,(s)) | (u,D) e L{}.

It is also possible to first translate the parameterized solution (¢,,P,) : [0,S,] = Z
back into the physical time. This can be done applying Proposition 3.3.3 in order
to obtain a BV solution Pgy : [0, T] — Z by choosing

for every t € [0, T| a value Pgy(t) € {L.(s)|t.(s) = t}.
We then couple Pgy with a curve (1, D) [0, T] — U such that

(L, D)(t) e Argmin{é’((&jw)(t),u,D, Pyy(t))| (1, D) € u}.

Note that the values of (1, 5) and of (u, 5) can be chosen in such a way that it
holds

for every t € [0, T]: (i, D, Pyy)(t) € {('u‘o t.,Dot, P)s)

(s) = t}.

The viscously regularized optimal control problem

It is also possible to show the existence of optimal controls for the viscously
regularized problem, which takes the following form: For fixed ¢ > 0, we define
the admissible set

M, -_{(z,z) e H(0,T; 2)x Wh™(0, T; V)|
(29,€) comply with (2.4.6), and z € L%(z(,{) },
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which contains all solutions of the viscously regularized system (2.4.10) that cor-
respond to compatible data z; and ¢.
In analogy to (OCP), the regularized optimal control problem reads as:

min  J(z,€) := j(z(T)) + alllllwie,;v)
st (z0) €M, ’ (OCP.)

and again, a > 0 is a fixed Tikhonov parameter and j : V — RR is bounded from
below and continuous. (OCP,) has a globally optimal solution:

Proposition 5.0.3. Let @ > 0 be a fixed Tikhonov parameter, zy € Z be chosen such
that there exists £ € W1*(0, T;V*) such that (z,€) complies with (2.4.6) and let the
function j:V — R be bounded from below and continuous. Then, the optimal control
problem (OCP,) has a globally optimal solution.

Proof. The proof is completely analogous to that of Theorem 5.0.1. We choose an
infimizing sequence (z,,¢,),en C M, for J. Setting

0 = llzollz + sup [[€,ll w0, 7517)
nelN

we find that the sequence (z,,,¢,),en is contained in the set MS, which is sequen-
tially compact according to Prop. 4.3.2. Thus, (z,,¢,) converges to a minimizer

(z5,€°) e argmin{J(z,€)|(z,€) € M ;}.
|

As for now, it remains an open question whether minimizers of the viscously
regularized optimal control problems (OCP,) converge to a minimizer of (OCP)
with vanishing viscosity.
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Chapter 6

Conclusion and outlook

In this dissertation, we obtained an existence result for an optimal control system
governed by a rate-independent system and constrained to p-parameterized BV
solutions. To the best of the author’s knowledge, together with [KT18], this is
the first work dealing with this type of problem in a non-convex and infinite-
dimensional setting.

The interplay of a non-convex energy functional and a non-smooth dissipa-
tion potential causes inherent non-smoothness of the rate-independent system
and thus also of the corresponding solutions. In Section 2.2, we saw how differ-
ent notions of solution characterize these temporal discontinuities. In particular,
by means of a viscous regularization and subsequent reparameterization, we ar-
rived at the notion of p-parameterized BV solutions which allows for a precise
description of the behaviour at jump points as a transition between two semi-
stable states along a curve following a viscous regime. We also noted how the
choice of parameterization affects the resulting notion of parameterized BV so-
lution, leading us to choose the p-parameterization.

We then proceeded to analyze the viscously regularized system by means of a
time discretization scheme along the lines of [MRS13]. The main difference con-
sists in a more detailed a priori analysis, yielding the crucial a priori estimate
(3.1.7h) for the driving forces D,Z({,z.). The subsequent vanishing viscosity
analysis then motivated the definition of p-parameterized BV solutions, lead-
ing to the existence result in Theorem 3.2.6. The arguments in this section were
closely related to those in [MRS16], however, the additional assumptions in our
setting allowed for simplifications in the notation as well as in some arguments,
allowing for more straight-forward proofs.

The crucial ingredient for solving the optimal control problem was the se-
quential compactness of the set of p-parameterized BV solutions as it is formu-
lated in Theorem 4.3.1. Here, the key argument relied on an equivalent, differ-
ential characterization of p-parameterized BV solutions. While this characteri-
zation is well-known in the literature, it was used here to obtain the critical a
priori estimate for the driving forces. This was done by means of a time repa-
rameterization on those time intervals where the driving forces are not contained
in the bounded set JR(0) and the external load is constant. The reparameterized
solutions could thus be interpreted as solutions of an autonomous viscously reg-
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ulated rate-independent system on R,, for which we had derived the necassary
estimates in the previous section.

There remains, of course, a number of open questions:

* In this work, we opted to tackle the optimal control problem (OCP) by
showing sequential compactness of the set of p-parameterized BV solu-
tions. The next natural question is whether the minimizers of the viscously
regularized optimal control problems (OCP,) can be used to approximate a
minimizer of (OCP). A crucial step for this would be to investigate whether
a given p-parameterized BV solution of the rate-independent system can be
obtained as the limit of reparameterized solutions of the viscously regular-
ized system. This is often referred to as reverse approximation property
and is still an open question for parameterized BV solutions. The par-
ticular challenge when it comes to rate-independent systems stems from
the fact that the regularized systems allow for unique and smooth solu-
tions, whereas the original (unregularized) system does not. It seems there-
fore unlikely that it is possible to obtain every parameterized BV solution
as a limit of solutions of the regularized systems, and there are, in fact,
examples that demonstrate the contrary, such as Example 2.2.13 in a 1-
dimensional setting. Examples in the context of perfect plasticity can be
found, e.g., in [Suq81] or [MW20, Ex. 3.10]. In the context of optimal con-
trol, however, the control ¢ can be used as an additional variable, and it
seems promising to find a sequence of tuples (z,,¢,) which are feasible for
the regularized system such that the corresponding values of the objective
function converge to the globally optimal value in the unregularized prob-
lem. This approach was followed in [MW20] for perfect elasto-plasticity
and in [KMS21] in an abstract finite-dimensional setting, and it remains
an open question how it can be applied to the present abstract infinite-
dimensional setting.

* For our arguments, the boundedness of the subdifferential dR(0) in V* was
critical on many occasions as a means to derive a priori estimates for the
driving forces D,Z. However, the subdifferential is bounded only if R is,
meaning that the results in this work cannot be applied to study damage.
In a typical model for damage, one could choose the state space Z = H!(Q),
the viscosity space V = L?(QQ), and X = L'(Q) for a domain Q ¢ R3. In
this model, z : [0,T] xQ — [0,1] is the damage variable, attributing for
every time t € [0,T] to every point x € () a value indicating the damage
present at this point. Here, z(t,x) = 1 means no damage, and z(t,x) = 0
means complete damage. In order to prevent healing, one defines a uni-
directional dissipation potential R via

Jo 12t 0)ldx = [|2(t)llx, if 2(t,x) <0 for all x € O,

00, else.

R(2(t)) ::{

Since R is positively 1-homogeneous, this yields a rate-independent sys-
tem, but with unbounded dissipation. Systems of this type have been
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studied, e.g., in the series [KRZ13, KRZ15, KRZ19] and numerically in
[Sie21]. While [KRZ13, KRZ15] give existence results for weak notions
of parameterized solutions, [KRZ19] guarantees existence of a BV solution
in a stronger sense and with higher regularity, though under rather resc-
trictive assumptions on the domain (). It would be interesting to study the
optimal control of such damage models.

Is this work, we consider a semi-linear and state-independent setting. To
be more precise, we assumed in Section 2.4.1 that the state-derivative D,7Z
of the potential energy is semilinear, and that the dissipation potential de-
pends solely on Z and not on the state z. These are of course rather re-
strictive assumptions, allowing for significant simplifications. There ex-
ists some literature discussing more general energy functionals such as
[MRS16], where existence of p-parameterized BV solutions is shown for
an abstract, quite general, infinite-dimensional setting. Here, the energy
is supposed to be lower semi-continuous, Fréchet-subdifferentiable, uni-
formly subdifferentiable in the sense of Lemma 2.4.1, coercive and fulfill-
ing certain estimates for the power d,Z(¢(t),z). However, when it comes to
state-dependent dissipation potentials, the literatur becomes rather scant.
In [MRO7], existence of energetic solutions is shown, whereas [MRS09] in-
troduces the notion of parameterized metric solutions, which is obtained
by a vanishing viscosity approach. The authors of [BFM12] show existence
of BV solutions for a model for non-associative elasto-plasticity. Beyond
these papers, further mathematical research on problems with state-de-
pendent dissipation is needed.
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Appendix A

Elements of convex analysis

We collect here some basic definitions and results from convex analysis that are
fundamental to the energy-dissipation framework. The proofs can be found, e.g.,
in [ET76, Chapter 1.4-1.5]. We begin with the definition of a function’s convex
conjugate.

Let S be a Banach space, S” its dual space, and let (-, )5 denote the duality
pairing between S and S*. Let further F : S — R be a function. For o € S*, we
define

F*3(0) := sup{(o,s)s — F(s)|s € S},
seS
and call the function F*° : S* — R the convex conjugate of F. Independently of
the properties of F, its convex conjugate F*® is convex and lower semicontinuous.
If F: S — [0,00] itself is a convex and lower semicontinuous function, we can
identify F* := (F*)" = F.
We define the subdifferential of F at a point s € S by

dsF(s):={o € S*|VteS: (o,t—s)s <F(t)-F(s)}.

The subdifferential is always a closed, convex subset of S*. If F is convex, and
finite and continuous at a point sy € S, then dsF(s) # 0 for all s € (Dom F)°, where
(Dom F)° denotes the interior of the domain of F. Consequently, dsF(s) is closed
w.r.t. the weak topology on S*. An element o € dgF(s) is called a subgradient of
F in s. By the very definition of F*°, we have the Fenchel-Young inequality

forallse Sand o €S*: F(s)+F*3(0) > (0, s)s. (A.1)

The opposite inequality holds true if and only if o is a subgradient of F in s. To
be precise, we have the Fenchel equivalences

0€dsF(s) o seF"S(0) o F(s)+F"(0)=(0,s)s. (A.2)

While our energy-dissipation framework takes place in a triple of Banach
spaces Z,V, and & such that Z < V < X/, it is a priori not obvious how the sub-
differential and the convex conjugate of the dissipation potential with respect to
the V-V*-duality relate to those with respect to the Z—Z*-duality. The following
Lemma helps establish that connection.

111



112 Appendix A. Elements of convex analysis

Lemma A.1. Let i : Z — )V denote the embedding from Z into V and i* : V* — Z* its
dual, i.e.
foralloeViandze Z :(i"0,z)z =(0,iz)y.

Let further F :V — [0, 00) be convex and lower semicontinuous. Within this lemma,
whenever no space is indicated in the notation of dF or F*, we consider the subdiffer-
ential or the convex conjugate of F with respect to the Z — Z*-duality.

Further, for a linear and continuous functional B : V* — Z* and a convex and
lower semicontinuous map h:V* — [0,00), we define a map Bh: Z* — [0, 0] by

Bh(n) :=inf{h(o)|o € V", Bo = 1n}.
Here, we set inf() := co. Then the following identities are valid:
(i) Forall ze Z: d(F oi)(z) = i*dyF(iz).
(ii) (Foi) =i*F*V.
In particular, it holds:
forall ze Z:0F(z) = dyF(z) Cc V' C Z*

5V . *

forallneZ":F'(n) = {F ) Zf” v
0o, ifneZ \ V.

Proof. For the proof of (i), we cite [ET76, Chapter I, Prop.5.7], which asserts the
following: Let A: Z — V be a linear and continuous operator for which there
exists zg € Z such that F is continuous in Azy. Then it holds for all elements
z € Z that d(F o A)(z) = A*dy(Az), where the subdifferential on the left hand side
is determined with respect to the Z — Z*-duality.

For the proof of (ii), we follow closely the arguments in the proof of [HULO1,
Thm.2.2.1] and show first that for B and h given as in the lemma, we have
(Bh)*2" = i*Y" o B*. To this end, choose an arbitrary element z € (2*)* = Z and
determine

(Bh)*#(z) = sup{(n,z)z —inf{h(c)|o € V*,Bo = n}|n € Z*}
=sup{(n,z)z —h(o)|n € 2,0 € V*,Bo =}
=sup{(Bo,z)z — h(o)|o € V}
= supl(0, B2}y h(0) |0 € V")
=1V (B*(2)).
Thus, for h = F*Y and B = i*, we obtain that Foi = (i*P*'V)*'Z* and consequently

(Foi)* = ((i*F*V)*?")*. Now, we have for all o € V* that (i*F*")(¢) = F*Y(0) and
for all o € Z*\ V* that (i*F*Y)(0) = o0 and thus (F o i)* = ((i*F*Y)*Z )* = i*F*Y. =
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Lower semicontinuity results

Lemma B.1 (Vitali’s convergence theorem). Let (z,),en € L'(0,S;V) be a sequence
and z: [0, T] -V be measurable such that

(i) z,(s) — z(s) for almost all s € [0,S], strongly in V),
(1) (z,)nenN 1s uniformly integrable, i.e.,
(a) Ye>0dK C[0,S]: s.upnde[O’S]\K Iz, (s)llyds < &, and
(b)) Ye>036>0YAC[0,S]: MA) <6 = sup,ey [, 1Za(s)llyds < e.

Then z, — z strongly in Ll(O,S;V). (Here, A denotes the one-dimensional Lebesgue-
measure.)

Proof. The proof is completely analoguous to the proof of the theorem for scalar-
valued functions, see e.g. [Els05, Satz 5.6]. |

A proof of the following Lemma can be found in [MRS12b, Lemma 4.3]

Lemma B.2. Let I be a bounded real interval, and let h,, h, m,,m: 1 — [0,00) for
n € IN be measurable functions satisfying

h(s) <liminfh,(s) for a.a. se I, m, — me LY(I).

n—-oo

Then
f h(s)m(s)ds <lim inff h,(s)m,(s)ds.
I

—
n—-o0 I

For a proof of the following Proposition we refer to [Knel9, Lemma B.1].

Proposition B.3. Let v,,v € L*(0,S;V) with v, S vin L*®(0,S;V) and let further
5,0 € L1(0,S;[0,00)) with liminf,_,., ,(s) > o(s) for almost all s. Then

S S
fiminf [ ooy, (50ds > | uislyots)ds (B.1)
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Appendix C

Absolutely continuous and
BV-functions

In this section, we collect several concepts in the context of absolute continuity
and the total variation of functions. This is motivated by the fact that in an in-
finite-dimensional setting, we can only expect p-parameterized BV solutions to
be absolutely continuous w.r.t. the norm on X. Since X" is a non-reflexive Ba-
nach space in general, absolute continuity w.r.t. ||-||y is not sufficient to obtain
differentiability. In this appendix, we aim to achieve an understanding of how
the properties of the ambient space influence the differentiability of absolutely
continuous functions. We shall see that it is possible to prove that absolutely
continuous functions with values in non-reflexive Banach spaces fulfill a gener-
alized notion of differentiability, see Def. C.7. This lays the foundation for the
definition of the generalized metric derivative (Prop. C.10), which is crucial
for identifying the limiting energy dissipation balance in the vanishing viscosity
analysis (cf. Section 3.2). We will also obtain an insight into the connections
between absolutely continuous functions and functions of bounded variation.

Absolutely continuous functions

For a real-valued function f : [0, T] — IR, absolute continuity is most frequently
defined as follows: For every ¢ > 0, there exists o > 0 such that for every sequence
of pairwise disjoint intervals (s, t;) C [0, T] with } ; tx —s; < 9 it holds

D If(t)—flsell<e.
k

This notion can easily be generalized for the case that f maps into a metric space,
cf. Definition C.1. For real-valued functions, this criterion is equivalent to f
being almost everywhere differentiable with a summable derivative f such that
the fundamental theorem of calculus is valid, i.e.

forallOStST:f(t):f(0)+ftf(s)ds, (C.1)
0

115
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see, e.g. [Rud99]. The identity (C.1) can be weakened into requiring the purely
metric condition

AmeL}(0,T):Y0O<s<t<T:|f(t)-f(s)| < jtm(r)dr. (C.2)

Our first objective is to show that absolute continuity and the validity of (C.1)
or (C.2) are mutually equivalent in the case that f maps into a reflexive Banach
space, cf. Corollary C.5.

Definition C.1 (Absolutely continuous functions). For a subset K of a Banach
space B and a subinterval [a,b] C [0,T], we say that a curve f : [a,b] — K is ab-
solutely continuous if for every € > 0 there exists 6 > 0 such that for every sequence of
pairwise disjoint intervals (si, ty) C [a, b] with } j ty —sx < O it holds that

Y Il ) = flsills < e.
k

We denote by AC([a, b], K; B) the space of all absolutely continuous curves [a,b] — K
and by AC([a, b]; B) the space of all absolutely continuous curves [a,b] — B.

The following Lemma states that antiderivatives of Bochner integrable func-
tions are examples for absolutely continuous functions.

Lemma C.2. [HvVW16, Lemma 2.5.8 ][EmmO04, Satz 7.1.19] Let B be a Banach space
(not necessarily reflexive) and f € L'(0,T;B). The function g : [0, T] — B defined by

t
gto):= | flods

is absolutely continuous and both the weak derivative dg and the classical derivative
g’ exist, the latter almost everywhere. Further, we have that

dg=¢ =fel'(0,T;B).

In fact, the following proposition asserts that for reflexive Banach spaces,
antiderivatives of Bochner integrable functions are the only examples for abso-
lutely continuous functions. To be more precise, the above definition of absolute
continuity is sufficient to conclude the validity of the fundamental theorem of
calculus, which in turn implies the validity of an estimate like in (C.2).

Proposition C.3. [Emm04, Satz 7.1.20] If B is a reflexive Banach space and the map
f :[0,T] = B is absolutely continuous, then the classical derivative f(t) exists for
almost every t € [0,T] and f is Bochner integrable and for any fixed ty € [0, T], it
holds that

t
fm=ﬂm+ﬁfmm.

Next, we want to show that the analogue to (C.2) in Banach spaces implies
absolute continuity.
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Lemma C.4. Let B be a (not necessarily reflexive) Banach space and f :[0,T] - Ba
curve such that

Ame LY(0,T):VO<s<t<T:|f(t)-f(s)lg < Jtm(r)dr. (C.3)

Then f is absolutely continuous.

Proof. Let f and m be as in (C.3). Set
t
M(t):= J m(r)dr for t € [0, T].
0

Then Lemma C.2 allows us to conclude that the real function M : [0,T] — R is
absolutely continuous. Furthermore, for every 0 <s <t < T it holds

0< Jt m(r)dr = Jt m(r)dr — JS m(r)dr = M(t)— M(s).
s 0 0

For arbitrary ¢ > 0, choose ¢ > 0 such that for every sequence of pairwise disjoint
intervals (s, ;) C [0, T] with ) ; t; —s; < ¢ it holds

) M(t)=M(si) = ) IM(t) = Msp)l <e.
k k

We infer

tk
Y It flslls< Y [ mtdr= Y M) - M(s <.
k k %k k

This implies the following corollaries:

Corollary C.5. Let B be a reflexive Banach space, then for a curve f : [0, T] — B, the
following are equivalent:

(i) f is absolutely continuous.
(ii) Am e LY(0, T): VO <s <t < T : |If (t) = f(s)llp < Ltm(r)dr.

(iii) f is differentiable almost everywhere, its derivativef is Bochner integrable, and
for any fixed ty € [0, T}, it holds that

t
szﬂm+ﬁf@m.

Proof. The implication (i) = (ii) follows easily from Proposition C.3, and the im-
plication (i) = (iii) was asserted just there. (ii) = (i) was the content of Lemma
C.4, and (iii) = (i) that of Lemma C.2. [
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Corollary C.6. Let B be a reflexive Banach space. Then
wb1(0,T;B) = AC([0, T]; B).
If B is not reflexive, the inclusion W1(0, T; B) € AC([0, T); B) still holds true.

Proof. Let f € WUL1(0,T;B),i.e., the weak derivative df exists in LI(O, T;B). There-
fore, Lemma C.2 implies that the antiderivative g : [0, T] — B, which is defined
by g(t) := f(0) + Iot df(s)ds is absolutely continuous and weakly differentiable

with dg = df in L'(0,T;B). Thus, we have that d(g — f) = 0 and we conclude
by means of [HvVW16, Prop. 2.5.3] that f — g is a constant almost everywhere.
Comparison of the values in t = 0 yields that f = g is absolutely continuous.

Now, let B be reflexive and f € AC([0,T];B). Point (iii) in Corollary C.5
tells us that the pointwise derivative f exists almost everywhere and defines
a curve in L!(0,T;B) such that f(t) = f(0) + j()tf(s)ds for almost all ¢t € [0, T].
Now, according to Lemma C.2, f is weakly differentiable with weak derivative
df = f e L1(0,T;B), and the estimate

T
1/ (®)lls < IIf (0] + JO 1f (5)llzds = £ (O)llz + 111 (0,:3)

implies that f € L*(0,T;B) c L'(0, T;B), and thus f € W1(0, T; B). n

In the case that B is not reflexive, absolute continuity does no longer imply

differentiability, i.e., we cannot expect that for any sequence (s,),en C (0, T) con-

(W)HEN C B converges in

B. However, it is possible to show that the sequence (W)%N C R of real

numbers is convergent, yielding the following generalized notion of differentia-
bility.

verging to t, the sequence of difference quotients

Proposition C.7 (Metric derivatives). [AGS05, Theorem 1.1.2] Let B be a Banach
space (not necessarily reflexive). If f fulfills (C.3), the limit

1 lp(t) = Tim 1) = (B)lls

to st

exists almost everywhere. Moreover, the function t — ||f’||p(t) belongs to L}(0,T),
it is an admissible integrand in (C.3) and is minimal with this property, i.e., if m is
another function satisfying (C.3), then ||f’||g(t) < m(t) almost everywhere. ||f’|| is
called the metric derivative of f.

In Lemma C.4, we have already seen that (C.3) implies absolute continuity,
even if B is not reflexive. In order to show that the converse is true as well, we
argue similary to the proof of [AGS05, Theorem 1.1.2] cited above.

Lemma C.8. Let B be a Banach space (not necessarily reflexive). If f : [0,T] — B
is absolutely continuous, then (C.3) is valid. Thus, (i) and (ii) of Corollary C.5 are
equivalent, even if B is not reflexive.
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Proof. Since [0, T]is separable and f is continuous, there exists a sequence (b,,),,cn
which is dense in the image f([0, T]). For n € N and t € [0, T], we set

dy(t) :=lby = f(£)l].

Since for all 0 <s <t < T it holds |d,(t) —d,(s)| < ||f (t) — f(s)l|p, the real functions
dy :[0,T] — Rare absolutely continuous, hence almost everywhere differentiable
with derivatives d,, € L'(0, T) according to Proposition C.3. What is more, the
derivatives fulfill the estimate

(s =du(D] _ . IF(5) = F (0

|d, (1)) = lim <

lim - lim = =||f’|lg(t)for a.a. t € [0, T]

Thus, the sequence g, : [0, T] — R defined by

gu(t):= sup |dy(t)|

1<k<n

is bounded by the integrable function ||f’||g and monotonely convergent to

d(t) := sup|d,(t)| = lim g,(¢).
nelN n—o0
Therefore, the Monotone Convergence Theorem assures that d € L!((0,T)). We
conclude forevery 0 <s<t<T

1F(£) = F($)ll5 = supldy(t) - dy(s)] < f d(r)dr.

nelN
|

For examples of absolutely continuous curves into not reflexive Banach spaces
that are not differentiable, see e.g. [RMS08, Section 7] and [EmmO04, Beispiel
7.1.21]. Indeed, [HvVW16, Thm. 2.5.12] asserts that a.e. differentiability of lo-
cally absolutely continuous functions with values in a Banach space B is equiva-
lent to said Banach space having the Radon-Nikodym property. Reflexive spaces
always have the Radon-Nikodym property, see [HvVW16, Thm. 1.3.21].

It is now possible to generalize the notion of metric derivatives to the class
of R-absolutely continuous curves, where R is a dissipation potential and not
necessarily a norm. The following definition was already given in Section 3.2,
but is repeated here for convenience.

Definition C.9. [R-absolutely continuous functions] Let V be a Banach space, and
let R :V — [0,00) be convex, lower semicontinuous and positively 1-homogeneous.
For a subset K CV and a subinterval [a,b] C [0, T], we say that a curve v : [a,b] - K
is R-absolutely continuous, if there exists a non-negative function m € L(a, b) such
that

R(v(t)—v(s)) < Jtm(r)dr foreverya<s<t<b, (C.4)

and denote by AC([a, b]; K, R) the set of all R-absolutely continuous curves [a,b] — K,
and by AC([a,b];R) the set of all R-absolutely continuous curves [a,b] — V.
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Even if R does not induce a norm on V, R-absolutely continuous curves still
have a metric derivative:

Proposition C.10. [Generalized metric derivatives ][RMS08, Prop.2.2] Let R be given
as in Def. C.9. If v e AC([a,b];K,R), the limit

RIv'|(#) = %@)R(w) - %@)R(W)

exists almost everywhere. Moreover, the function t — R[v’](t) belongs to L'(0,T),
it is an admissible integrand in (C.4) and is minimal with this property, i.e., if m is
another function satisfying (C.4), then R[v’](t) < m(t) almost everywhere.

Remark C.11. In the setting of the energy-dissipation framework as described in Sec-
tion 2.4.1, let v € AC([a,b];V). Since v : [a,b] — V fulfills (C.3) with respect to the
norm on V and the space V is continuously embedded into X, the boundedness of R by
the norm on X (cf. (2.4.7)) implies that absolutely continuous curves w.r.t the norm
on V are R-absolutely continuous.

The following useful observation on R-absolutely continuous functions relies
on a combination of a generalized version of Helly’s Theorem and the Arzela-
Ascoli Theorem. The arguments are closely related to those in [MRS16, AGSO05].
Let us first introduce the following notation:

Definition C.12. For [a,b] C [0, T] and p € [1, 0], we denote by ACP([a, b]; X) the set
of all R-absolutely continuous curves v : [a,b] — V whose generalized metric deriva-
tive R[v’] is an element of LP(a, D).

Proposition C.13. Let Z be a reflexive Banach space, V,X further Banach spaces
such that (2.4.1) is satisfied and assume that R : X — [0, c0) complies with (2.4.7).

(a) The set AC([a,b];X) N L>®((a,b); Z) is contained in C([a,b];V) and there exists
C > 0 such that for all z€ ACY([a,b]; X) N L>((a,b); Z) we have

lzllc((a,bp;v) < Cllzllze((a,p);2)-

(b) Let (z,), C AC™®([a,b];X)NL>®((a,b); Z) be uniformly bounded in the sense that
A :=sup, [|zullLeo((a,p),2) < 00 and B :=sup,, [R[2]||Lo((,p)) < -

Then there exists z € AC®([a,b]; X) N L*®((a,b); Z) and a (not relabelled) subse-
quence (z,),, such that

z, — z uniformly in C([a,b];V), (C.5)
Vte[ab] z,(t)— z(t) weakly in Z. (C.6)

(c) Itis L®((a,b); Z)N C([a,b]; V) C Cypear([a, b]; Z).



121

Proof. In order to verify (a), let z € AC!([a,b];X) N L®((a,b); Z). By the Ehrling
Lemma, [Wlo87], for every u > 0 there exists C, > 0 such that for all ¢,s € [a,b]
we have

[12(8) = 2(s)lly < pill2(t) = 2(s)l| z + Cpllz(£) = 2(s)ll

t
< 2pllzll Lo (a p;2) + C”j R[Z'](r)dr.
S

This implies that z € C([a,b];V). The norm estimate follows from the embedding
Z <>V and (a) is proven.

For (b) let (z,), € AC*®([a,b]; X)NL*®((a,b); Z) as in part (b) of the Proposition.
Again by Ehrling’s Lemma, for every p > 0 there exists C, > 0 such that for all
t>s€[a,b] and n € N we have

”Zn(t) - Zn(s)llv < I"”Zn(t) _Zn(s)”g + Cpllzn(t) - Zn(s)”/\(

t
<2uA+ Cﬂf R(z,](r)dr < 2uA+C,B|t —s|.
S

This implies the equicontinuity of the sequence (z,), in C([a,b];V). Indeed, for
¢ > 0 choose p < ¢/(4A) and 0 < ¢/(2BC,,). Then for all n € N, s,t € [a,b] with
|s — t| < 0 we have ||z, (s) — z,(t)|],, < €. Together with z,(t) € K for all t and n for a
set K that is sequentially compact w.r.t. to the norm on V, by the classical version
of the Arzela-Ascoli Theorem, see e.g. [Die69, Thm. 7.5.7], we obtain (C.5) for
a subsequence. After possibly extracting a further subsequence, the generalized
version of Helly’s Theorem, see e.g. [MMO5, Theorem 3.2] guarantees (C.6). By
lower semicontinuity we conclude that for every s <t € [a, b]

R(z(t) —z(s)) < lirr}qinfR(zn(t) -2z,(s)) < J_ths,

and thus z € AC®([a, b]; X'). Standard arguments finally imply that
L%((a,0); 2) N C([a, b];V) C Cyeax([4, b]; 2).
|

The following statement is onely loosely connected to the previous ones in
that it allows to interpret the continuous representative of a function that is con-
tinuous w.r.t. the norm on V and bounded w.r.t. the norm on Z as a Z-valued
function:

Lemma C.14. Let z € C(0,S;V) N L*(0,S; Z), then it holds for all s € [0,S] that
I2(s)llz < llzllz(0,5;2)-

Proof. The Lebesgue differentiation theorem tells us that it holds for almost all
s €[0,S] that

s+h

z(s) = lim ﬁ z(o)do in V. (C.7)
h—0 s—h
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Since z is continuous w.r.t. |||y, this holds true for all s € [0,S]. To see this, let
s € [0,S] be arbitrary and let (s,),en C (0,S) be a sequence with s, /s and such
that (C.7) holds true for every n € IN. Let now 6 > 0 be arbitrary, and & > 0 be
arbitrary, but fixed, then it holds for every n € IN that

Spth s, +h s+h
=(z(s) —z(s,)) + (z(sn) - %hJ; . z(a)da) + th (L » z(o)do — L—h z(cr)da)

,;,,+h s:+h
= (z(s)—z(sn))+(z(s,,)— 21_hj z(a)dcr)+ ﬁJ‘ z(o—(s—s,))—z(o)do,

n_h rz_h

where we consider the constant continuation of z to [-h, S + ], if necessary. Now,
since z is uniformly continuous on [0, S], we find N € IN big enough, such that

llz(s) = z(sn)lly < § and  lz(- = (s —sn)) = 2()llo(0,50) < 3
Lastly, there is hy > 0 so small that we find for all 0 < h < h that
SN+I’I )
letsn) =4 [ stordalhy <3
SN—h

All in all, for every 6 > 0, there is hy > 0 such that for all 0 < h < hy, it holds that

s+h
I=6) =35 | =lo)dolly <o

which is (C.7). Since it also holds for all s € [0,S] and all h > 0 that

s+h
I | to)dollz <laliosizy
s—h
the continuous representative of z is in fact Z-valued. [

Functions of bounded variation

We will also make use of the space of functions of bounded variation. For the
remainder of this section, we use the notations and assumptions introduced in
Section 2.4.1

Definition C.15 (Functions of bounded variation). (i) The pointwise total vari-
ation of a function f : [a,b] — B into a Banach space B is defined as

Varg(f3]a, b)) := sup an fltwoi)lls | a=to<ti <<ty <ty=b),

and for K C B, we denote by BV([a,b];K,B) and BV([a,b]; B) the sets of all
functions f : [a,b] — K or, respectively, [a,b] — B with finite pointwise total
variation.
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(ii) The pointwise total R-variation of a function v : [0,T] — V on the interval
[a,b] C [0, T] is defined via

M
Varg (v;[a, b)) := sup{ ZR(v(tm)—v(tm_l)) | a=ty<t <---<ty1<tym= b},
m=1

and for K C 'V, we denote by BV([a,b];K,R) and BV([a,b];R) the set of all
functions v : [a,b] — K, or, respectively, [a,b] — V with finite pointwise total
R-variation.

The pointwise total variation has the following representation formula and
lower semicontinuity property.

Lemma C.16. (i) Ifve AC([0,T|;K,R), then v e BV([0, T];K,R) and
b
Varg(v,[a,b]) = J R[v']|(s)ds forall 0<a<b<T. (C.8)
a

(i1) If (v,)nenw C BV([a,b];R) is a sequence of functions of bounded R-variation and
v:[a,b] > Visa curve such that

oo > liminf R(v,(t) —v,(s)) = R(v(t) —v(s)) for all s,t € [0, T],

n—-o00

then v € BV([a,b];R) and

Varg (v, [a,b]) <liminf Varg (v,,[a,b]) forall 0 <a<b<T.

Proof. ad (i): It follows from the definitions that

Mty
VarR(v,[a,b])Ssup{ZJ R[v'](s)ds | a=ty<t; <---<ty_ <tM:b}
m=1" tm-1

b
= f R[v'](s)ds. (C.9)

On the other hand, let 0<a<b<T,te[a,bland h>0. If t+h > T, we constantly
continue v to the interval [T, t + h] with the value v(T). Then it holds that
R(v(t+h)—v(t)) - 1
h “h
where the left hand side converges to R[v’](t) with h — 0 for almost all ¢ € [0, T].
By means of Fatou’s Lemma, we obtain

Varg (v, [t,t + h]),

b b B b
J R[v’](t)dtéliminfj Rwlt+h) - v(t) dtslimian LNarg(v, [t,t+h)) dt
a h—0 a h h—0 a h
b

o 1
= 11irL151fL E(VarR(v, [0,t + h]) — Varg (v, [0, t])) dt

1 b+h b
= liminf—(f Varg (v, [0,t])dt — J Varg (v, [0, t])dt)
h—0 h a+h a

1 b+h 1 a+h
:h{lrlj(?f(ﬁJ; VarR(v,[O,t])dt—EJ;Z VarR(v,[O,t])dt). (C.10)
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We now consider the bounded real-valued function
V:[0,T] >R, V(t):=Varg(v,[0,t])forte(0,T], V(0):=0,

which is monotone and thus an element of L!(0, T). It therefore holds for almost
all s € [0, T] that
s+h

1
}ll_l’)% hj Varg (v,[0,t])dt = hm 1 V(t)dt = V(s).

Returning to (C.10), we thus find for almost all 0 <a <b < T that

b
J R[v'](t)dt < V(b) - V(a) = Varg (v, [a, b]).

In order to show that (C.8) holds for all choices 0 <a<b < T, let first b € (0, T]
and (b,),en C (0, b) be a sequence such that b,, 7 b with n — oo, and

by,
forallmeIN: J R[v’](t)dt = Varg(v, [0, b,]). (C.11)
0

Then the functions x[os,R[v’], where x; denotes the characteristic function of
aninterval I C [0, T], converge pointwisely to x[o5/R[v’] and are uniformly bound-
ed by x[o,7]R[v’], so that
T T
tim [ s ORI = [ xR 9 (©12)
0 0

i.e., the left hand side of (C.11) converges. For the right hand side, we find with
(C.9) that

Varg(v,[0,b]) = lim (Varg (v,[0,b,]) + Varg (v, [b,, b]))

< lim (Varg(v,[0,b,]) + Lbn[v’](s)ds)
= nli_)rrc}OVarR(v, [0,b,]), ” (C.13)
where we argue as in (C.11) in the last step. Note that converse of (C.13) holds
trivially, which is why we have in fact an identity instead of an estimate. This

means that the right-hand side of (C.11) converges as well, and we find for arbi-
trary b € (0, T] that

J R[v’](t)dt = Varg(v, [0, b]).

For arbitrary a € [0, T], using that Varg(v,[a, b]) = Varg(v,[0,b]) — Varg(v,[0, a]),
we finally find (C.8).
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ad (ii): Let Z be the set of all finite partitions of the interval [4,b] and for
pi=(a=ty<t;<--<ty=>b)eZ let f,: BV([0,T;R) — R be the function
defined by

M
£®):= ) R@(tw) = v(tn-1)),
m=1
so that we have for all v € BV([a,b];R)

Varg (v,[a, b]) = sup f(v).
yeZ

Now, if (v,,),enw C BV([a,b];R) is a sequence of functions such that the inequality
liminf,_,. R(v,(t) — v,(s)) = R(v(t) —v(s)) holds for all s,t € [0, T], we have for all
3 € Z that

ligr_1)i01<;1ff5(vn) > f,(v).

Let (v, )kew be a subsequence such that Varg(v,,,[a,b]) — liminf,_,, Varg (v, [a,b])
for k — co. Then we have for all € Z

liminf Varg (v, [4,b]) = klim Varg (vy,,[a,b]) 2 li}fninff&(vnk) > fi(v),

n—-o0

and thus

Varg (v, [a,b]) = sup f,(v) < liminf Varg (v,, [a, b]) < co.
e n—oo

Remark C.17. The statements that were made in Lemma C.16 are also true for abso-
lutely continuous functions or functions of bounded variation w.r.t. a norm. In this
case, the condition in statement (ii) is fulfilled in case of pointwise weak convergence
of v, to v.

In the next lemma, we prove that if v € W!1(0, T; X), its total R-variation can
be represented by means of its derivative.

Lemma C.18. Let v e WY1(0, T; X). Then it holds for all 0 <a<b < T that

b
Varg(v,[a,b]) = J R(v(s))ds.
a
Proof. Since R is lower semicontinuous, it follows immediately that at any point

s € [a,b] of differentiability, we have

v(s+h)—v(s)

"I(s) = liminf
R[v](s) imin R( p

)= R(u(s)),

so that by Lemma C.16.(i), it follows that

b b
Varg(v,[a,b]) = J R[v'](s)ds > J R(v(s))ds.
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On the other hand, Jensens’ inequality (see [HvVW16, Lemma 1.2.11]) yields for
any partition a =ty < t; <--- <ty = b of the interval [4,b] and any i € {0,...,N — 1}
that

1 tiv1 1 tiv1
R( J- v(s)ds) < R(v(s))ds.
tivn—ti Jy tivn—ti Jy,

Since the Fundamental Theorem of Calculus is valid in Wl'l(O, T;X), even if X
is not reflexive, see [HvVW16, Prop. 2.5.9], we can use the 1-homogeneity of R
to find that

tiv1 tiv1
R(v(ting) —v(t:)) = R(f v(s)ds) < |7 Rw(s)ds.
t; t;
Summation over i =0,...,N —1 yields

N-1

b
Y Rivltz)-vle) < | RS

i=0

whence

b b
Varg (v, [a,b]) = J- R[v'](s)ds < J‘ R(v(s))ds.

It is well-known, see, e.g., [Fed69, 2.5.16], that functions in BV([a, b];V) have
left and right limits at every time t € (4,b), and a right or left limit at a4 or b,
respectively. This fact allows for the definition of a jump set, see (2.2.17). In the
following lemma, we show that the same is true for functions in BV([a,b];K,R),
if K C V is a compact subset of V. In particular, these functions have have left
and right limits w.r.t. the norm on V, and not only w.r.t. R.

Lemma C.19. Let K C Z be a subset such that sup, g ||z||z < 0.

(i) There exists a continuous from the right, subadditive, monotonely increasing
function Qg : [0, 00) — [0, 00) such that for all z,,z, € K, it holds

llz1 = 22lly < Qg (R(z1 — 2,)).

r—0

In particular, it holds that Qg (r) — 0.
(i1) Let now z € BV([a,b]; K, R). For every t € [a,b], the limits

z(t_) :=limz(s); z(t,) :=limz(s), where z(a_):= z(a); z(b,) :=z(b), (C.14)
st s\t

exist w.r.t. the norm ||-||,,, and we define

J,:={t€[0,T]|z(t_) = z(t) or z(t) = z(t,)}.
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Proof. ad (i): The arguments are inspired by [MRS16, Section 2.2]. First, an

application of Ehrling’s Interpolation Lemma yields for every 6 > 0 a constant
M > 0 such that for all z € Z, it holds

llzlly < éllzllz + Ms|lzl| x-

Now, since K is bounded from above with respect to || - ||z and || - ||y is bounded
from above by R, this implies that for every 6 > 0, there exists Ny > 0 such that
for all z € K, it holds

llzlly < 6+ NsR(2).
We now set for r > 0

Qgl(r):= %n(f){é + Nsr} and Qg (0) = 0.
>

It is obvious that Qg is monotonely increasing, and since for all s,r € [0, ), it

holds that

r r
r+s k(r+s) go{r+s + Nor} < Q(r)

as well as

S S
0 =inf{——9+ Nss} < Qg (s),
r+s k(r+s) égo{r+s + Nos} < Qls)

it is also subadditive. Now let r € [0,00) and (r,,),cn be a sequence such that
r, — r and r, > r for all n € IN. For arbitrary ¢ > 0, choose 9y > 0 such that
09+Nj,r < infs.0{0+Nsr}+5, and L € N such that for all n > L, it holds r,,—r < 53—

ZN(SO.
It follows for all n > L that
0 < Qg(r,) —Qg(r) < 69+ N, 1, — (69 + N5, r) + % = N, (ry—1)+ % <g,
and thus Qg(r,) = Qg(r).

ad (ii): Let z € BV([a, b]; K,R). We procede as in [Fed69, 2.5.16] and define the
monotonely increasing scalar function

V:(a,b] >R, V(t):=Varg(z[a,t]).

Since V is also a bounded function, its left and right limits, defined as in (C.14)
exist everywhere. Let now f € (4,b), and (s,,),en C (a,t) be a (w.l.o.g. monotonely
increasing) sequence with lim,,_, s, = t. With (i), it follows that

[z(sm) = 2(swlly < Qi (R(z(s) = 2(s)))) < O (Varg (2[5, 5m])
= Qg (Varg(z;[a,5,,]) - Varg (zi[a,5,])) < Qu(V (£) = V(s,)),
whence (Z(S”))neIN converges w.r.t. ||-||y to a limit z, € V. If (0,),en is a further

sequence with o, ' t, it follows from (changing the roles of 0, and s, if neces-
sary)

||Z(On) - Z(Sn)”V < QK(R(Z(GH) - Z(Sn))) < QK(VarR(Z; [Sn’ an]))
= Q(Var(z;[a, 0,]) - Varg(;[a,5,])) < Qx(V () = V(s4),

that the limit z, is unique, and we denote it by z(¢_). The existence of z(t,) can be
shown in the same way. [
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Appendix D

Additional properties of energy and
dissipation functional

The following Lemmas enable us use the existence result in Theorem 2.2 in
[MRS13] for the proof of Theorem 3.1.3.

Lemma D.1. For every ¢ > 0, the following assertions hold true:

Re:V —[0,00) is lower semicontinuous and convex, (Rq)
RO)=0, lim =W o pm Xel&) (R,)
ly—eo [[v]ly Il —eo (€]

forallveVand ny,m, € IR(v): Re(n)=Re(n). (R3)
Here, R, :=R+Rye with Ry (v):= %llvll%, see (2.4.11).

Proof. (Rq) follows from the lower semicontinuity and convexity of the norm
on V and the first and second of (R,) are obvious. In order to obtain the third
assertion, we use the reflexivity of the space V to choose for every £ € V* an
element v € V* =V with ||[7]|y, = 1 and (&, 7)), =||&]|)» and then set v := @ﬁ. We
can now estimate

* &
Re(&) = (& vy = Clplly - Ellvllf;
1., C
> - ,(___ *
2 el = ZlElhy

for a constant C > 0 depending only on the embedding V < X', which implies
the third assertion of (R,). Next, in order to show (R3), we want to show that for
all v € V, the mapping A — R.(Av) is differentiable in A = 1. Indeed, we have

Re(v+Av) =R (v) SN+ Il - 51l

lim

=lim [R(v) +

1—0 A 1—0 A
21+ A2l
=R(v) + lim 2 v
(v)+/\1£>% A
=R(©)+ lll3.
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Let now 11 € R (v). Since we also have for all A € (0,1)

Re(v+ Av)—R.(v)
A

Rs(v — /\7/) _Re(v)
-1 ’

>(1n,v)y >

and the limits for A — 0 on the right hand side and on the left hand side exist
and coincide, it follows that for all 71,17, € dR.(v) the identity

(1, vy = (1, v)y = R(v) +ellvlly
must hold, which implies (R3). [

Lemma D.2. For every € > 0, the energy functional I and the dissipation potential
R, have the following properties:
Lower semicontinuity and boundedness from below

z+— I(€(t),z) is lower semicontinuous w.r.t. the strong topology on V,
HCOEIRIV(t,Z)E[O,T]XZII(g(t),Z)ZCO. (Io)

Coercivity
VTO>O,t€[O,T]Z (Il)

z>I(4(t),2)+ TORe(Ti) has compact sublevels w.r.t. the strong topology on V.
0

Variational sum rule If for some vy € V and T > 0, the point v is a minimizer of the
map v — L({(t),v)+TR.((v —vg)/T), then v satisfies the Euler-Lagrange equation

0eD,Z({(t),v)+ IR:((v—vo)/T)in V" (Z,)
Time-dependence

Vze Z:tw—I({(t),z)isin WI(0,T),
differentiable a.e. with derivative P(t,z) := d,Z({(t),z) = (£(t),2)y; (Z3)
AC,>0: fa.a. t€[0,T],Vze Z:|0;Z({(t),z) < C1Z(€(1),2).

Chain rule For every v € AC([0, T];V) with

supyefo,ry I (€(t),v(t)| <o, D,I(C(),v(-) € L'(0,T;V"), and

[I R@()dE<oo, [ RE-D,I((t),v(t)))dt < oo,

the map t — Z({(t),v(t)) is absolutely continuous and

d

EIM(t),v(t)) =(D,Z(¢(t),v(t)),v(t))y + AL (€(t),v(t)) for a.a. t € (0, T). (Zy)
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Weak closedness of (Z,D,Z) For all t € [0, T] and for all sequences (v,),en C V we
have the following property:

if
v, =vinV,D,I({(t),v,) =& in V", d,Z({(t),v,)— p, Z({(t),v,) >[inTR,
then
v, — v strongly in Z and & = D,Z({(t),v) and p = d,Z(€(t),v) and I =Z(€(t),v).
(Zs)

It further holds for Cy from (13) for all s <t €[0,T] and z € Z:
Z((t),z) <I(L(s),z)e“ =), (D.2)

Proof. Proof of (Z;): We start by showing that Z(¢(t),-) is lower semicontinuous
with respect to the topology on V. It is clear that the restriction of Z(£(¢),-) to
Z is lower semicontinuous with respect to the weak topology on Z, since the
linear term (£(t),-)y is obviously continuous with respect to the weak topology
on Z and the same is true for F according to Lemma 2.4.2. Now, the continuity
of (A-,-)z with respect to the strong topology on Z together with its convexity
yield the weak lower semicontinuity of (A-,-) z and hence of Z(¢(t),-) on Z. Next,
we want to show that Z({(t),) is lower semicontinuous on Z with respect to the
topology on V. To this end, let (z,),eny C Z be a sequence and z € V such that
z, — zin V. We have to distinguish two cases: If z € V'\ Z, it suffices to show that
liminf,_,Z(¢(t),z,) = co. Indeed, assume that liminf,_, . Z({(t),z,) =: C < oo
and choose a subsequence (z,, )ren such that lim;_,Z(£(),z,,) = C. As we
shall see in (D.6), this implies that sup; |z, llz < oo, so that there exist a Z-
weakly converging sub-subsequence and a weak limit z, € Z. Since this implies
strong convergence to z; in V, we conclude that z = z; € Z, which contradicts
our assumption z € V \ Z. Thus, we have liminf, , Z({(t),z,) = co = Z(€(t),2).
In the second case, we assume that z € Z. If liminf,_ . Z(€(t),z,) = oo, then
the inequality liminf,_,Z({(t),z,) > Z({(t),z) ensues immediately. Now, let
liminf,_,Z(€(t),z,) =: C < co. Suppose that C < Z({(t),z). As in the first case,
we choose a subsequence (z, )ienw such that limg_,o, Z(£(t),z,,) = C and a Z-
weakly converging sub-subsequence (anl)leIN whose weak limit is z. Now, the

weak lower semicontinuity of Z({(t),-) on Z yields

Z(6(t),2) < HiminfZ(€(1), 2y, ) = lim Z((1),2,,) = C < Z((1),2),

|—0o0

a contradiction. Thus, if liminf, ,Z(¢(t),z,) < oo, it has to be greater or equal
to Z({(t),z). Note that it would have been sufficient to assume that z, — z weakly
in V, thus Z(€(t),-) is even weakly lower semicontinuous on Z with respect to the
topology on V. Hence, the same is true for its continuation to V.

Next, we determine the constant C, such that the second of (Z;) is met. To



132 Appendix D. Energy-dissipation framework

this end, we estimate for all z€ Z:
HAz,z)z + F(2) = (€(t), 2y > $lzlIZ = 11€(t)ll-llzlhy

-2 2 2 2
2 5 Czopllally = S = Sl

1
2 2
2 CC”Z”V - 2_60”6”1100(0’1*;]}*) (D3)
1
>2C ”Z”V C ||€||Loo 0,T;V*) (D4)
where we chose
0<dp<aCz2,y, (D.5)

for the embedding constant Cz.,y, so that C, := %Cé%_w - 670 > 0. We conclude
(Zy) from (D.3) for the constant C, := _%%ll‘e”%w(o,T;V*)' In fact, as is noted in
[MRS13], if the functionals Z(£(t),-) are bounded from below by some constant
independent of ¢, up to a translation, it is not restrictive to assume such a con-
stant to be strictly positive. For this reason, for the remainder of this proof, we
consider instead of 7 the functional that is translated by

1
Cei= Ce=Co=Cet 5 lluig pin > O

Proof of (Z3): Let us first note that the estimate (D.4) now reads
llzlly < CZ(£(2),2)

for C :=1/(2C,) > 0. We can now verify (Z3): For all z€ Z and almost all t € [0, T],
it holds that

i ZE0.2) =T D) 0 )

s—t t—s s—t r—

sz = (1), 2)y.
Thus, we can estimate the time derivative d,Z(¢(t), z) = (£(t),z)y by

19, Z(C(1),2)l < 1E(#)lly-lzlly < ”é”L‘X’(O,T;V*)CI(g(t):Z)

for all z € Z and almost all t € [0, T].
Proof of (Z;): We now show the compactness of the energy sublevels with respect

to the topology on V as follows: For all t € [0, T]and E > 0, Z({(t), z)+ToR (= ) <E
implies that

E>Z(l(t),2z)> %25 - ||Z||12»
a—éOCZ
2%” ||é,, (D.6)

where the last constant is greater than zero thanks to the choice of 9y in (D.5).
Thus, the sublevels of Z({(t),-) + ToR(+ ) are bounded in Z. Since Z is reflexive,
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this implies the existence of a weakly convergent subsequence in Z, which con-
verges strongly in V, and we infer (Z;).

Proof of (Z,): Let for some vy € V and 7 > 0 the point v be a minimizer of the map
v Z((t),v)+TR:((v—79)/T). Since I takes finite values only in Z, we infer that
v € Z and that we have the following inclusion in Z*:

0 € D,Z(£(t),7) + IR, (L0

),

T

which is why there exists £ € 8732'8(7_:0) such that

7—1/0

~D,Z(£(t),7) - & € IR( ) (D.7)

From Lemma 2.4.4, we know that an(ﬂ) C dR(0) C V* and that JR, (z) C V*

T

for all z€ V, so that £ € V*, and we conclude that (D.7) is valid in V* as well.
Proof of (Z4): Let v € AC([0, T];V) fulfill (D.1). By (D.6), we infer that we have

lvllze(0,;2) =: p < co. In order to show absolute continuity, we decompose the
scalar function t — Z({(t),v(t)) into three summands and show absolute conti-
nuity of each of those. First, consider the map H : [0, T| — R, H(t) := ({(t), v(¢))y.
Let s,t € [0, T]. Then we have the following estimate:
|H(t)-H(s)]
= [(E(2), v(t))y = (L(s), v(s))yl
= [(€(t) = £(s), v(t) = v(s))y + (€(£) = €(s), v(s))y + (€(s), v(E) = v(s)y]
< [16(t) = E(s)lly-llv(£) = v(s)lly + 1€(E) = E(s)lly-llv (s)lly + [[E(s)h<llv () = v(s)lly
< 3[[€llr(o, ) [0 (£) = v ($)lly + [vllzeoo, 7)€l oo 0, 704 |E = 51,
and since v is absolutely continuous w.r.t. the norm on V, this implies absolute

continuity of H. Next, let I : [0,T] — R be defined by I(t) := F(v(t)) and let
s,t € [0, T] be arbitrary. Since F € cl(z, V), it holds that

1
()~ 1(1)| = |f0 CF(t)+ h(v(s) ~ (1) dh]
1
. |f0 D (u(t) + h(v(s) — v(1)[v(s) — v()] dh

1
< L IDF (v(t) + h(v(s) = v(t))lly- dhllv(s) = v(t)]ly. (D.8)

We now estimate DF (w) for arbitrary w € Z by means of (2.4.4b) as follows:

1
IDF (W)l < IDF(0)lly- +JO IDZF (hw)[w]lly- dh

1
< [IDF(O)ly- +J- C(1+ [l lw]%) dhlwlhy
0
<IIDF(0)lly- + C(1 + [wllZ)llwlly
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Plugging this estimate into (D.8), we obtain
[(s) = I(£)| <IDF (0)l]y~
+C(L+(lv®llz +llv(s) = v(B)ll2)N) (vl + lv(s) = v(@)v)lIv(s) = v(D)lly
<C(1+ IIVIILoo o1zl (s) = vy,
so that I is absolutely continuous as well. Finally, we define ] : [0,T] — R by
J(t) := %(Av(t),v(t))v. Let us first note that J defines an element in L'(0, T;IR),
since we may conclude that v € Hl(O, T;V)and Av € LZ(O, T;V*) from (D.1). In-

deed, the first follows from the boundedness of foT Re(v(t))dt. In order to show
the second, for t € [0, T], we choose 7(t) € JR(0) C V* such that

I=D.Z(¢(t), v(t) = (D = disty- (=D Z(¢(1), v(t)), IR(0))
= 2eR (=D, Z(£(t),v(1))),

where the second identity holds true thanks to the characterization of R} from
Lemma 2.4.4. Now, the boundedness of dR(0) in V* allows us to estimate

J 1= DLZ(E(t), (eI dt < C f 1= DZ(E(e), v(0) = (Ol + (IR

< 2C5J- Re(-D,Z(L(t),v(t)dt + CT sup{llyll3. |1 € IR(0))
0
< 00.

The estimates for D,Z(¢,v) can be translated into estimates for Av as follows:
Since DF : Z — V" is presupposed to be weakly continuous, it is also bounded
with respect to the norm on V* on bounded subsets of Z. Combining this with
”g”L‘X’(O,T;V*) <00, We find for all t € [0, T]

[Av(£)lly- < lAv(t) = DZ((8), v(E))lh- + DL (E(2), v ()l
<|IDF (v(t)) + ()l + [DZ(E(2), v(t))lly-
<D Z(E(t), v(E)ly- + C.

Thus, J € L1((0, T); R). Next, we show that ] € AC([0, T];R) = W1((0, T); R) with
%](t) = (Av(t),9(t))y by proving for test functions ¢ € C;°((0, T);R) that

J] dt-j<Av ()bt

To this end, for fixed ¢ € C°((0,T);R) and h < hy := dist(supp(¢),{0,T}), we
define

D,J(t)::Zl—h(<Av(t+h),v(t+h)>V—<Av(t),v(t)>v) and  DJ(t) := (Av(£),v(t))y,

where we consider the constant continuation of v to the interval [0, T + k], and
claim that

h—0

T .. T
f 1(Od(1)dt 2 1im Dy dt (Z’J DJ(H)p(H)dt.  (D.9)
0
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Proof of (i): Using the constant continuation of ¢ to the interval [-h, T + h], it
holds that

T T

lim Dh](t)({b(t)dt:}lim %(l(t+h)¢(t)—](t)¢(t))dt
h— 0 —0 0
T+h
_;11135 . F U@t =h) =] (x=h)p(r~h))dT
T+h
—}}ng) E(I(r)(cb(r—h>—¢(r))+1(r)¢(r) J(t=h)p(t - h)
—VJh
L rT+h (P(T)—(P(T—h) 1 T+h
_}113(1)(—”1 ](T)TdTJrEJ; T——j}
rT+h . —h h T+h
i~ [ oAt L P P 0](T)¢(T)df—%L J()p(1)dr)
e (T b)) =P —h)
_111135(10 J(7) : dr),

where the last equality holds due to the fact that & is chosen so small that ¢(t) =
fort € (-h,h)U(T —h, T +h). Now, the remaining integrand on the right hand side
converges pointwisely to J(t t)¢(t) and is uniformly bounded by the integrable
function J(- )C||¢||Loo 0,T);R) for a constant C > 0. Thus, we infer the validity of (i)
by means of the Theorem of Dominated Convergence.

Proof of (i7): Application of assertions (2) and (3) from Lemma E.2 yields

T T
lim Dh](t)(j)(t)dt:limj 1 (Av(t+h),v(t+h))v—(Av(t),v(t))v)({)(t)dt

h—0 0
_hmf (Av(t+h), (”h vt Zv)y g J ( ”h YO syl de)

T
_11113%( O (Av(t+h) Lyv(t))y dt + (Av w»dt) J; DI (t)p(t)dt,

(3) (2) (2)
— AV —¢v —S¢v

where we have used the assumption that A is self-adjoint in the third identity,
and Ly, is the difference quotient operator from Lemma E.2.

Having thus verified that (D.9) holds true, the map t — Z(¢(t),v(t)) can be
written as the sum

Z(E(t),v(t) =](t)+1(t)-H(t)

of three absolutely continuous functions and is therefore absolutely continuous
itself.

In order to show the chain rule, let t € [0, T] be a point such that the deriva-

tives £(t), v(t) and d 3;Z(€(t),v(t)) exist. First, we note that due to the continuity of
DF :Z—V*and usmg (3) of Lemma E.2, we have that

D,Z(L(t +h),v(t +h)) = Av(t + h) + DF (v(t + h)) + £(t + h)

h—0

22N Av(t) + DF(v(t)) + €(t) = DLZ(E(t), v(t)) in V7,
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and by the same arguments, we obtain that

D,Z(£(t - h),v(t—h)) = Av(t —h) + DF (v(t — h)) + €(t — h)

120 Au(t) + DF (v(t) +€(t) = DLI(L(t), v(1)) in V",

Furthermore, since v(t + h) inaN v(t) strongly in X, the boundedness (2.4.7) of R
implies that

0= }lirr(l)cllv(t) —v(txh)||y < }lin?)R(v(t) —v(t+h)) < %liné Cllv(t)—v(t £ h)||x = 0.

Therefore, using (2.4.13), we obtain for every h > 0 the estimate

%(I(f(t),v(t)) —Z(L(t—h),v(t—h)))

(Z(ect),v(e) = Z(e(t—h),v(t)) + l(I(e(t —h),v(t)) = Z(€(t - h),v(t—h)))

n
()= £t~ ), v(D)y +(DI(C(t ~h),v(t — h)), W»

M R () (e -

— P(t,v(t)) +(D,Z(L(t),v(t)), v(t))y. (D.10)

>

S = s

Analoguously, an approximation of t from above by a sequence t + h,,, where
h, ™\, 0, gives the opposite estimate: We estimate as in (D.10) but now divide by
—h, <0
_ih(z(e(t),v(t)) —Z((t+ h),v(t+h))

= _ih(z(e(t),v(t)) —Z(L(t+h),v(1))) + _lh(z(e(t +h),v(t)) = Z(E(t + h), v(t+ 1))
% T(C(t+ h),v(1) = Z(E(t), v (1)) + _ih(z(z(t + 1), v(8) =T (E(t +h), v(t + h)))
1
h

(€(t+h) = €(),v())y + (DIt + ), v(t + ), "(t)%h(”h)w

(t)—v(t+h)

+ Ml == IR () = (¢ + 1))

— P(t,v(t)) + (D Z(E(t), v(1)), v(t))y-

Proof of (Zs5): Let t € [0,T] and (v,),eny C V be a sequence as in (Z5). From
the convergence Z(¢(t),v,) — I, we infer that sup,|Z(¢(t),v,)| < oo, so that
sup, N llvullz < oo by (D.6). Thus, there exist a subsequence and a weak limit in

k—oo

Z, which must coincide with v, i.e. v,, —— v in Z and v, k_)—oo> v in V. By
repeating the argument for every subsequence, we conclude that the whole se-
quence converges weakly in Z and strongly in V. We show the convergence of
the powers by

p = lim 9, T(€(t),v,) = im (1), v,)y = —(L(t), v)y = I L(L(t),v).

n—-oo
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Due to the weak convergence v,, — v in Z, we have that
D,Z(¢(t),v,) = Av,+DF (v,) +€(t) = Av+DF (v) + €(t) = D,Z({(t),v) in Z7,

and since the left hand side converges weakly to £ in V*, we conclude that we
have & = D,Z({(t),v) as claimed. In order to show the convergence of the en-
ergies, we observe that v, — v strongly in V, and that the boundedness of the
sequence (v,),eN in Z makes the estimate (2.4.13) available, which leads to

I(€(t),v) > I(g(t)’ vn) + <DzI(€(t)) vn)' V—7y >V + ﬁ”v - vn”é +M ”vn - VHVR(vn - 7/)
——— N~ 4
—& in V¥ —0inV —0

and thus, since we already established lower semicontinuity of 7 w.r.t. the norm
topology on V,

T((t),v) > liminf(I(€(t), v)+ Sl - v||§)

n—oo

> liminfZ(¢(t),v,)
n—oo

Z I(g(t)l v)l

whereby we conclude Z(¢(t),v) = liminf, _, . Z(¢(t),v,) =1lim,_, Z({(t),v,) as well
as |lv,, —v||z — 0.
Finally, (D.2) follows from (Z3) by means of the Gronwall inequality via

T(€(t),2) <I(L(s),2) + Jt 9,I(€(0),z)do <T(£(s),2) + f C1Z(¢(0),z)do,

and thus
Z((t),z) <I(L(s),z)e“r ),

The following Lemma is taken directly from [KZ21, Lemma 2.2]

2
Lemma D.3. Let ¢ := %Z(l + ||€||12,°°(0,T;V*))' where cz is the embedding constant for
Z CV. Then for every t € [0,T] and v € Z we have
Z(€(t),v) +co = czllzllz = |lvlly- (D.11)

Furthermore, the following product estimate is valid: Let {ay;1 <k < N} C Ry and

¢>0. Then
N N
]_[(1 +cag) < exp[ Zak].

c

k=1 k=1
As a consequence, let ¢ >0, € € BV([0, T]|;V*) and let 0 <ty <t; <--- <ty <T bean
arbitrary partition of [0, T]. Then

N

]_[(1 + cllé(t) = €(tk-1)lly-) < exp(c Vary«(€, [fo, tn ]))- (D.12)
k=1
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Appendix E

Convergence of the load term

Lemma E.1.

(i) Let £ € WV(0, T;V*) and £ € WH(0,S) with £(0) = 0, f(S) T, and t'(s) > 0
f.a.a. s€(0,S) be given. Then £ :=€ofe WH(0,S;V*) with

%(Zo A(s) = {é(f(s))lé(s), if € is differentiable in £(s) faa sel0,S],

0, if € is not differentiable in f(s)
(E.1)

and |[€]|pe(0,5;0+) < Wllzeo(0,9) 1€l oo (0, 717

(ii) Let further (f,),eny € WV oo(O S;R) be a sequence with t,— f in W1>(0,S;R)
and with f,(0) = 0,andf)(s) > 0 f.a.a. s € (0,S) and n € N. Then

Cof, = Cofin WH(0,S;V7).
(iii) If (€y)nen C WE(0,T;V*) with €, — € in WY®(0,T; V%), then €,(t) — £(t)
weakly in V* forall t € [0,T].

(iv) Let now (€y)pen C WEV(0, T;V*) and (£,)pen € W(0,S;IR) be sequences
such that €ni\ ¢in WL°(0,T; V") and tn—\ fin W1>(0,S;R). Then

¢,0t,— Cofin WH™(0,S;V7) (E.2)
Proof. (i) Let us first prove the chain rule (E.1) in analogy to the finite dimen-
sional case. Let sy € [0,S] be such that f is differentiable in sy. According to

[CH98, Thm. 1.4.35], this is the case almost everywhere in [0,S]. First assume
that £ is differentiable in (sy). For t,t, € [0, T], we define

o)-lty) -
D(t,to):: t—tg s lftito;
£(to), if t = t,.
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Then, for those points ¢y in which ¢ is differentiable, the map D(-, ) : [0,T] — V*
is norm-continuous in ty. Therefore, it holds in V* that

i QD=0 _ DU ) (05) e
s—80 $—5p 5—50 S$—95
(ot ) sy )
= D(f(s0), £(50))(s0)
= {(f(s0))(s0),

where the second to last equation follows from the fact that f is continuous, and
we infer the first of (E.1).

We now turn to the case that ¢ is not differentiable in f(s;). We denote by
M c [0,S] the set of all points s € [0,S] such that { is differentiable in s, but £ is
not differentiable in f(s). Again from [CH98, Thm. 1.4.35], we infer that there
exists a set N C [0,T] of #!-measure 0 with {(M) C N, so that Z!(f(M)) = 0.
Let us now assume that there exists an interval I C M such that f(s) >0onl. A
change of coordinates then yields

_ PLNT)) — _ |
0=% (t(I))—J;(I)ldt—J;t(s)ds>0,

which is a contradiction. Analoguously, there cannot exist an interval I C M such

that f(s) <0on I. Thus, f is constant on all connected components of M, and we
infer the second of (E.1). Then, for almost all s € (0,S), we have

() = IE(ES) Sy < [l o,) 10,70

(ii) We first use the compact embedding W'*(0,S) 5 C([0,S]) and obtain
that #,, — f uniformly on [0, S], so that we also find

sup [I€(t,(s)) = C(t(s)lly- < llzs(o,5,0) sup Itu(s)—t(s)| =0,
s€[0,S] s€[0,S]

ie, {ot, — ot uniformly w.r.t. the norm on V*. Since ({ot,),cN is a bounded
sequence in W1*(0,S;V*), we also know that there exist £ € W1*(0,S;V*) and a

not relabeled subsequence such that £ ot, Ny weakly in Wl"x’(O, S; V") and the

weak limit coincides with £ o f, so that we have £ o t,, “lofin Wh(0,5;V*) as
claimed.

(ii1) We in fact show that the following stronger implication holds true for all
sequences (f,,)uen € WE(0, T; V*):

if fu=fin W(0,T;V),
then f,(t) — f(t) strongly in Z" for all t € [0, T']. (E.3)
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To this end, we argue as follows: Let f, A fin W1'°°(O, T;V*), then in particular
fo— fin L®(0,T; V), i.e.,

T
Vo e LY(0,T;V): (fn —f(t),@(t))ydt =0, i.e.,
Yo eL*(0,T;V): (! (fn —f(t), @(t))ydt -0, i.e.,
Yo eL¥(0,T;2): J, <fn(t)—f(t),¢(t)>vdt—>0,

and thus, f, — f weakly in L!(0, T; Z*). What is more, since supneIN | fu (Bl < o0
almost everwhere, there is a function, denoted by f, such that f,(t) — f(t) weakly
in V* and f,(t) — f(t) strongly in Z* almost everwhere. Now, the boundedness
of the sequence (f,),en in L(0, T; V") implies the boundedness of the sequence
(f)nen in L(0,T; Z%). Thus, the Theorem of Dominated Convergence is appli-
cable, and we infer that f, — f strongly in L' (0, T;V*), which is why f and f have
to coincide almost everwhere, and we find that f,(t) — f(f) weakly in V* almost
everywhere.

Since both f, and f are continuous w.r.t. || - ||+, this holds everywhere in
[0,T]: Let t € [0,T] be arbitrary and (fx)renw C (0, T) be a sequence with t;, 7 ¢
and such that we have for all k € IN that f,(t;) — f(tx) weakly in V*. Let us
denote p := sup, || fullwiw(o,;y+)- Let further v € V and 6 > 0 be arbitrary, and
n € IN be arbitrary, but fixed, then it holds for all k € N

(K () = fu(B), )yl S IKF(8) = £ (), vwl + [ (E) fn(tk)’v>vl+|<fn te) = fult), v)y
< K@) = f () vl + K (8 = fulti), v)v] + ”fn O)lly-dz-[[vlly

< [Kf(8) = f(E) vvl + [Kf (8) fn(tk):v>v|+(t—tk)0||v||v-

We can now choose K € IN so big that
KF() = f(tx)vwl<§ and  (t-t)ollvlly <.
Finally, we find N € IN such that for all n > N, it holds |(f (tx) — fu(tk), )| < %,
which implies that f,(t) — f(t) weakly in V*, and (E.3) is proven.
We can now prove (iv) as follows: From the estimate

sup (€, © ,llwreo(o,5;0) < sup{ll€ullies(o, ;17 1€, 10,2 |Enllos(0,5)) < 00,

nelN nelN
we infer the existence of an element ¢ € Wl'“(O,S*;V*) such that ¢, o f,, X lin
W1'°°(O,S;V*) and it remains to show that £ = £ o f. Indeed, from l, L ¢in
W1(0,T;V*), it follows with (E.3) that £,(t) — £(t) strongly in Z* almost ev-
erwhere and from f,— fin W1*(0, ), it follows that f, — # in C([0, S]). Now, let
s €[0,S], let € > 0 be arbitrary and N € IN sufficiently big, such that for all n > N,
it holds that

R ) € . €
||€n(f(5))—€(t(5))||z*<§ and ||, = t[[z~(0,5) <

2sup,, e 10ullis(0,727)
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Then, for all n > N and s € [0,S], it holds that

1€(F0(5)) = €(E(SDll 2+ <N (E(5)) = CalE(SDl 2 + €0 (E(s)) = E(E ()l 2+
< Wullios(o,7;24)|En(8) = E(S) + 116 (E(5)) = €(E(5))ll 2+
<g,

which implies the pointwise convergence ¢,,(f,(s)) — ¢(f(s)) in Z*. However, from
¢,0t,— fin WLO"(O, S;V*) it also follows with (E.3) that £,(f,(s)) — £(s) strongly
in Z*, so that €(s) = £(£(s)) almost everywhere and (E.2) ensues. [

(s)
Lemma E.2. Let ¢ € C°(0,T;R) be arbitrary, but fixed. We define the function
Ly,:HY0,T;V) — L*(0,T;V) by

1
Liv(t) 1= pl0) (v(t+ 1) = v(),
using the constant continuation of v to [0, T + h]. Then it holds that

(1) Ly is a well defined, continuous, linear operator such that

Vv e H'(0,T;V) : ILyvllzgo,r,y) < plleoo,mllolli20,10).

(2) ForallveH! 0,T;V), it holds that L(v hi) v strongly in L2(0, T; V).
8y

(3) For all we LZ(O, T;V") and their continuation w : IR — V* of w to R by zero, it
holds that (- + h) 2= @ in L2(0, T; V%),

Proof. In order to prove (1), we estimate for v € C*([0,T];V)
2 (" o [ 2
Iy = [ OO | oteshyds o

) Z(Ll o (¢ + sh)lly ds)zdt

1
(t)|2f [o(t + sh)||3 dsdt
0

IA

T

IA

JO
1

< f (¢ + shl3 dtdslglPugo 1)
supp(¢)

0

€

2 5112
< ||¢||L°°(0,T)||v||L2(O,T;V)'

Since C*®([0,T];V) is dense in H!(0, T;V) according to [EmmO04, Satz 8.1.9], we
infer (1). For the proof of (2), we again assume that v € C*([0, T];}) and obtain

v(t+h)—v(t )—vll 4 h—0 0,
1%

T
MLy~ o122 7 = f (o)
0

due to the Dominated Convergence Theorem, since the integrand is uniformly
bounded by C||¢)||Loo 0T) |v||Loo (O.T3V)" Now, let v € H'(0,T;V) and # > 0. Then
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we choose 7 € C*([0, T];V) such that ||7 - v|[g1 (0,7, and h; < hg so

1

3llpllzeo(o,1)
small that for all 0 < k < hy, it holds that ||L,7 — ¢75||L2(0,T;V) < g It follows for all
0<h<hy:

ILnv = 9200, 150)
<|ILpv = Ly@lli2(0,750) + IL17 = Iz (0, 730) + 197 = Ml 200,750
< 1Pllzeso, )10 = Vll2(0,750) + Wi @ = dllr2(0,730) + 1PllLes(o, )17 = Vllr2(0, 750
<.

For the proof of (3), let w € C*®([0, T];V*), then it holds that

”w( + h) - w”%z(O,T;V*)

T
:L lw(t + h) —w(t)|3. dt
T—h T
SC(L ||w(t+h)—w(t)||]2/*dt+f hllw(T)—w(t)lllz}*dt)

T-h
< C(J lw(t + ) = w(t)13. At + hlwllFwg 7, dt)
0

h—0

—0,

since the first integrand converges to 0 and is bounded by 2||w||im(0 Ty Now,

let w € L*(0,T;V*) and 1 > 0. Since C*([0,T],V*) is dense in L*(0,T;V*) ac-

cording to [GP06, Remark 2.2.4], we can choose w* € C*®([0,T];V*) such that

||w—w*||iz(0 T < g We further find 0 < h; < hg so small that for all 0 < h < hy, it

holds ||[w*(-+ h) — ﬁ*lliz( < g This implies for all 0 < h < hy that

0,T;V*)
[w (- + h) - wl|?
12(0,T;V%)

<N+ k) =T+ WIPagg ey + 1T+ 1) = T g oy + 1T = B2 70

2 2 2
< ”w - w*”LZ(O,T;V*) + ”w*( + h) - m”LZ(O,T;V*) + ||w=(~ - w”Lz(O,T;V")

<1,

and (3) is proven. [
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Appendix F

Chain rules

In the proof of Theorem 3.2.6, we used the following chain rule, which is a sim-
plified version of [MRS16, Theorem 4.4]. Since we use different notation here
and the additional assumptions significantly simplify some arguments, we give
a full proof here for convenience.

Proposition E1 (Parameterized chain rule).

Let (t,z) € Wb>(0,S) x (AC([O S|;R) N L*=(0, S‘Z)) comply with (3.2.11)-(3.2.12)
and the normalization condition (N) from Def. 3.2.5. Then the map s +— I (€(t(s)), z(s))
is absolutely continuous and its derwatzvefulﬁlls almost everywhere in [0, S]

I%I(f(t(S)),Z(S)) = P(t(s), 2(s))E(s)l < R[2'](s) + [|2(s)llv e (£(s), 2(s)). (E1)

Proof. We have for the constants ¢, C from (2.4.7) that for all ze Z

C C
R(2) < Clzllx = Zell -2l < ZR(-2).

Step 1: Absolute continuity Let 0 < r <s < S. In order to show absolute
continuity, we have to distinguish three cases: Let G C [0, S] be defined according
to (3.2.11a).

First case: r,5s € [0,S]\ G. Application of (2.4.13) gives

Z(€10(5), 2(5) ~ Z(E(1(), ()
Z(E(t()),2(6) = Z(E(E()), 2(r)) + (1) = € 2(r)y
< Mgliz(r) - 2(5) VR (2(r) = 2(s) - Z () = 20612
+(=D,Z(L(K(s)),2(s)), z(r) = 2(s))y + 1]l o0, 7)1 Elleo(0,5)R(s — 1)

< ZMRR%R(Z(S) —z(r))+ %R(z(s) —2z(r))+ Cy(s—1t)

< J,S %(2MRR+ 1)R[Z'](T) + C,d7.

Second case: 1,5 € [a, B] € G. Since z is V-absolutely continuous on [a, ] ac-

cording to (3.2.11b), we can argue as follows: Since we already know that 7

145



146 Appendix F. Chain rules

complies with the chain rule (Zy) (cf. Lemma D.2) and only the linear term de-
pends on time, it is sufficient to show that

s = (L(t(s)),v(s))y

is absolutely continuous. To this end, we choose arbitrary 0 < r <s < S and
estimate

[KC(t(s)), v(s)y = CL(E(r)),v(r))yl
< [KE(t(s)) = £(£(r)), v(s))yl + KE(E(r)), v(s) = v(r)v

< Clleo(o, Ty (s = Dl ()l + 1€l (o, 7304 [0 (5) = v ()],
as well as

[(€(£(s)), v(s))y = (L(E(r))v(r)v

< ellzoo, vy (s = Dl (Il + Il 0,750 10 (5) = v (D)l

Thus, g(r) := ||€llw1.e(0,1;04)llv(r)lly defines a function in L'(0,S) such that

KE(t(s)), v(s)y = (Lt (r)), v(r))y] < max{g(r), g(s))Is = 7l + 1]l (0,717) f [o(®)lly dt

for all r,s € [0,S], and we may proceed as in the proof of [AGS05, Theorem
1.2.5] to obtain absolute continuity of s > (€(t(s)),v(s))y, and consequently of
s> Z(€(t(s)),z(s)) and the following chain rule holds for almost all s € [a, B]:

d

o LE(E(s)),v(s)) = (DL (E(t(s)), v(s)), D (s))v + I (L(1(5)), v(s)L(t(s)i(s).  (E.2)

Since £(s) = 0 according to (3.2.12b), this implies the inequality

|- %I (L(£(5)), 2(5))] = K=D,Z (£(t(s)), 2(s)), 2(s) )] < R[Z’](s) + I2(s)lly e (£(s), z(s))

by the same arguments as in the proof of [KRZ13, Lemma 5.2]: We choose for
every s € [0,S] an element p(s) € IR (0) such that

1= D,Z(£(t(s)), 2(s)) = pls)lly- = disty« (DI (£(k(s)), z(s)), IR(0)).

Observe that the distance in V* is indeed realized by some element in dR(0)
according to Lemma 2.4.4. Now, we use the parameterized chain rule (F.2) above
and obtain

|- %I(Z(t(r)),v(r)ﬂ = [(=D,Z(£(t(r)), z(r)) — u(r), 2(r))y + (u(r), 2(r))y|

< |I=DZ(E(t(r)), 2(r) = p(r)ll-llz(r)lly + R(2(r))
= disty«(-D,Z(L(K(s)), 2(5)), IR(ODIIZ(7)lly + R(2(r))-
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Third case: r € Gand s € [0,S]\ G. Choose ¢ as the right boundary point of

the connected component of G containing r. We then combine the first and sec-
ond case and obtain

IZ(€(t(s)), z(s))=Z (£(t(r)), z(r))ll
SJ %(ZMRR+ 1)R[Z'](t)+ C, dT+J‘ RIZ'|(7) + ||2(7)lye(t(T), z(T))dT

S
< J h(t)dt for some h € L'(0,S) that is independent of s and r.
r

In all three cases, we conclude by help of Lemma C.4 that s — Z({(t(s)), z(s))
is indeed absolutely continuous.

Step 2: Chain rule inequality If s lies in the closure of a connected com-
ponent contained in G, the chain rule inequality (F.1) follows directly from the
consideration in the second case of the first step. Else, we choose a sequence
r, =s—h, €[0,S]\ G such that h, \, 0. This implies —D,Z ({(t(r,,)),z(r,)) € IR(0)
as well as ||z(s) — z(r,,)|ly, — 0, since z € C([0,S];V) according to Proposition C.13.
Thus, we can estimate the difference quotient as follows:

(T(EH(5)), 2(5)) - T(Et(r), 2(r)
= %(I(€(t(s)),z(s)) —Z(C(t(r,)), z(s))) + hln(I(e(t(rn)), 2(s)) —I(f(t(rn)),z(rn)))

S

> - ] P(t(t),2(5))i(t) dT = -Mgllz(s) = 2(r)IyR(2(s) = 2(ra)) + gi-llz(s) = z(ra)l1%

+ (DIt (r)), 2(r), 2(5) = 2(r) )y

> - [ PO de - M to) -2y R(ZLE )L Ria() -2t ()
' -0 —_
—R[z’](s)

— P(t(s), z(s)E(s) = R[2'](s),

where the first term converges in every Lebesgue point s of , and the last term
converges almost everwhere according to Prop. C.10. An approximation of s
from above by a sequence r,, =s+h, €[0,S]\ G, where h,, \, 0, gives the opposite
estimate: ! We estimate as in (F.3) but now divide by s—r, = —h,, <0

T (Z(e(t(s)), 2() = Z(E(t(rn)), ()

< —,}—J P(t(1), 2(5) (1) dT + - Mgllz(s) - 2(r) Iy R (2(5) =~ 2(1,)) + =R (z(s) ~ 2(r,)

IA

T T e e R Ry
~0 —RI[2’](s)

— P(t(s), z(s)i(s) + R[z'](s).

At this point, the symmetry of R is needed, since otherwise, we only obtain an estimate
against R[-z"](s).
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To prove the uniform estimate for the driving forces, we need the following
chain rule:

Proposition E2. Let z€ H'((0,T); V)N L®((0, T); Z) and DJ(z(-)) € L®((0, T); V*).
Then for almost all t, the mapping t — J(z(t)) is differentiable and we have the
identity

%J(Z(f)) = (Az(t), 2(t))y-p + (DF (2(t)), 2())y-v - (F.4)

Integrated version of the chain rule: Let z € WY1((0,T); V) N L®((0,T); Z) with
DJ(z(-)) € L*((0,T);V*) and assume that t +— J(z(t)) is continuous on [0, T]. Then
fOT all <t € [O, T]

T(alt2) - T(alty)) = f (DT (=), By p dr. (F5)

Proof. For the proof of (F.4), we start from the A-convexity of Z from (2.4.13),
yielding that for p := [|zl|r~((0,);z), there exists M, > 0 such that for all 1> 0 we
have the estimate

W (T (2(0+0) = T (=(1)
> (DT (2(8), b7 (2t + 1) = 2(t) v,y = MyR(z(t +h) = 2(0) 117 (2(t + ) = 2(1) -

Note that we may consider the duality pairing in V* on the right-hand side, since
we already know that D7 (z(-)) maps into V*. Using [CH98, Thm. 1.4.35], we find
that h=!(z(t + h) — z(t)) — z(t) strongly in V almost everwhere, so that the right-
hand side converges to (D.J(z(t)),2(t))y,~ for h \{ 0. On the other hand, using
the same estimate, but changing the roles of z(t) and z(t + h), we also find the
opposite estimate

W (T (2(8) = T (2(t + 1))
> (DJ (2(t +h), B (2(8) = 2(t + 1))y, = MpR(2(t) = 2(t + W) IH~ (2(8) = 2(¢ + )y
— —(DJ (z(1)), 2(t))y, -

for almost all t. In order to prove the last convergence, note that z(t + h) — z(t)
strongly in V, and together with ||z|y«~((0,7);2) < o, this implies z(t + h) — z(¢)
weakly in Z. Taking into account assumption (2.4.4a), this implies the weak
convergence DJ(z(t + h)) — DJ(z(t)) in Z*. Since DJ(-) € L*((0,T); V"), this
implies weak convergence also in V*, and thus convergence of the duality pairing.
Thus, we have shown that

}11{% W (T (2(t+ ) = T (2(8)) = (DT (2(1), 2(D)y, v = (Az(E), 2(t))y + (DF (2(8), 2(D))y -
A similar argument for h < 0 proves (F.4)

For the proof of the integrated version of the chain rule, let t; <t, € [0, T) and
hy > 0 such that t, + hg < T. Then for all 0 < h < k), the uniform subdifferentia-
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bility (2.4.13) implies
t
h! J T(z(t+h))— T (z(t))dt
t

ty 1)
zJ (Dj(z(t)),h_l(z(t+h)—z(t)))dt—%f llz(t + ) - z(£)|[5 dt,

51 t

where A > 0 depends on |[z[|;~(o,T;2). Thanks to the continuity of J(z(-)), for the
left hand side we obtain limj,_,oh~! Ltlz J(z(t+h)=T(z(t))dt = T(z(ty))— T (z(t1))-
Since z€ W1((0,T); V), on each (t;,t,) € (0, T) the difference quotients converge
strongly in the following sense: h™!(z(- + h) — z(-)) — 2(-) strongly in L!((t;,t,);V),
[CH98, Cor. 1.4.39]. Thus the first integral on the right hand side converges to
ft?(DJ(z(r)),z'(t))dr, while the second integral on the right hand side converges
to zero. A similar argument for h < 0 finally proves (E.5). |
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Appendix G

On the assumption that ) is
uniformly convex

It should be noted that, for almost every argument in this dissertation, we only
need to assume that V is a reflexive Banach space. If V is uniformly convex,
then the Milman-Pettis-Theorem, [Pet39], asserts that ) is also reflexive. The
converse is not true in general, see, e.g., [Day41]. The requirement that (V,||-||))
be uniformly convex with a modulus of convexity of power 2 is needed only in
the proof of uniqueness of solutions of the viscously regularized system, that is in
Step 0 of the proof of Prop. (3.1.3). To be more precise, we require the uniform
convexity of dR, () in order to obtain the crucial estimate (3.1.8). However,
according to [PR86, Prop. 2.11], both requirements are equivalent on smooth
Banach spaces, and Lemma G.1 here below asserts that one of the implications
is true for arbitrary Banach spaces.

Uniform convexity of a normed space (X,| - ||x) is defined in [BGHV09] as
follows: The modulus of convexity is the function 9y, : [0,2) — [0, co] defined

by

) 1
Sl (D) :=inf{ 1 =Sl 4yl | Il llvlix <1 lx=sllx =1},

where the infimum over the empty set is co. The function 9, () is monotonely
increasing, cf. [Die84]. The space (X, ||-||x) is called uniformly convex if it holds
that oy, () > 0 for all £ > 0; and it is called uniformly convex with modulus
of convexity of power type p if there exists C > 0 such that oy (t) > Ct? for
all t > 0. It should be stressed here that uniform convexity is a property of the
norm, and not of the topology, that is, choosing an equivalent norm on X need
not preserve uniform convexity or the power type of the modulus of convexity.
We now have the following implication

Lemma G.1. Let (X, -|lx) be a Banach space. If (X, || ||x) is uniformly convex with
modulus of convexity of power type 2, then there exists a constant C > 0, depending
on (X,||-|lx) alone, such that for the map R: X — R, R(x) := %HX”%@ it holds that

Vx,y € X\ {0}, V1, €dR(x), 1, € IR(y) :

) (G.1)
U My, X -yx 2 Cllx-llx-
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The proof is completely analoguous to that of [PR86, Prop. 2.11]. There, the
requirement that X be smooth has the only effect of rendering JR(:) a single-
valued function X — X*. We give the proof here for completeness.

Proof. Let 6:[0,2) — [0, 0] be the modulus of convexity of X. As a first step, we
show that for all x,y € X \ {0}, it holds that

Ix +lI% <1—5( Jlx ~ pllx ) G.2)

2(|Ixl1% +1IylI%) (12 +1vl1%))

=

To this end, first note that it holds that
¥ x,y € X such that ||x||x,[[pllx <1, [lx—pllx <1:
lx+yllx <1-06(2flx = pllx) <1 =56(llx - plix),
were the last estimate is justified by the monotonicity of 6. This implies that

Vx,y € X such that |lx|lx, [[pllx <1, [x+pllx <1:

; (G.3)
lIx+yll%x <1-06(llx—pllx).

Now, for arbitrary x,y € X \ {0}, if we set

X = X and }7:: Y

(2(llxlI% + IIZJII?()% 2(lIxlI% +I91%)

J

No|—

L
\/5)

it holds that ||%||x, [[9|lx < and infer from

b+ 9115 < Ixll% + 1915 + 2llxllx - I9llx < 201101 +1911%)

that [|¥ £ 9||x < 1, allowing us to apply (G.3) to £ and y and thereby obtain (G.2).
Let now x,y € X\ {0} be arbitrary, and 7,,€ dR(x),7, € IR(y). Then it holds
for all z € X that

(112 =) + % < izl
which, for z = HTy, reads
X+
(e x =) = I = A2 (G.4)

and in the same way, we obtain the estimate

X+
2

~(11y,x = 9)x = lI9l% = ~I===11%- (G.5)
Adding (G.4) and (G.5) yields

(15 = 1y X =YY = |Ixll5 + IWII% = 3llx+ pll% (G.6)
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Now, using the estimate (G.2), (G.6) reads

x_
(e~ 2 el + ) - o — )

(Il +1911%))
[l - llx 2

(2(lxlI% + 1911%)

N —

> (Il +

=

= Cllx - ylI%,

where C > 0 is a constant that depends on X and || - ||x alone.
|

An obvious way to obtain a space that is uniformly convex with modulus of
convexity of power type 2 is to choose a Hilbert space V, such as the Sobolev
space H!(Q). For a Banach space V, it would also be sufficient to require the
existence of an operator

V e Lin(V, V") that is linear, self-adjoint, bounded and elliptic, i.e.,
Yw,veV: (Vw,v), =(Vv,w)y (G.7)
AT,y >0:VveV: 7/||v||12, <(Vv,v)y < 1“||v||12}

and then define an equivalent norm |- || on V via

vl := V{Vv,v)y.

In this case, the viscous augmentation R, ;(v) := %|||v|||2 is Fréchet-differentiable
with Fréchet-derivative DR, ; (v) = Vv, since it holds that

1
].lm —_— R v+h —R v)— Wv,h
”h”V_’OHh”V( 21 )= Ra1(v) =« >v)

= lim W]’l,h + Wv,h + Wh’v ) VU,I’[
lInlly—0 2||h||1}(< W+ W+ W= >V)

T In0° _
Il —0 2||Ally

J

and thus has the single-valued convex subdifferential dR, ;(v) = {DR,(v)}. From
here, the uniform convexity of dR,(:) is a direct consequence of the ellipticity
of V. However, requiring the existence of an operator V € Lin(V, V") that satisfies
(G.7) effectively turns V into an inner product space. Now, since V is complete
w.r.t. the norm ||-||,), the same is true for the equivalent norm ||-||, so that we must
have been dealing with a Hilbert space from the beginning.

Other possible choices for V that are not Hilbert spaces, would be Sobolev
spaces WEP(Q). If endowed with the right norm, these are uniformly convex:

Lemma G.2. Let Q c R be a domain and for p > 1, k € N we consider

WEP(Q) := {f € LP(Q)|V]a| < k: D% f € LP(Q)}
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together with the norm

Ifllp =) ID*flira)

Then WEP(Q) is uniformly convex.

Proof. This follows from the fact that (LP(Q),|| - [Izr(q)) is uniformly convex with
modulus of convexity of power p, see [Han56]. Let 6, be the modulus of convex-

ity of ||-||lzr(q)- Let further t >0and f,g € WEP(Q) such that |lf —gllx,p = t. In par-
ticular, we have that ¢y := ||f —g|[r() > 0. For |a| <k, let £, := [[D*(f = ¢)llrr() 2 O,
then

1 1 1
Sty + S lgllep = S1F =gllip = ) 3p(ta) = 3y(t0) > 0.
lov|<k
u

Now, every uniformly convex normed space can be endowed with an equiva-
lent norm (that is, with a norm that induces the same topology) whose modulus
of convexity is of power type 2:

Lemma G.3. Let (X, ||-||x) be a uniformly convex space. Then there is an equivalent
norm || - || on X that has a modulus of convexity of power type 2.

Proof. We use [BGHV09, Thm 4.3] according to which it is sufficient to show
existence of a function f : X — R that is continuous, uniformly convex, and
satisfies f(x) < ||x||X for all x € X. Simple calculations show that f(x) := 2||x||X is
such a function. [

In conclusion, there exists an equivalent norm | - | , on WEP(Q) such that
(WEPQ), [I- Il k,p) is uniformly convex with modulus of convexity of power type 2.

Remark G.4. If (V,||-|ly) is uniformly convex with a modulus of convexity of power
type p > 2, we can still follow the arguments in the proof of Lemma G.1. Now, instead
of (3.1.8), we obtain that

Yz (8) = 22(0)IE, + 3L ((Az1 (1) = 25(1)), 21 (1) = 25(1)) 2)
Clizs ()~ 220" + Zllea ()= 20,

i.e.,
-1 -1
&2y (5) - 25(s ||Z<cj||zl Ll dt<cj 21 ()= 2112 d.

In order to turn this into a useful estimate for ||z, (s) — zz(s)Ilé however, it seems that
some generalized Gronwall inequalities are needed.
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