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Introduction

In this thesis we consider so-called rate-independent systems and prove the existence of
time evolution for such systems by using the energetic formulation, which was for the
first time systematically used for treating of rate-independent systems by A. Mielke and
F. Theil [MT99]. The framework of this approach is purely energetic and avoids the
derivatives in space. These properties make it possible to apply this formulation to a
wide class of rate-independent models without taking care of smoothness of solutions,
which can not always be expected. The existence results in [MT99, MT04] were based
on the linear structure of the process space. In particular, the reflexivity of the process
space was crucial for the proofs. Such assumptions are often not satisfied in mechanical
models of rate-independent systems. For example, in many models the process space
is given as L!-space, which is non-reflexive. These restrictions motivate to find suitable
generalisation of the previous existence results for the energetic approach. In this paper
we present a possible generalisation, which allows us to completely abandon the linear
structure of the state space. In the last chapter we give a simple model for phase trans-
formation processes in solids and use the obtained general existence results for studying
the existence of solutions.

In first chapter we treat general rate-independent systems. Such systems are typi-
cally driven by an external loading on a time scale much slower than any internal time
scale (like viscous relaxation times) but still much faster than the time needed to find the
thermodynamical equilibrium. Typical phenomena involve dry friction, elasto-plasticity,
certain hysteresis models for shape-memory alloys and quasistatic delamination or frac-
ture. The main feature is the rate-independence of the system response, which means
that a loading with twice (or half) the speed will lead to a response with exactly twice
(or half) the speed. We refer to [BS96, KP89, Vis94, MM93] for approaches to these
phenomena involving either differential inclusions or abstract hysteresis operators. The
energetic method is different since we avoid time derivatives and use energy principles
instead.

As it is well-known from dry friction, such systems will not necessarily relax into
a complete equilibrium, since friction forces do not tend to 0 for vanishing velocities.
One way to explain this phenomenon on a purely energetic basis is via so-called “wiggly
energies”, where the macroscopic energy functional has a super-imposed fluctuating part
with many local minimisers. Only after reaching a certain activation energy it is possible
to leave these local minima and generate macroscopic changes, cf. [ACJ96, Men02]. Here
we use a different approach which involves a dissipation distance which locally behaves
homogeneous of degree 1, in contrast to viscous dissipation which is homogeneous of



degree 2. This approach was introduced in [MT99, MT04, MTL02, GMHO02| for models
for shape-memory alloys and is now generalised to many other rate-independent systems.
See [Mie03a] for a general setup for rate-independent material models in the framework
of “standard generalised materials”.

As basis for our considerations in the first chapter we take the following continuum
mechanical model. Let Q C R? be the undeformed body and ¢ € [0, T)] the slow process
time. The deformation or displacement ¢(t) : Q@ — R is considered to lie in the space
F of admissible deformations containing suitable Dirichlet boundary conditions. The
internal variable z(t) : @ — Z C R™ describes the internal state which may involve
plastic deformations, hardening variables, magnetisation or phase indicators. The elastic
(Gibb’s) stored energy is given via

Et,p,2) = Jo W(z, Dop(x), z(x)) dz — (L(t), ),

where (((t), p) = [, fext(t, ) - p(x)dz+ [, Gexs(t, ) - (2) dz denotes the external loading
depending on the process time .

Changes of the internal variables are associated with dissipation of energy which is
given constitutively via a dissipation potential A : Q x TZ — [0, 0], i.e., an internal
process Z : [to, t1] X Q — Z dissipates the energy

Diss(z, [to, t1]) fQ (x,2(t,x), 2(t,x))dzdt.

Rate-independence is obtained via homogeneity: A(x, z, av) = aA(x, z,v) for @ > 0. We
associate with A a global dissipation distance D on the set of all internal states:

D(z0,21) = inf { Diss(z,[0,1]) | z € C'([0,1] x Q, Z), 2(0) = 29, 2(1) = 2 } .

In the setting of smooth continuum mechanics the evolution equations associated with
such a process are given through the theory of standard generalised materials (cf. [Mie03a)]
and the references therein). They are the elastic equilibrium and the force balance for the
internal variables:

—div %VFV (ZL‘ ngp(t, {L‘)7 Z(t, l‘)) - fext(tv (L’)

sub ow in Q’
0 € Az, 2(t, 2), 2(t, x)) + G- (2, Dap(t, x), 2(¢, )

where boundary conditions need to be added and 9" denotes the subdifferential of a
convex function. Using the functionals this system can be written in an abstract form as

D,E(t, p(t),2(t) =0, 0€ 82‘21b15(z(t), VZ()] + DLE(t, (), 2(1)), (0.0.1)

which has the form of the doubly nonlinear problems studied in [CV90].

It was realised in [MT99, MTLO02, Mie0O3a] that this problem can be rewritten in a
derivative-free, energetic form which does not require solutions to be smooth in time
or space. Hence, it is much more adequate for many mechanical systems. Moreover,
the energetic formulation allows for the usage of powerful tools of the modern theory
of the calculus of variations, such as lower semi-continuity, quasi- and poly-convexity
and nonsmooth techniques. A pair (p,2) : [0,7] — F x Z is called a solution of the
rate-independent problem associated with € and D if (S) and (E) hold:
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(S) Stability: For allt € [0,T] and all (p,z) € F x Z we have
E(t, (1), 2(1)) < E(t, ¢, 2) + D(2(1), 2).

(E) Energy equality: For allt € [0,T] we have
(L, ¢(t), 2(t)) + Dissp(z, [0,t]) = £(0, — Jo (i ))dr.

At this point it is suitable to say that as far as the author knows the very special version of
the energetic formulation was first used in the paper by G. A. Francfort and J.-J. Marigo
about the Griffith model of crack propagation [FM93]. But instead of the natural and
general condition (E) the authors used very special condition which is not fulfilled in
most situations. L

The following functionals £, D provide us the first simple nontrivial application of the
abstract theory. Let

E(t,2) = [, DD, 2(2)? — gexs(t, 2)2(x)dz on Z = HY(Q)

and D(zg,7) = Jo 671 (x)—20(2)| dz with & > 0. Then, A(z,z, 2) = &[] and (0.0.1)
reduces to the partial differential inclusion

0 € % Sign(i(t, z)) — div (a(az)DxZ(t, x)) et (t, ), (0.0.2)

where Sign denotes the set-valued signum function. Our general theory using (S) & (E)
will provide a generalised solution to this problem which satisfies z € BV ([0, T, L' (€2)) N
L>°([0, T], H3(Q)) whenever ge € CHP([0,T], H"1(Q2)), see Theorem 1.4.6. However, using
the uniform convexity of £(t,-) this result can be considerably improved; the theory in
[MT04, Sect.7] provides uniqueness and z € CHP([0, 7], H}(Q)).

Under the assumptions that the sets 7 and Z are closed, convex subspaces of a suitable
Banach space and that D(zg, z1) = A(z1—2p), an existence theory was developed in the
above-mentioned work and certain refinements were added in [MRO03, Efe03, KMRO03].

In the first chapter of this thesis we consider an abstract framework, which was devel-
oped in [MMO03] and which allows us to construct solutions to (S) & (E) without relying
on any underlying linear structure in Y = F x Z. This abstract framework helps us to
extend the previous existence results for the rate-independent problems, cf. [MT04], to
the more general class of such systems. In particular, it was shown how the abstract
theory lays the basis for the treatment of the delamination problem in [KMRO03|. More-
over, it was shown in [MMO3] that the model of brittle fracture introduced in [FM93]
and developed further in [FM98, DMTO02, Cha03, DMFT04]| can be formulated as a
special case of the abstract theory. It was shown that the conditions posed there are
equivalent to conditions (S) & (E) which gives the theory a clearer mechanical interpreta-
tion. Furthermore, it seems that the abstract theory provides the opportunity to study
genuinely nonlinear mechanical models such as elasto-plasticity with finite strains, see
[OR99, CHMO02, Mie02, Mie03a, LMDO03, Mie03b].

In the second chapter a short overview of the theory of functions of bounded vari-
ation is provided. Such functions play an important role in several classical problems
of the calculus of variation, for instance in the theory of graphs with minimal area. At
present, this class of functions is heavily used to study problems, whose solutions develop



discontinuities along hypersurfaces. Typical examples come from image recognition and
fracture mechanics. Of course, the complete survey of the theory can not be provided in
this thesis. It is also not the main topic of this thesis. Nevertheless this chapter provides
all results which are needed in order to introduce and to study our phase transformation
model. In this chapter we omit mostly all proofs. All missing proofs can be found in
the modern book about the theory of function of bounded variation [AFP00] written by
L. Ambrosio, N. Fusco and D. Pallara. The interested reader can find further details of
the theory in the following books: [Fed69, Giu84, Maz85, VH85, Zie89).

In the last chapter we use the results of the second chapter for introducing of a simple
model for phase transition. The modelling of phase transition processes plays an im-
portant role in the material science. Especially in the context of shape-memory alloys
such modelling has been subjected to intensive theoretical and experimental research in
the last years. It is surely related to the importance of smart materials in the aerospace
and civil engineering. There exist yet some applications to human medicine. Such smart
materials are characterised by an existence of different possible atomic grids (phases) and
by a strong dependence of elastic properties on the actual structure of atomic grid. The
grid with higher symmetry (mostly cubic) is referred as austenite phase while the lower-
symmetrical grids (smart materials may have more than one lower-symmetrical grid) are
called martensite phases. Under an external mechanical loading a smart material passes
through an elastic deformation, but by attainment of a certain activation stress the phase
transformation occurs. At this moment the energy, which is needed for the phase trans-
formation, is partially dissipated to heat and partially stored in the new phase interface.
Practical experiments show that the phase transformation processes can be considered,
except very fast time scales, as rate-independent. This fact leads to the opportunity to
treat the time evolution of phase transformation as a rate-independent process and to
apply the abstract existence theory.

There exist some previous works, which try to apply the energetic approach to the
modelling of phase transformation in solids. We can mention the papers by A. Mielke,
F. Theil & V.I. Levitas [MTL02] and A. Mielke & T. Roubicek [MRO3]. In these papers
the authors consider a mesoscopic level model for phase transformation. Accordingly it
is assumed that the phase state at every material point is given as a mixture of a pure
crystallographic phases. The main aim of the mentioned papers was the modelling of
microstructure evolution in shape-memory alloys. The research direction was strongly
motivated by practical experiments, where the formation of very fine laminates was ob-
served. In order to allow the formation of microstructure the energy stored in the phase
interface was completely neglected.

In the model for phase transformation, which is presented in this thesis, we assume
that the phase state at every material point is given by one pure crystallographic phase.
It means that this model can be considered as a microscopic one. We assume also that
one part of the stored energy is saved in the phase interfaces. This assumption is realised
through an interface energy term of total stored energy. This term is introduced as
an integral over the phase interface of some suitable interface density function. Surely,
the interface energy term forbids the formation of microstructure, but at the same time
this additional term allows us to model nucleation effects, which were also observed in
experiments.

To be more specific, we provided a rough overview of ingredients of the model. Let,



as in general setup of rate-independent processes, Q C R? be the undeformed body and
t € [0,7] the slow process time. The deformation is again denoted by ¢ and lies in
the space F of admissible deformations. We denote the set of possible crystallographic
phases by Z C R™. Thus the phase state can be prescribed by an internal variable
z(t) : Q — Z C R™. The stored energy is given via

= JoaW(2,Dp(2), 2(2)) T + [ e tntertaces (27 (@), 27 (a)) da = (€(2), ).

Here £(t) denotes again the external loading depending on the process time ¢, the function
¥ is a density of energy stored in the phase interfaces and 2 (a), 27 (a) denote the phase
states on both sides of the phase interface. We also assume that the energy, which is
dissipated by change from internal phase state z; to the internal state z is given as
Jo D (x)) dz. Furthermore we call this value the dissipation distance. Using the
theory developed in the first chapter we are able to show the existence of solution for the
evolution problem in the (S) & (E) formulation.

At the end of the introduction it is suitable to mention that the modelling of smart
materials is a topic of many papers and the models, which are mentioned here, cover this
area only very partially. The interested reader can find a good overview of this huge area
in [Rou04]. In particular, the author considers also atomic and macroscopic models for
evolution in shape-memory alloys.






Chapter 1

General existence theory for
rate-independent systems

In this chapter we consider a rate-independent system whose evolution runs in evolution
space F x Z. In typical mechanical applications the set F is given as a set of admissible
deformation and the set Z is a set of admissible internal states, i.e. phase state, magneti-
sation, etc. We do not require the linear structure on the evolution space. In fact, our
application to memory-shape alloys in Chapter 3 forbids explicitly the linear structure in
Z. Like in the introduction £ : [0,7] x F x Z — R and D : Z x Z — R denote the stored
energy and the dissipation distance of the system. We present existence results in two
different situations, which are called in the following “convex” and “non-convex” cases.
We speak about the “convex” case if the functional & . := £(t,-, z) has a unique min-
imiser for any (¢, 2), i.e. the deformation ¢ can be considered as a function of the internal
state z. In this case the abstract framework introduced in [MMO3] can be immediately
applied in order to obtain the suitable existence results. For this we have to consider a
pair (¢, z) as a single variable y € Y := F x Z and the dissipation distance as a function
on Y x Y. Then the convexity assumption allows us to verify one of central assumptions
in [MMO3], cf. condition (A4), to establish the existence of a solution for the evolution
problem (S) & (E). Since the above method does not work in the “non-convex” case we
avoid it in the “convex” case in favour of obtaining important a priori estimates, which
coincide in both cases. The notation “convex” (resp. “non-convex”) is motivated by the
elasticity theory, where ¢ is a commonly accepted notation for elastic deformation. It is
well-known that the convexity in the deformation gradient implies in the elasticity theory
the uniqueness of the elastic equilibrium.

The existence proofs are based on the commonly used time-incremental approach
which leads to the following minimisation problems.

(IP) Given a pair (o,20) € F x Z and a partition of a time interval
0 = tp < ... < ty = T find (¢1,21),---,(pn,2y) such that for any k
Et, r, zx) = Inf { E(tg, 0, 2) + D(2k-1, 2) | (p,2) € F x Z }.

We equip the spaces F and Z with Hausdorff topologies T and Tz such that the func-
tions € : [0,T] X F x Z2 — [Enin, 0] and D : Z x Z — [0, 00| are s-lower semicontinu-
ous, where “s-” stands for “sequentially”. Moreover, we assume that the reachable sets



R(t) ={(p,2) € Fx Z|E(t,¢,2) + D(z0,2) < E(t, 0, 20) + Cet + 1 } are s-compact. From
this we can deduce existence of solutions for (IP).
Solutions to the time-continuous problem (S) & (E) are obtained as limits of incremen-

tal solutions for a sequence of nested partitions P(n) = {O:t(()n)<t§")< e <t§\7;()n):T } C

P(n+1) whose fineness ¢(P(n)) = max { tEn) — t§-7i)1 |l7=1,...,N(n) } tends to 0. Under
the assumption
|atg(ta 2 Z)| < CE

all these solutions (9", Z") satisfy the a priori bound
Dissp (2", [0,T]) = SN0 D(Zn (™)), Z7(#57)) < £(0, 0, 20) — Emin + CeT.

j=1
Here (", Z™) denotes the piecewise constant interpolant with (®", Z")(t) = (zj(»"),gogn))
for t € [tg-n),t;@l). Using the dissipation bound and a generalised, abstract version of
Helly’s selection principle (see Section 1.3) we extract a subsequence (9", Z") such that

7" () RENY *(t). For this we need an additional compatibility between the topology Tz

and the dissipation distance D, namely that min{D(zy, z), D(z, zx)} — 0 implies z RENSS

In the “convex” case the convergence in z-parts of incremental solutions leads im-
mediately to the convergence in @-parts. Hence, we obtain ®"*(t) Iz, ®>°(t). Using
s-continuity of 9,£(t,-,-) and assuming stability (S) for (®>°, Z*) it is then straightfor-
ward to deduce the energy equality (E) for the limit (®>°, Z>°). In the “non-convex” case
this argumentation does not work due to the impossibility to control the oscillation in
the p-part. In this situation we use the argument introduced first in [DMFT04] in order
to select &> pointwise in such a way that the energy inequality holds. Using the results
of the set-valued analysis we show that this selection can be realised by a measurable
function.

The major task is to show that ($°°, Z°°) satisfies (S). For this we use the set of stable
states, shortly called the stable set:

Spo,1) = Ureo(t, S(t))

with

S(t) = {<907Z) ceFxZ | g(t79072) < g(t7§57z) +D(Z7E) for all (673) € F x Z}
From the incremental problem we obtain (t,(c"), gp,(:), z,(gn)) € Spo,77- Hence s-closedness of
the stable set is sufficient to conclude (¢, ®>(t), Z>°(t)) € Sjo,r) for all t, which is exactly
the condition (S).

In Theorem 1.4.3 we summarise the main existence result in the “convex” case and
provide afterwards a typical application to the Banach space setting. In Section 1.5 we

discuss abstract conditions on & and D which guarantee the s-closedness of S 7). In
Section 1.6 we prove the main existence result in the “non-convex” case.

1.1 Abstract setup of the problem

We start with topological Hausdorff spaces (F,Tx), (£,Tz). We will write ¢, RER ¢ and

2k T2, » to denote the convergence in these spaces respectively. In typical mechanical
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applications the space (F,Tz) prescribes the set of admissible elastic deformation and it
is given as the subspace of W equipped with weak W!?-topology. The space (Z,Tz)
can by considered as a space of internal variables which describes non-elastic parameters
such as phase state, fracture, magnetisation. For our aims it will be sufficient to consider
sequential closedness, compactness and continuity. We will indicate this fact by writing
s-closedness, s-compactness and s-continuity.

The first ingredient of the energetic formulation is the dissipation distance D : Zx Z —
0, 0] satisfying D(z, z) = 0 and the triangle inequality:

D(z1,23) < D(z1,22) + D(22,23) for all z1, 29,25 € Z. (A1)

We enforce neither strict positivity (i.e., D(z1,22) = 0 for z; # 25 is allowed) nor sym-
metry (i.e., we allow for D(zg, 21) # D(z1, 20) as is needed in Chapter 3). Other typical
applications which require the non-symmetry of D are delamination problem and brittle
fracture. We call D(z, z1) the dissipation distance from 2o to z;.

One major point of the theory is the interplay between the topology Tz and the dis-
sipation distance. To have a typical nontrivial application in mind, one may consider
Z ={zeLYQRF)||z]le <1} equipped with the weak L' topology and the dissipa-
tion distance D(y1,y2) = ||z1—22||L1-

For a given curve z : [0,7] — Z we define the total dissipation on [s, ] via

Dissp (2[5, ]) = sup { SN D(2(r,-1), 2(7;)) | NEN, s=ry<ri< - - <my=t } . (L11)
Further we define the following set of functions:
BVp([0,7],2) :={u:[0,T] - Z | Dissp(u; [0,7]) < oo }.

Note that the functions are defined everywhere and changing it at one point may increase
the dissipation. Moreover, the dissipation is additive:

Dissp(z; [r,t]) = Dissp(z; [r, s]) + Dissp(z; [s,t]) for all r < s < t.

The second ingredient is the energy-storage functional £ : [0, 7] X F X Z — [Epin, 0/,
which is assumed to be bounded from below by a fixed constant £,;,. Here t € [0, T] plays
the role of a (very slow) process time which changes the underlying system via loading
conditions. We assume that for all (¢, z) with £(0, ¢, z) < oo the function t — E(t, ¢, 2)
is Lipschitz continuous, i.e.,

0E (-, 2) 1[0, T] — R is measurable and |0,£(t, p, z)| < Ck. (A2)

Condition (A2) can be also replaced with weaker conditions, which are sufficient for
proving suitable existence results. Since the above condition is satisfied for a suitable large
class of external loadings, we avoid the weak formulations and use the strong condition
(A2) instead. Possible weaker assumptions can be found in [FMO04].



Definition 1.1.1. A curve (p,z) : [0,7] — F x Z is called a solution of the rate-
independent model (D, &), if global stability (S) and energy equality (E) hold:

(S) For allt € [0, T) and all (p,%) € F x Z we have
E(L, (L), 2(1)) < E(t, @, 2) + D(z(t), 2).
(E) For allt € [0,T] we have
E(t,p(t), z(t)) + Dissp(z; [0, t]) = £(0, ¢(0), 2(0)) + fot 0E(T,0(T), z(7)) dT.

The definition of solutions of (S) & (E) is such that it implies the two natural require-
ments for evolutionary problems, namely that restrictions and concatenations of solutions
remain solutions. To be more precise, for any solution (¢, z) : [0,7] — F x Z and any
subinterval [s,t] C [0,77], the restriction (¢, 2)|i solves (S)& (E) with initial datum
(p(s), 2(s)). Moreover, if (p1,21) : [0,t] = F x Z and (g9, 22) : [t,T] — F x Z solve
(S) & (E) on the respective intervals and if (¢1, 21)(t) = (@2, 22)(t), then the concatenation
(p,2):[0,T] — F x Z solves (S) & (E) on the interval [0, 7] as well.

In the previous works on rate-independent systems condition (E) was often substituted
by the following weakened version (see [MT04, MTL02)):

(E)weax For all t € [0,T] we have
E(t,p(t), 2(t)) + Dissp(z; [0, t]) < E(0,9(0),2(0)) + fot 0E(s,p(s), z(s))ds.

Condition (E)year enables concatenations of solutions, but doesn’t guarantee that restric-
tions remain solutions. Although condition (E)year seems to be weaker than the condition
(E), it is shown in [MT04] that (S) and (E)weax together imply that (E) holds (see Propo-
sition 1.4.2 for a simple proof).

Rate-independence manifests itself by the fact that the problem has no intrinsic time
scale. It is easy to show that a pair (¢, z) is a solution for (D,€) if and only if the
reparametrised curve (3,2) : ¢ — (¢, z)(a(t)), where & > 0, is a solution for (D, ) with
E(t, ¢, 2) = E(a(t), ¢, 2). In particular, the stability (S) is a static concept and the energy
balance (E) is rate-independent, since the dissipation defined via (1.1.1) is scale invariant
like the length of a curve.

The major importance of the energetic formulation is that neither the given functionals
D and &(t,-) nor the solutions (p,z) : [0,7] — F x Z need to be differentiable. In
particular, applications to continuum mechanics often have low smoothness. Of course,
under additional smoothness assumptions on D and £ the weak energetic form (S) & (E)
can be replaced by local formulations in the form of differential inclusions like (0.0.1)
([CV90, Vis01]) or in the form of variational inequalities. See [MT04] for a discussion of
the implications between these different formulations.

1.2 Incremental solutions and a priori bounds

Existence of solutions of (S) & (E) is shown via time-incremental minimisation problems.
In this section we give the incremental formulation of (S) & (E) problem and show that
under suitable assumptions this incremental formulation has a solution. Moreover we
prove a priori bound estimates for incremental problem. These estimates help us later to
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select a subsequence of incremental solutions which converges to a solution of the original
(S) & (E) problem.

Furthermore we assume that the functionals £(¢,-,-) : F X Z — [Eqim, 00| and D :
Z x Z — [0, 00] are s-lower semicontinuous. In the standard case F and Z are reflexive
Banach spaces (like the Sobolev space WP(Q, R™) with p €]1,00|) equipped with weak
topology T such that closed and bounded sets are compact. Then, s-lower semicontinuity
of £ and D in (F,Tx) x (Z,7Tz) and (Z,Tz) respectively is the same as the classical weak
sequential lower semicontinuity in the calculus of variations [Dac89].

We reformulate the stability condition (S) by defining the stable sets

Sit):={(p,2) e FXZ|E(t,p,2) <E(t,p,2) +D(z,2) for all (p,2) e Fx Z},
Sory = { (L, 2) € [0, T] x Fx Z|(p,2) € (1) } = Ureo.ri(t, S(1))-

In this notation condition (S) means, that (¢(t), z(¢)) lies in S(t) for every ¢t € [0,7]. The
properties of the stable sets turn out to be crucial for deriving existence results.

For the time discretisation we choose a partition 0 = to < t; < ... < ty = T of
the time interval [0, 7] and seek for a (¢, ;) which approximates the solution (¢, z) of
(S) & (E) at t, i.e., (¢k, zk) = (p, z)(tx). Our energetic approach has the major advantage
that the pairs (¢, 2zx) can be found incrementally via minimisation problems. Since the
methods of the calculus of variations are especially suited for applications in material
modelling this will allow for a rich field of applications.

In our general setting the incremental problem associated with a given partition of
time interval takes the following form:

(IP) For (yg,20) € S(0) C F x Z find (¢1,21), .-, (pn,2n) € F x Z such that

(pk, 2x) € argmin{ E(tg, ¢, 2) + D(2k-1,2) | (p,2) E Fx Z}  fork=1,...,N.
(1.2.1)

Here “argmin” denotes the set of all minimisers. The following result shows that (IP) is
intrinsically linked to (S) & (E). Without any smallness assumptions on the time steps,
the solutions of (IP) satisfy properties which are closely related to (S) & (E).

Theorem 1.2.1. Let (A1) and (A2) hold. Any solution of the incremental problem (1.2.1)
satisfies the following properties:

(i) (@k,2x) is stable for time tg, i.e., (Yx, zx) € S(tr);

(ii) f[tk 35 (8, P, zr)ds < 5(75k790k,2k) E(th-1,Pr-1, 2k—1) + D(2k-1, 2x)
_f tk]@ﬁsgpk 1,2k-1)ds  fork=1,...,N;

(iii)  E(t;,95,2) + Shoy Dlz1, 21) < E(0, 00, 20) + Cet;.

Proof. (i) The stability follows from minimisation properties of the solutions and the
triangle inequality. For all (¢,2) € F x Z we have

g(tka @7 /Z\) + D(an/z\) - g(tlﬁ P, < ) + D(Zk 1, % ) + D(ZIW/Z\) - D(zk—la /Z\)
Z 8<tk7 Splm Zk) + D(Zk}717 Zk) + D(’Zk‘u 2) - ,D(Zk717 /Z\> Z g(tk7 gpkﬁ Zk)'
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(ii) The first estimate is deduced from (py_1,2,_1) € S(tx_1) as follows:

Etr, or, 21) + D21, 26) — E(te—1, Pr—1, 2k-1)
= E(tk-1, 9k, 2x) + f[tk_l’tk] 0sE (38, 0r, 26)ds + D(zp—1, 2k) — E(tr—1, Pr_1, Zk—1)
2 j\[tkfl,tk] 855(57 ()Okh Zk‘) dS

Since (g, zx) € argmin{ E(ty, ¢, z) + D(zk-1,2) | (p,2) € F x Z} the second estimate
follows via

E s prs 21) — E(te—1, Pr—1, 28-1) + D(24-1, 21) <
E(tr, Or—1, 26-1) — E(tr—1, Pr—1, 2k—1) + D(2p-1, 26-1) = ‘/‘[tk—lytk] 0sE (5, Pr—1, 2x—1) ds.
(1.2.2)
(iii) This estimate is obtained by adding up the second estimate in (ii) for k=1,...,j. =

For each incremental solution (¢g, zx)k=1.. n of (IP) we define two piecewise constant
functions with values in F x Z which take the values (py, zx) at ¢, and are constant in-
between: (®F, ZF) is continuous from the right and (), ZP ) is continuous from the left.
Summing up the estimates (ii) in Theorem 1.2.1 over k = j,...,m we find the following
two-sided energy estimate:

Corollary 1.2.2. Let (A1) and (A2) hold and let P be any partition of [0,T]. Then, any
solution (yr)k=o.. N of (IP) satisfies, for 0 < j <m < N, the two-sided energy inequality

E(t;, 7 (1)), Z7 (1)) + [\ 0E (5,27 (), Z7(5)) ds
< E(tm, @ (tm), ZF (tm)) + Dissp(ZF, [t),tm))
< E(t, D7), Y (1)) + [ O.E (s, ®T(s), Z7(s)) ds.

So far, we have not yet proved the existence of solutions to (IP). However, the above
theorem already indicates that we can use induction arguments to provide compactness
and hence existence results. We define first the reachable sets

Rio1) ={(t,p,2) €0, T) x Fx Z|E(t,p,2)+D(20,2) < E(0,p0,20)+Cet + 1}
and R(t) :={ (p,2) € Fx Z|(t,0,2) € Rjo] } -
(1.2.3)
With (A2) we conclude R(s) < R(t) for s < t. As a consequence we have Ry C

[0,7] x R(T'). The following two assumptions will ensure the existence of a solution to
(IP).

The set R(T) is s-compact in (F,Tx) x (£,Tz). (A3)
For all t € [0,7] and all ($,2) € R(T') the mapping (¢, z) — E(t, ¢, 2)+D(Z, 2)

is s-lower semi-continuous on R(t) C F x Z.

(A4)

Using (A4) it is easy to see that Ry 1 is a closed subset of [0,7] x F x Z. Hence,
together with (A3) we conclude that each R(t) and Ry ] are s-compact.

Theorem 1.2.3. Let (A1), (A2), (A3), and (A4) hold. Then, (IP) has a solution.
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Proof. The proof works by induction over k =1,..., N, since y, is given.
In step k the value (¢r_1,2x_1) is given and we have to find

(0, 21) € argmin{&(tx,y) + D(2x-1,9)}-

Since (pg_1, 2k—1) was the minimiser in the previous step we have (pr_1, 2k_1) € R(tr_1).
In fact, by Theorem 1.2.1 (iii) we have

E(th—1,0r-1,2r-1) + D(Yo, 21-1) < E(0,90) + Cetp1.
Let (¢, 2!)ien be an infimising sequence for £(ty, -, -)+D(2x_1, -) with
g(tka Spla Zl) + D(Zkfb Zl) S inf(go,z)G]—'xZ {g(tka P, Z) + D(Zkfla Z)} +1

for all | € N. Following estimate (1.2.2) in Theorem 1.2.1 we obtain (¢!, ') € R(t)
for all [ € N. Using (A3) and (A4) we conclude the existence of (¢*, z*) € R(t) and a

. 7 7.
subsequence (@', z'm) with @' % ©* and 2! == 2*. Moreover,

E(tr, 0%, 2%) + D(20,2*) < liminf,, .o &(tg, @', 2) + D(2p_1, 2'™)
= inf(tp,z)é]-—XZ {g(tka 2 Z) + D(zk—la Z)} .

Hence, we let (¢, 2x) = (¢, 2*) and the induction step is completed. n

In order to proof the stability of one point (¢(t), z(t)) at time ¢ we need to test with
an arbitrary pair (¢, z). If conditions (A3) and (A4) hold on the whole set F x Z, we can
reduce the test set using the following result.

Theorem 1.2.4. Assume that conditions (A3) and (A4) hold on the whole set F x Z.
Then the following holds:

(p*, 2*) € S(t) if and only if there exists (ps, z5) € S(t) such that
E(t, ", 2%) > E(t, s, 25) + D(27%, z5).

Proof. Let (¢*,2*) & S(t). Using (A3), (A4) and the classical result of direct methods we
conclude that the set M :=argmin{ E(t, ¢, z) + D(z*, 2) | (p, 2) € F x Z } is not empty.
For (g5, 25s) € M and any pair ($,2) we have:

Et,p,2) +D(zs,2) = E(t,0,2) +D(2%,2) + D(zs,2) — D(2*,2)
> E(t,ps, 25) + D(2*%, z5) + D(zs,2) — D(2*,2) > E(t, s, 25).

Hence, one direction is proved. The other direction follows immediately from the definition
of stable sets. ]

Remark 1.2.5. Assume that F and Z are subsets of some Banach spaces and all stable
sets S(t) lie in some set Bx x Bz. We can consider the reduced evolution problem by
replacing F with F N Br and Z with Z N Bz. Theorem 1.2.4 implies that any solution
of the reduced problem is also a solution of the original non-reduced problem.
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1.3 Selection result in the spirit of Helly’s selection
principle

In this section we present one possible generalisation of Helly’s selection principles, which
allows us to develop the existence theory for rate-independent systems in abstract Hausdorff-
spaces. More precisely, we apply the results of this section to incremental approximations
(®,,, Z,,), whose z-parts satisfy a priori estimates of bounded variation in time. The-
orem 1.3.3 implies then that we can select a subsequence (®,,, Z,, )ren such that the
z-parts converge pointwise to some function Z*°. Theorem 1.3.3 and Theorem 1.3.4 was
first formulated and proved in [MMO3].

Before we formulate and prove the main result in this section, we recall the Helly’s
selection principle and give an extension of this principle to the case of Banach-space
valued functions.

The classical selection theorem of Helly states that a bounded sequence of monotone
functions on the real line always has a subsequence which converges pointwise everywhere.

Theorem 1.3.1. (Helly’s selection principle) Let (Z,)nen be a sequence of functions
defined on an interval [a,b]. We assume that there exist positive numbers C' and M such
that for any n € N holds:

Vi(Z,) < C, SUPz€[a,b) | Z ()| < M, (1.3.1)

where V2(Z,) is the total variation of Z, on [a,b]. Then the sequence (Z,)nen contains a
subsequence (Zy, )yen which converges for every x € [a,b] to some function Z. Moreover,
the limit function Z satisfies also condition (1.53.1)

The proof of this theorem can be found in many analysis books (see [KF75], Ch. 10,
Sect. 36, Thms 4 and 5).

In the book [BP86] the following generalisation of Helly’s selection principle to the
case of reflexive Banach spaces was presented.

Theorem 1.3.2. Let (X, ||-||) be a separable, reflexive Banach space with separable dual
X*. Assume that for the sequence of functions Z, : [0,T] — X there exists a constant C
such that

[ZnllLee + Dissy (Z; [0,T]) < C.

Then, there exist a function Z € BV ([0,T],X) and a subsequence (Zy, )ken such that
for all t € [0,T] we have Z,, (t) = Z(t) in X (weak convergence).

This result was used in [MTO04] to obtain the existence theory for rate-independent
systems in the case of reflexive Banach spaces. The proof of the above theorem can be
found in [BP86] (Ch. 1, Thm. 3.5) and is heavily based on the linear structure of Banach
spaces and reflexivity. Since we are interested in the general existence results for rate-
independent systems, we have to avoid the settings of vector spaces. We give now the
extension of Helly’s selection principle, which works in the case of Hausdorff-space (Z,Tz)
and which is adequate for our theory.

Theorem 1.3.3. Let Zjor = Upmn(t, Z(t)) be a s-compact subset of [0,T] x Z and
VﬁT] = Up.)(t, VZ(t)) C Zjor). Assume that D, Tz, Zj1), and VﬁT] satisfy the following
two compatibility conditions:
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(V1) For all t1,ts € [0,T] the functional D(-,-) : Z(t1) x Z(t3) — [0,00] is s-lower
semi-continuous.
(V2) If (tg,2z1) € VﬁT] with ty — t and min{D(z, 2), D(z, zx) } — 0, then z RENPS

Consider a sequence of functions Z,, : [0,T] — Z such that there exists a constant C' > 0
such that Dissp(Z,;[0,T]) < C for all n € N. Moreover, for allt € [0,T] we have

Zn(t) € Z(t) for allm € N and accy, (Zi(t))ken C Vz(t),

where accy, (2 )ken denotes the set of all possible accumulation points, i.e., Tz-limits of

subsequences.
Then, there exist a subsequence (Z,, )ken and functions Voo € BV([0,T],R), Z> €
BVp([0,T], Z) such that the following holds:

(a) V,,(t) := Dissp(Zy,,,[0,t]) = Vu(t) for all t € [0,T],
(b) Zn (t) 2 Z(t) € VE(t) for all t € [0, T,
(C) DiSSD(ZOO, [to,tl]) < Voo(tl) — Voo<t0) fOT’ all0 <ty <t; <T.

Proof. The functions V,, : [0,T7] — [0,C]; t — Dissp(Z,,|0,t]) are nondecreasing. The
scalar version of Helly’s selection principle guarantees the existence of a function V :
[0,7] — [0,C] and of a subsequence (n;)eny With V,,,(t) — Vo (t) for all ¢ € [0, 7. Thus,
we have proved (a).

Since V, is monotone and bounded, the set J of all its discontinuity points is at most
countable. We choose a countable set M with the following properties:

J C M, M is dense in [0, T, 0e M.

Using Z,(t) € Z(t) and the s-compactness of Z(t) we select, by the aid of Cantor’s
diagonal process, a subsequence (ny) of the sequence (n;) such that Z,, (t) converges in
(Z,Tz) for all t € M. The limit of the sequence (Z,,(t)) is denoted by Z*(t), such that
Z* : M — Z is defined.

We now show that this subsequence also converges for ¢ € [0, 7]\ M, which provides the
extension of Z* to the whole interval. Fix an arbitrary ¢ € [0, T|\M. The s-compactness
of Z(t) guarantees an accumulation point Z*(t) € VZ(t), i.e., Zz, (t) Iz, Z°>°(t) for a
subsequence (Zz,,) of (Z,,). It remains to show that this accumulation point is unique.
For this we use (V1) and (V2).

Take any sequence (t;);en such that t; € M and t; — ¢. Then, if ¢; < t, (V1) implies

D(Z>(t;), Z>=(t)) < liminf,, .. D(Zz,, (t:), Zz,, (t)) < liminf,, .. Diss(Zz, ; [t t])
= liminf,, o0 [V, ()= Vi, (t:)] = Voo (t) = Voo (t:).
Similarly, if ¢ < ¢; we obtain D(Z°°(t), Z%°(t;)) < Veo(ti)—Vso(t) and together with the
continuity of V, at the time ¢ we conclude
min{D(Z*(t;), Z>(t)), D(Z>(t), Z=(t:)) } < |Voo(t)=V(t;)| — 0 for i — oo.
Now we employ (V2) which implies Z*°(t;) Iz, Z>°(t). Since (Z,7) is a Hausdorff space,

the limit of a converging sequence is unique, and we conclude that (Z,, )ren has exactly
one accumulation point. Thus, we have proved (b).
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For assertion (c) we consider any discretisation ty = 0y < 0; < ... < Oy = t; of the
Tz

segment [to,t1]. Using Z,, (6;) — Z°°(6;) for i = 0,1,..., N and (V1) we obtain
S D(Z%(0;-1), Z%(0;)) < liminfy_o Y0 D(Zn, (65-1), Zn, (65))
< liminf,, . Diss(Z,, ; [to, t1]) = liminf,, [Vnk (t1)—Van, (to)} = Vo(t1)—Veo(to)-

Taking the supremum on the left-hand side gives the desired estimate (c). =

We now collect a few results on functions Z € BVp([0,7], Z) which will be useful
later on.

Theorem 1.3.4. Let V[%:T] be a s-compact subset of [0,T] x Z and assume that D satisfies
(V1) and (V2). Furthermore, assume that Z € BVp([0,T], Z) satisfies (t,Z(t)) € VﬁT]
for all t € [0,T].

(a) Then,t — Z(t) is s-continuous (w.r.t. Tz) at all continuity points of t — Dissp(Z, [0, 1]).

(b) For allt € [0,T] the T-limits from the right Z,(t) = lim~ Z(7) and from the left
Z_(t) = lim; ~ Z(7) are well defined. Moreover, lim. » Dissp(Z,[7,t]) = D(Z_(t), Z(t))
and lim,~; Dissp(Z, [t, T]) = D(Z(t), Z+(t)).

(¢) If P(n)={0=t" <" < --~t§€271 < t%ﬁ =T} defines a sequence of partitions of
the interval [0,T] such that the fineness ¢(P(n)) = maxi<k<n, t,(cn)—t,g@l tends to 0,
then the piecewise constant interpolants Z™ with Z™(t) = Z (t,ﬁ")) fort e (t,(cn_)l, t,(cn)]
lie in BVp([0,T), Z), and for almost all t € [0,T] we have Z™(t) Iz, Z(t). In fact,

the convergence holds for all t except in the (at most countable) set of jump points

of t — Dissp(Z,[0,1]).

Proof. Let t be a continuity point of ¢ — Dissp(Z, [0,t]). Then

lTi;r_}; D(Z(7),Z(t)) < }_1% Dissp(Z, [r,t]) = Dissp(Z, [0,t]) — ll;l% Dissp(Z,[0,7]) = 0.
Using (V2) we obtain lim, » Z(7) = Z(t). Similarly we can show that lim.\; Z(7) = Z(t).
Thus, we have proven (a).

Fix an arbitrary ¢ in [0, 7] and consider a monotone increasing sequence (t,)neny With
t, /' t. All points (t,, Z(t,)) lie in the set VﬁT} and therefore we can select a subsequence
(k) ken With Z(t,,) — 2z.. Welet Z_(t) := z, and have to show that Z_(t) = lim, ~ Z(7):
The function ¢ — Dissp(Z,[0,¢]) is nondecreasing and bounded. This fact implies the
existence of the limit v_(t) := lim, ~ Dissp(Z, [0, s]). Let € > 0 be arbitrary. There exists
a number sy < t such that for all s € (s, t) holds

v_(t) —e < Dissp(Z,[0,s]) < wv_(t)

and therefore D(Z(s), Z(s1)) < e for all s,s1 with s < s < s < t. Using (V1) and
t,, — t we obtain

D(Z(s), Z_(t)) < liminfy_..c D(Z(5), Z(tn,)) < ¢ (1.3.2)

which in conjunction with (V2) implies that Z_(t) = lim, ~ Z(7).
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On the one hand, the estimate D(Z(s), Z(t)) < Dissp(Z, [s,t]) and the additivity of
the dissipation give Dissp(Z, [0, s]) + D(Z(s), Z(t)) < Dissp(Z,[0,t]). Taking the limit
s /' t, using Z(s) — Z_(t) and (V1), we obtain

v_(t) + D(Z_(t), Z()) < Dissp(Z, [0, 1). (1.3.3)

On the other hand, for each partition P = {0 =ty < t; < ...ty_1 < ty = t} of the
interval [0,¢] with ty_1 > sy we obtain by using the triangle inequality and (1.3.2)

> jo1 D(Z(t;-1), Z(t;)) < Dissp(Z, [0, ty-1]) + D(Z(tn-1), Z-(1)) + D(Z-(t), Z(1))
<wv_(t)+e+D(Z_(t), Z(t)).
(1.3.4)

Taking the supremum over all partitions and using that ¢ > 0 is arbitrary we infer with
(1.3.3) that Dissp(Z, [0,t]) = D(Z_(t), Z(t)) + v_(t). From this we find

li;r% Dissp(Z,[1,t]) = D(Z_(t), Z(t)) + v_(t) — li;r% Dissp(Z,[0,7]) = D(Z_(t), Z(t)).
Likewise we can show the existence of Z,(t) = lim,~; Z(7) and lim,~; Dissp(Z, [t,7]) =
D(Z(t), Z4(t)). This proves (b).

Since Z is s-continuous at all points t except in the at most countable set of jump
points of ¢ +— Dissp(Z, [0,¢]), part (c) follows immediately. "

1.4 Existence result in the convex case

In this section we develop an existence theory for the initial value problem, i.e. we find a
solution of the (S) & (E) problem which additionally satisfies (¢, 2)(0) = (¢, 20). In gen-
eral, the uniqueness of solution can not be expected without imposing further conditions
like smoothness and uniform convexity of (¢, -) and D, see [MT04].

We establish the existence of solutions for the time-continuous problem (S) & (E) by
extracting a suitable subsequence of approximate solutions obtained from incremental
problems and by showing that the limit of this suitable subsequence is a solution. In order
to select a suitable subsequence we use the general selection result from Section 1.3. We
recall that Theorem 1.3.3 allows us to select a subsequence of approximate solutions whose
z-parts converge to some function Z*°. Unfortunately, we can not apply Theorem 1.3.3 to
the ¢-parts of approximate solutions. In fact, the proof of Theorem 1.3.3 is based on the
possibility to control the convergence by the dissipation distance D. But the dissipation
distance D does not depend on ¢. Hence, we are unable to control the oscillation of
approximate solutions in ¢-parts. In this section we make the following assumption

For any z € Z and ¢ € [0, 7] the functional

CcC
. F—R; ¢o— E(t,p,2) has a unique minimiser (CC)
and show that this assumption implies the pointwise convergence of p-parts. Later we
show in Section 1.6 how to remove this restriction.
We first give a rough overview of the proof which illuminates the structure and the
assumptions needed.
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Theorem 1.2.3 and Theorem 1.2.1 show that S(¢) is not empty for each ¢ € [0, T]. For
all incremental solutions the points (¢, ¢k, 2x) lie in the set

V[07T] = R[07T] N S[O,T] = Uteo,1) (t, V(t)) where V(t) = R(t) N S(t)

To construct approximate solutions we choose a sequence (P(n)),en of discretisa-
tions whose fineness ¢(P(n)) = max{t( —t (n) g=1,. Nn} tends to 0. More-

over, we assume that the sequence is nested, i.e., P(n) C P(n+1). We write shortly
(@7, Z") = (&P ZPM) (resp. (@”,2”) = ((IDP(") ZF (M) for the right (resp. left) con-
tinuous, piecewise constant interpolant associated with the partitions P(n).

The dissipation bound (iii) of Theorem 1.2.1 provides an a priori bound in BV ([0, 77, Z)
for the z-parts of the interpolants:

Dissp(Z™,]0,T]) < £(0, @0, 20) — Emin + CeT.

Using the abstract version of Helly’s selection principle allows us to extract a subsequence
(ng)ien such that for all ¢ € [0, 7] the sequence Z™(t) Iz, Z>°(t) with

Dissp(Z°°, [to, t1]) < llim Dissp(Z™, [to, t1])-

Moreover, the condition (CC) implies that ®n;(t) REN O (t) for all t € [0, T, if we further
assume that
Vjo,r] is s-compact. (A5)

Proposition 1.4.1. Let (t,, ¢n, Zn)nen C Vo) with t, — t* and z, RENDS If (CC) and

(A5) hold, then

TF
On — " 1= M o+,

where My« .« is a unique minimiser of the functional Ep .«

Proof. Since the set Vo 7] is compact, there exists a subsequence (t,, , ¢n, , 2n, )ren, Which
converges to (t,3,2) € Sjo.r)- It follows immediately that t =t and 2 = z*. Using
condition (CC) we conclude that the set { (¢,¢,2) € S|t =t" and z =t* } is a one-
element-set { M« .« } defined by

{Mp .} ={(t", 9", 2") | ¢" is a unique minimizer of the functional & . }.

Hence, the whole sequence (t,,, @n, 2 )nen converges to (t*, ¢*, 2*). n

In order to use the selection result of Section 1.3 we need to enforce two additional
conditions.

D:UzR(T) x lIzR(T) — [0, 00] is s-lower semicontinuous (see (V1)), (A6)
If (tx, 2) € HzVpp with t, — ¢ and min{D(z, ), D(z, )} — 0, then
Tz (A7)
2z, — z (see (V2))
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where Iz is a projection on Z,i.e. [Iz : Fx Z — Z; (p,2) — 2.

Now we need to show that (>, Z°) is a solution of (S) & (E). Stability is obtained
via the stability of the incremental solutions at the discretisation points which become
dense in the limit of n — oo. It turns out that condition (A5) is a sufficient condition for
a such limit argument. This condition (A5) is certainly the most restrictive assumption
and it will be considered in the next section in more detail.

Using Corollary 1.2.2 it is easy to give conditions which guarantee that (®,>, Z°)
satisfies (E)weax. From this we obtain energy equality (E) via using the stability (S). The
following theorem relies on the additional assumption:

It holds for almost every ¢ € [0,7] :
If (p,2) € V(t) and (g, 2i) € V(tx) with &, — ¢, oy Iz, O, 2k REN 2, (A8)
then O,E(t, vx, zx) — OE(L, @, 2)

Surely, in the convex case we do not need to enforce yyi REN @ like above. In fact,
this immediately follows from Proposition 1.4.1. Since we will use condition (A8) in the
“non-convex” case we prefer to give a general formulation.

Proposition 1.4.2. Let (p,2)(t) € V(t) C S(t) fort € [0,T]. Additionally, we assume
that z € BVp([0,T], 2). If (A1), (A2), (A5), (A8) and (CC) hold and if z is continuous
for all t except on a set, which is at most countable, then for all0 < r < s < T we have
the opposite energy inequality

5(3’ 90(3)7 Z(S)) + DiSSD(za [T’ S]) > E(T’ QO(T)7 Z(r» + frs atg(ta 90(7_)7 Z(T)) dr. (1-4-1>

Proof. Proposition 1.4.1 provides that ¢ is continuous for all ¢ except on a set which is
at most countable. In fact, the set of discontinuity points of the function ¢ lies in the set
of discontinuity points of the function z.

We consider the equidistant partition P(n) with ¢, = r+k(s—r)/n of the segment [r, s].
Moreover, we set (¢, z1) = (¢, 2)(ty) and (@™, Z") for the piecewise constant interpolant
which is continuous from the left. As in Corollary 1.2.2 (see also the proof of part (ii) of
Theorem 1.2.1), where only the stability was used, we obtain the lower estimate

E(s,9(5), 2(s)) + Dissp(Z", [r, 5]) > E(r,0(r), 2(r)) + [* DE(t, ™ (t), Z"(t)) dt.

Here the left-hand side is a lower bound for the left-hand side in (1.4.1). The convergence
of the right-hand side to E(r,(r), z(r)) + [ 0E(t, o(7), 2(1)) dT follows by Lebesgue’s
majorated convergence theorem. In fact, since (¢, z) is continuous for all ¢ except on an at
most countable set, (®", Z")(t) converges to (¢, z)(t) for almost all ¢ € [0,T]. Condition
(A8) implies now the pointwise convergence under integral. This proves the result. [

Now we are ready to turn the above construction into a rigorous existence proof.

Theorem 1.4.3. Let the conditions (A1)-(A8) and (CC) be satisfied. Assume addition-
ally that
€ Rpm — [Emin, 00| is s-lower semicontinuous. (A9)
Then for each (vo,20) € S(0) there is at least one solution (p,z) of (S) €& (E) with z €
BVp([0,T], Z) and (¢, 2)(0) = (vo, 20)-
Moreover, for the above incremental approzimations there exists a subsequence (9™ Z™ ) pen
with the following convergence properties for k — oo:
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(i) Z™ e BVp([0,T],2).

(i) For allt € [0,T] we have (P, Z")(t) — (¢, 2)(t) in F x Z.
(i1i) For 0 <r < s <T we have Dissp(Z™,[r,s]) — Dissp(z, [r, s]).
(iv) For allt € [0,T] we have E(t, ™ (t), Z™(t)) — E(t, (1), 2(1)).

Proof. Theorem 1.2.3 provides the existence of a solution for the incremental problem
(1.2.1) for any partition. We take a sequence of hierarchical partitions P(n) = {0 =
ty, 17, ..., t},, = T} which is nested, i.e., P(n) C P(n+1), and whose fineness tends to
0, i.e., ¢(P(n)) = max { =t |j=1,..., Nn} — 0. For each partition P(n) we have
an incremental solution (¢}, 2} )k—o...n, and we define two piecewise constant functions
(9", Z") (continuous from the right) and (", Z") (continuous from the left).

Using R(r) C R(s) for r < s we conclude that (®", Z")(t) € R(t) for all ¢t and n. To
apply our selection result in Theorem 1.3.3 on Z" we have to show that the accumulation
points of each sequence (Z"(t))nen lie in Iz V() = [1z(S(t) NR(t)). We fix ¢t and assume
Zmm (t) 2, 2, then we know that Zmm(t) = z;™ with ¢t € [t t;7). Since Vg is
s-compact, (t;™,2;™) € U=V, ti™ — t and 2™ =, 2, we conclude z € zV(t) as
desired.

Thus, the selection principle is applicable and we obtain a subsequence (Z™ ey which
converges for all ¢ and its limit Z satisfies Z*°(t) € IIzV(t) C 1zS(t) and

Dissp(Z°, [r, s]) < limg_.oo Dissp(Z7, [, s]) =: Voo ($)—Voo(T) (1.4.2)
for 0 <r < s <T. Using Proposition 1.4.1 we obtain immediately that
n Jr 00
Q" (1) —= D(t)

for all t € [0,T]. Here, ®>(¢) is a unique minimiser of the functional & ze ().

In order to show that one desired solution (¢, z) is this particular (>, Z°°) we have
to prove that the stability condition (S) and the energy equality (E) hold. The stability
condition (S) follows from construction of (®>°, Z*°). In fact, for all ¢t € [0, T

Z2(t) e lIzV(t) and ®>() is a unique minimiser of & zeo ().

Hence, (9>, Z°°) € V(t).
To prove the energy equality (E) together with the convergence results stated in (iii)
and (iv) we introduce the real-valued functions Ej, Vi, W}, and W}, via

Ei(t) :=E(t, O, Z"(t)), Xk(t) = DissD(Z”’i, [0, t]),A
Wi(t):= [} (s, @ (s), 2™ (s)) ds,  Wi(t):= [J BE(s, D™ (s), Z™(s)) ds.

Using Collorary 1.2.2 and (A2) we obtain for all ¢ and all k& the two-sided energy estimate
Wi(t) — Cer < Ex(t) + Vi(t) — £(0, 00, 20) < Wi(t) + 2Ce g,

where ¢ = ¢(P(ny)) denotes the fineness of the partitions. For grid points ¢t € P(ny)
the estimate holds without the corrections £2C¢¢y. For general points we use (A2) (i.e.,
|0:€| < C¢) and the fact that (®", Z™) is piecewise constant.
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In the limit £ — oo the left-hand and the right-hand side converge to the same
limit W () = fot 0:E(s,P>(s), Z°(s)) ds by Propositions 1.3.4(a), 1.4.1 and (A8). Using
Vi(t) — Vo(t) we conclude that the limit Eo(t) := limy_,o Fx(t) exists. Moreover, by
(A9) and (1.4.2) we have

E(t, 8%, Z(t)) + Dissp(Z2%, [0,4]) < Bxo(t) + Voo (t) = £(0,90) + Wi (8),

which is (E)weax- Together with the opposite inequality derived in Proposition 1.4.2 we
obtain (E).

In particular, this means that E(t, ®>°(t), Z°°(t)) + Dissp(Z°°, [0,t]) = Euo(t) + Voo (?)
in addition to E(t, P>®(t), Z°(t)) < E(t) and Dissp(Z>,[0,t]) < V(t). This implies
equality in both cases and (iii) and (iv) are established. "

Remark 1.4.4. Assumption (A4) follows immediately from (A9) and (A6).

Remark 1.4.5. If £(t,-,-) : R(t) — [Emin, 0] is s-lower semicontinuous for all ¢ € [0, 7],
then assumption (A2) implies that (A9) also holds.

Our solution concept is such that solutions are well-defined for all ¢ € [0, T in contrast
to definitions for almost every t € [0, 7. In particular, both, the left-hand limit (¢, z_)(¢)
and the right-hand limit (¢4, z4)(t), may differ from (¢, 2)(t). However, if (¢, 2) is a
solution of (S) & (E), then also (¢_, z_) and (¢, z, ) are solutions (with a possible change
of initial value in the latter case).

Moreover, the energy equality and stability imply that at jump points the following
identities hold:

E(t,p- (), 2 (1) = E(t, o(t), 2(1) + D(=_ (1), 2(1).
(£ 0 (8), 2(8)) = E(t, (1), 24 (8)) + D(=(0), 24 (1)), (14.3)
D(z (), 24 (1) = D(=—(2), 2(8)) + D(=(1), 2+ (1))

Note that all three points (¢, 2)(t), (¢p—,y-)(t) and (¢1,y4)(t) lie in the stable set S(t).
We formulate now a special version of Theorem 1.4.3, which is based on Banach spaces
and which is easy to apply to several models in continuum mechanics.

Theorem 1.4.6. Let Y] and Y be Banach spaces. Suppose that Y; is compactly embedded
inY and that{y € Y1 | |lyllyy < 1} isclosed inY . The dissipation distance D : Y XY — R
is the Y -norm, i.e., D(y1,y2) = ||[y1 — yo|ly. Furthermore, the functional € : [0,T] XY —
[Emin, 0] has the following properties:

(a) & is s-lower semicontinuous on [0,T] X Y (with respect to the norm topology of Y ).

(b)  For some real numbers ¢c; > 0, Cy and a > 1 we have

E(t,y) > cl||y||§‘,1 —Cy (ie., E(t,y) =00 fory € Y \ Y7). (1.4.4)

(¢) The map 0:E(t,-) : Y1 — R is s-continuous with respect to the norm topology Y .

(d) There exists Cs such that |0:£(t,y)| < Cs(1+||y||ly,) for allt € [0,T] and y € Y;.
Then, for eachyy € S(0) there exists at least one solution y € BVp([0,T],Y)NB([0,T],Y})
of (S) & (E) with y(0) = yo and all the conclusions of Theorem 1.4.3 also hold.

Here B([0,T1,Y1) denotes the set of mappings y such that t — |ly(t)||y, is bounded.
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Remark 1.4.7. Before giving the proof of this result, we show that it provides a gener-
alised solution to (0.0.2), i.e., to the partial differential inclusion 0 € k(x) Sign(2(¢,z)) —
div(a(z)Dgz(t, 7)) — gexs (t, ) with z(,-)|aq = 0. To this end, take Y = L}(Q2),Y; = H}(Q2)
and D and £ as defined for (0.0.2). Since & is quadratic, the assumptions (a) and (b)
hold with & = 2. Moreover, with ge € CHP([0,7],H1(Q)) we obtain [9,E(t,z)| =
[{Ocgext (), 2)| < C|z]|r.

Proof of Theorem 1.4.6: Since we want to use Theorem 1.4.3, one putative problem
is the absence of an estimate similar to (A2). The main idea of our proof is to solve
the problem (S) & (E) on the set B (0) := {y € Y1 | lylly, < R} equipped with the Y-
topology and to show that the constructed solution does not depend on R. In the sequel,
these problems are called restricted problems.

The proof is done in three steps:
Step 1: Show that the problem (S) & (E) on the set BY'(0) equipped with the Y-topology
has a solution yg for all R > ||yo||y; -
Step 2: Give a number ry such that all solutions of the restricted problems with R >
lyolly; as well as possible solutions of the problem on Y lie in B} (0).
Step 3: Give a number Ry such that for all y, which are stable on the set B},: 1(0), the
inequality €(t,y) < £(t,7) + D(y,7) holds for all 7 € Y \ Byt (0).

If these three steps are completed, it easy to see that each solution obtained for any
R > max{rg, Rqist} remains a solution for any R > R. Hence, each such solution is a
solution of the full problem. We now work out Steps 1 to 3.

Step 1: Let R > [jyolly;. We define the space Y as B}'(0) and equip it with the Y-
topology. From the compact embedding of Y7 in Y and the Y-closedness of the Y;-balls
in Y it follows that Y is a compact, topological Hausdorff space.

We need to verify all the assumptions of Theorem 1.4.3.

Each stable point y € Y for the problem (S) & (E) on Y is also stable for the restricted
problem on Y. Hence, y, is stable at the time ¢ = 0 for the restricted problem. Using
(a) and (b) we infer that conditions (A8) and (A9) hold on Y. Since D(y1, y2) is equal to
ly1 — y2||y, conditions (A1), (A6) and (A7) follow immediately. Using (d) we obtain that
the assumption (A2) holds on Y with C¢ = C3(1+R).

The map y — E(t,y) + D(yo, y) is s-lower semicontinuous. Hence, the set R(T") of the
restricted problem is s-closed in Y. Since Y is compact, condition (A3) holds.

Using Theorem 1.5.1 from below we obtain condition (A5) from (A3) and the Y-
continuity of the dissipation distance. Thus, Step 1 is proved.

Step 2: We give an a priori bound for ||y||y, for all solutions y of the whole problem
or of the restricted problems. If y is a solution, then y(t) is stable for all ¢ € [0,7T]. Using
y € S(t), (1.4.4) and assumption (d), we get the following estimate

callylly, = C2 < E(ty) < E(tyo) + Dy, yo) < E(0,0) + ¢ [Cs(1+|yollvi)] + 1y — wolly-
(1.4.5)
Since Y7 is continuously embedded in Y there exists a K > 0 such that ||y|ly < K||y|lw,
for all y € Yy. Hence, using (1.4.5) we obtain

cllylly, = Ca = Kllyllvy < €0, 0) + [Cs(1+lyollyi)] + Kllyollv: - (1.4.6)
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The last estimate implies that there exists a number ry > 0 such that
Hy”Yl < 1yt for all Y < Ute[()’T]S(t).

Therefore, all solutions of the whole problem or of the restricted problems lie in B} (0).
This proves Step 2.

Step 3: Suppose that y is stable on B)*(0) at a time ¢t € [0,7] and that there exists
y € Y7 such that
E(t,y) > E(t,Y) + D(y, 7). (L4.7)

Our aim is to give an a priori upper bound for the Y;-norm of . Using the stability of
the point y on B)1(0) and assumption (d), we obtain the following estimate:

(0,90) +t[C3(1+lyollv2)] + D(y; vo)

S (07 yO) + T [03(1+rst)] + 2rst-

on Oy

Combining this estimate, (1.4.7) and (1.4.4) we obtain
E(0,40) + T [Ca(ltra)] + 2ra = E(Ly) > E(L,Y) + Dy, y) = crllylly; — Co (1.4.8)

The last estimate allows us to give an a priori upper bound Ry for the norm of 7, i.e.,
for all ¥ with ||7|| > Raist the estimate

E(t,y) <E(t,y) +D(y,y)

holds. Thus, Step 3 is proved. [

1.5 Closedness of the stable set

The major assumption of our existence result in Theorem 1.4.3 is the s-compactness of
Vio.r] stated in (A5). Since Vjo11 = Sjo,r) N Ryo,r) is a subset of the s-compact set Ry,
it suffices to show that Sz (or just Sjo.r1 N Ryo,r)) is s-closed.

Before deriving abstract results in this direction we give two simple nontrivial appli-
cations of the theorem and thus highlight that the choice of the topology 7 is crucial. For
both examples let Y = L}(Q) with Q C R? open and bounded, and choose the dissipation

distance D(yo, 1) = ly1—volly = g y1(x)—yo(z)| dz.
For the first example consider

Ei(t,y) = Joa(@)ly(@)|*—g(t, )y (r)de,

where a(z) > ap > 0, a > 1, and g € C'([0,T],L>°(€)). Since & (¢, ) is convex and lower
semi-continuous, the set R(T) is a closed convex set which lies in the intersection of an
L-ball and an L*-ball. Hence, taking T to be the weak topology on Y, we obtain that
the s-compactness condition (A3) holds. Note that R(7T) is not compact in the norm
topology of L'(Q2). The stable sets for & are given by

Si(t) = {y e LNQ) | ly(z)]P2y(x) € [Lhtlcn ataten] for o o 0 e Q) } ,

a(z)o a(z)a
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which shows that they are s-closed with respect to 7, since they are convex and closed in
the norm topology. Hence, with T as the weak topology in Y = L!(Q) all conditions of
Theorem 1.4.3 can be satisfied.

For the second example consider the nonconvex energy functional

Ety) = [ 3Dy(@)*+f(t,z,y(x))dz  for y € HY(Q) and + oo else,

where f:[0,7] x 2 xR — R and 9,f are continuous and bounded. Now, R(7T') is already
compact in the norm topology of Y = L1(Q), since it is closed and contained in a Y;-ball,
where Y; = H(2) is compactly embedded in Y. With these properties, it can be shown
that if we select T as the strong topology of L!(€) then all conditions of Theorem 1.4.6
are satisfied.

As a first abstract result we show that s-continuity of D leads to s-continuity of £ on
the stable set. Thus s-closedness of the stable set follows.

Theorem 1.5.1. Let (A2) hold. Assume that & is s-lower semicontinuous on [0, T|x Fx Z
and that D is s-continuous on Z x Z. Then, € : S 1) — [Emin, 00) 18 $-continuous as well
and the set Sy is s-closed.

Proof. For (s, s, 2s), (t, ¢t yt) € Sjo,r) we have by stability
—Cg‘t—5| - D(’ZSv Zt) < g(tv Pt yt)_g(sa Pss ys) < CS’t_S’ + D(Zta ZS)‘

This estimate together with the s-continuity of D implies the s-continuity of £.

Now, consider a sequence (t, @k, 2k)ken in Sjo.7 With t, — %, 2 =, »* and Ok Iz, ©*.
It remains to show that (¢*, z*) € S(t*). For an arbitrary (¢,z) € F x Z we have
Elty, oryz) < E(tg, ¢, 2) + D(zx,2) for all k € N. Taking the limit k& — oo the s-
continuities yield E(t*, p*, 2*) < E(t*, p, z) + D(z*, 2). Since (p, z) € F x Z is arbitrary,
it follows that y* € S(t*). "

Remark 1.5.2. By using Theorem 1.5.1 we can also verify condition (A8). For this we
need the following additional assumption on 0;€:

If (tk, Prs 2k )ken C Sjo.r) With t, — ¢, ¢y 7, O, 2k =, z, then there exist positive
numbers ko € N, hy > 0 and a function w : R — R, with limp gw(t) =0
such that for k > ko and h € (0, hy) it holds:

|3 [E(t =+ Ry on, 2i) — E(E, pr, 21)] F OE(t, 0k, 2i) | < w(h)
(1.5.1)
For details see [FM04].

The next result is a strengthened version of the previous theorem.

Theorem 1.5.3. Let condition (A2) hold. Assume that for each sequence (ty, yr)ren with
(tks 0rs 26) € Spor)s te — 5 2 22, o and Ok Iz, ©* the following condition holds:

V(p,2) e F X 2 lilgninf [E(t, o, 21) =Dz, 2)] = E(X, ", 2°)=D(2*, 2). (1.5.2)
Then, the set Sy is s-closed.
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Proof. Let (p,z) € F x Z be arbitrary. We have to show that £(t*, ¢*, z*) < E(t*, ¢, 2) +
D(z*, z). Since (tx, Vi, Yx) € Spo,r) we have the following estimates

EX, o y") = EWX, 0" y") — E(tw, @k, 2k) + E(tk, ks 21)
E(t", ", 2%) — E(tr, pr, z1) + E(tr, v, 2) + D(2k, 2)
= E(", ¢, 2) + D(2", 2) + (E(tk, 0, 2) = E(t7, 9, 2))
— [E(tk, rs 28) — D21, 2) — E(, 9", 2") + D(2%, 2)].

IA

Using (A2) (i.e., |0;€] < C¢) and condition (1.5.2) we obtain the desired result by taking
the limit £ — oo. n

Further results, which guarantee the s-clossdness of the stable set, can be found in
[DMFT04, MMO03]. For example, in [MMO3] the following result was proved.

Theorem 1.5.4. Let (A1), (A2), (A6), (A3), and (A9) hold and assume that there ezists
an s-closed set My ) with Sjor) C M) C [0,T]xY such that € : Mig1) — [Emin, 00] is
s-continuous. Moreover, assume that D satisfies the following condition:

For all (,9), (tk, yr) € Spo,r with (L, yr) N (t,y)
there exists Y, € M(tx) such that (1.5.3)

AN

~ T~ o ~
Uk = and liminfyo D(ys, Jk) < D(y,7)
Then, the set Sy 1) is s-closed.

The assumption on D in Theorem 1.5.4 is weaker than the continuity assumed in
Theorem 1.5.1. It make possible to apply this result in situations, where D can take +oo

as a value. Theorem 1.5.4 was especially used to treat the delamination problem, see
[KMRO3].

1.6 Existence result in the non-convex case

Theorem 1.6.1. Let the conditions (A1)-(A9) be satisfied. Assume additionally that
the family {&5(-, ¢, 7)|(P,2) € R(T) } C C°([0,T)) is equicontinuous.  (A10)

Then for each (o, z0) € S(0) there exists a function t — Z*(t) € Z and a set-valued
function t ~ F(t) C F with non-empty closed images such that for any selection ®> of
F,i.e, ®>°(t) € F(t) for every t € [0,T], a pair (P>, Z>°) is a solution of (S) & (E) with
Z>* € BVp([0,T], Z) and (9>, Z2°°)(0) = (vo, 20)-

Moreover, for the above incremental approximations there exists a subsequence (9", Z™)pen
with the following convergence properties for n — oo:

(1) Z™ e BVp([0,T],2).

(i) For allt € [0,T] we have Z"(t) — Z>(t) in Z.

(i11) For 0 <r < s <T we have Dissp(Z™,[r,s]) — Dissp(Z>,[r, s]).
(iv) For allt € [0,T] we have E(t, P"(t), Z™(t)) — E(t, P¥(t), Z>°(t)).
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Proof. Our proof is essentially the same as in the “convex” case. We also take a sequence
of hierarchical partitions P(n) and consider the piecewise constant approximated solutions
(&, Z™). Furthermore we use the following notation:

0, :[0,T] — R;t — G, E(t, D" (t), Z™(t)).
Without loss of generality we assume that

the sequence (Z") converges pointwise in (F,Tx) to Z>°
and

the sequence (6,,) weakly* converges to 0* in L*°([0, 7], R)

with Z>° € BVp([0,7], Z) and 0* € L>([0,7],R). In fact, the former follows as in the
proof of Theorem 1.4.3. The latter follows from the boundedness of #,, in L*>°([0, T, R).
We notice also that, as in Theorem 1.4.3, for all ¢ € [0, 7] the following holds:

Veo(t) := lim,, .o Dissp(Z™, [0, ])

Dissp(Z°°,0,t]) < V(). (16.1)
Let a function © : [0, 7] — R be given by
O(t) := limsup 6,,(t).
Using Fatou’s Lemma we obtain immediately
[50(s)ds > [, 0*(s)ds for a.e. t € [0,T]. (1.6.2)

We take the set-valued function F' as follows
F(t)={®|® € Limsup,,_, . {®"(t)} and 0,E(t, P, Z°(t)) = O(t) }.

Here, Limsup,,_,..{®"(¢)} is the set of the cluster points of the sequence (®"(t)),en, see
also Definition A.5.1. We have to prove that F'(s) is a non-empty closed set. By definition
of © there exists a subsequence (nj)ren such that 6,:(s) — O(s). By construction of
approximated solutions there exists a sequence (tnk) ken C [0, 7] with tn: — s such that
for any k € N

7" (s) = 2™ (tnz) and @7 (s) = @”i(tnz),

(P (tng ), Z"(tng)) € V(tnz)-
Using condition (A5) we obtain that there exists ® € F such that (s, ®, Z*(s)) is a cluster
point of the sequence (tps, " (tns ), Z" (s )) in V7). Condition (A8) implies

0E (s, P, Z%(s)) = O(s)
Hence, the set F'(s) is non-empty. The same arguments show also that

(P, Z2°°(s)) € V(s) (1.6.3)
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for any ® € F(s). Since the set of cluster points is closed, this observation implies by
using (A8) the closedness of F'(s).

Consider an arbitrary selection ®* of the set-valued map F. The conclusion (1.6.3)
shows that a pair (&>, Z*) satisfies the stability condition (S). We have to verify the
energy balance (E) for (®>°, Z>).

Let t € [0,T] be fix. Using s-lower semicontinuity of £ and (1.6.1) we obtain:

E(t, (1), Z(t)) + Diss(Z>, [0,1]) — £(0, 2o, 20)

< lim sup [8<t7 Q)”(t)’ Zn<t>) + DiSS<Zn7 [07 t])] - 5(07 ¥o, ZO) (164)
< limsup [, 9, (s, ®"(s), Z"(s)) ds = [, 0%(s)ds
We show now that
E(t, d>(t), Z>(t)) + Diss(Z*,[0,t]) — £(0, o, 20) > fo s) ds. (1.6.5)

Unfortunately we can not guarantee, that the set of the dlscontlnulty points of function
®>° is at most countable. Hence, we can not apply Theorem 1.4.2 directly. Instead of
that we use a trick based on the possibility to approximate the Lebesgue integral with
suitable Riemann sums (the idea was suggested in [DMFT04, FMO04]).

Let € > 0. Using (A10) we find § > 0 such that

10,E (1, B (t2), Z2(ts)) — D& (£, D¥(ts), Z(t))] < & (1.6.6)

holds for all 1,y € [0,T] with [t; — ta] < ¢. Using Theorem A.3.1 we select a partition
O=717<m <...<7y =tsuch that

1t&gé'(s,<I>°"(s),Z°°( ))ds—z L0 E(13, @°(1;), Z°°(13) ) (i — Ti1) | < €. (1.6.7)

Without loss of generality we assume that the fineness of partition (7;);—,__n is smaller
than 0 . In fact, if we can divide the interval [0,T] into L equidistant subintervals and
apply Theorem A.3.1 to each subinterval, then we obtain a partition of [0, 7] with fineness
smaller than 1/L. As in Theorem 1.4.2 the stability provides

E(t, @>(t), 2(t)) + Diss(2*, [0, t]) — £(0, @0, 20)
> 30 [E(m, (), Z2°(1)) + D(Z%(7im1), Z(72) = E(Tima, @°(7i1), 2% (73-1))]
) =

(
>y € m (), 2°°(1)) = E(1im1, @ (), 2°°(m))]
_Zz VT (s, @%(7y), Z°(7i)) ds.

Combining (1.6.6), (1.6.7) and (1.6.8) we conclude

E(t, >(t), Z>=(t)) + Diss(Z>,[0,t]) — £(0, goo,zo)
> [LO,E(s,®%(s), Z(s)) ds — e — T = [ O(s) ds — (1+7)e.

(1.6.8)

Since € > 0 is an arbitrary number, we obtain the desired estimate (1.6.5). The estimates
(1.6.2), (1.6.4) and (1.6.5) provides

[y 0(s)ds < E(t, ®(t), Z°(t)) + Diss(2>°, [0, 1]) — £(0, @o, 20)
< limsup [E(t, D"(t), Z"(t)) + Diss(Z", [0,t])] — £(0, o, 20)

n—oo

< limsup f(f 0:E(s, D" (s), Z™(s))ds = f(f 0*(s)ds < f(f O(s) ds.

n—oo
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The last estimate and O(s) = 0,E(t, P(s)®(s), Z°°(s)) imply that the energy balance
holds. Moreover, we obtain

0*(t) = O(t) for a.e. t € [0,7T]
and by using s-lower semicontinuity of £ and (1.6.1) we conclude that

Dissp(Z",]0,t]) — Dissp(Z>,[0,t]),
E(t,®"(t), Z™(t)) — E(t, d™(t), Z°(t)).

Corollary 1.6.2. Assume that (F,Tx) is a separable metric space and all assumptions
of the previous theorem hold. Then the set-valued function F' in Theorem 1.6.1 can be

chosen (by taking a further subsequence) as measurable function (in the sense of Definition
A.5.3).

Proof. We use the notations of the previous theorem. We know

0, = [ 0E(s, 27, ®") = 0% in L=([0,T],R),
O(t) = 0*(t) for ae.t€0,T]

with ©(t) := limsup,,_, ., 0,(t). By using Theorem A.2.2 we obtain
0, — 0" in LP([0,T],R), p < oc.

Hence, there exists a subsequence (ny)ren such that 6, (t) — O(t) = 0*(¢) for almost
every t € [0,T].
Consider the sequence (", Z"™) of approximated solutions and define

F = Limsup,_,_{®"} (the set of cluster points, see Def. A.5.1)

Theorem A.5.4 implies that F is a measurable set-valued function with non-empty closed
images. Let now ¢ € [0,7] such that O(t) = limy_o 0:E(t, P (t), Z™(t)). Using (AS8)
and Z™(t) — Z°°(t) we obtain for every ® € F(t)

O(t) = lim 9, E(t, D™ (t), Z™(t)) = O, E(t, D, Z°(1)).

k—oo

As in Theorem 1.6.1 we conclude that any selection ®* of F' is a solution of (S) & (E)
and all conclusions of Theorem 1.6.1 hold. (]

Using Theorem A.5.6 we obtain immediately the following theorem:

Theorem 1.6.3. Assume that (F,Tx) is a separable metric space and all assumptions of
the previous theorem hold. Then for each (¢o, 20) € S(0) there exists at least one solution
(®>°,Z>°) of (S) & (E) with Z>° € BVp([0,T], Z), &> measurable and (>, Z>°)(0) =
((1007 ZU)'

Moreover, for the above incremental approzimations there exists a subsequence (9", Z™),en
with the following convergence properties for n — oco:
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(i) Z"™ e BVp([0,T],2).

(i) For allt € [0,T] we have Z"(t) — Z>(t) in Z.

(1ii) For 0 <r < s <T we have Dissp(Z",[r,s]) — Dissp(Z*,|[r, s]).

(iv) For allt € [0,T] we have E(t, P™(t), Z™(t)) — E(t, P®(t), Z°(1)).

Proof. In fact, Theorem A.5.6 provides a sequence (99°, Z°);eny of measurable solutions

with R
Uien®(t) = F(1)

for all ¢ € [0,T]. Here F is a set-valued function defined in the proof of Corollary 1.6.2. =
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Chapter 2

Functions of bounded variation

In this chapter we formulate some results of BV(€2)-theory and the related theory of
sets of finite perimeter. We use these results in the next chapter to introduce and to
investigate our phase transition model. There exist many classical books about BV (£2)-
theory (see [Alt99, Fed69, Giu84, Maz85, VH85, Zie89]). In this chapter we follow mainly
the excellent monograph [AFP00] on BV (£2)-spaces, which also treats general variational
problems in BV. All missing proofs in this section can be found in [AFP00], Chapters
3,4,5.

In the first section of this chapter we give a short introduction to BV spaces. We define
the space BV as a functions with a measure distributional derivative. We introduce also
two new convergence concepts, namely weak® convergence and strict convergence and
formulate compactness of embedding in L'. The second section contains as well finer
results on the structure of the distributional derivative as properties of sets of finite
perimeter. Finally, in the last section we introduce the space of SBV-functions and give
sufficient conditions for lower semicontinuity of integral functionals in SBV with respect
to the weak® convergence.

2.1 The space BV and sets of finite perimeter

Throughout this chapter we denote by  an open set in RY.

Definition 2.1.1. A function v € L'(Q,R) whose partial derivatives in the sense of
distributions are finite Radon measures in €2 is called a function of bounded variation.
The vector space of all functions of bounded variation in € is denoted by BV(,R).
Thus u € BV(Q,R) if and only if there exist some R¥-valued Radon measures Du =
(D1u, . ..,Dyu) in €2 such that

fﬂug_idx:_fQSOdDiU, i=1,...,N.
hold for all ¢ € C°(22, R).

The last N formulae can be summarised in a single one by writing:

[yudivedr = =N [ p;dDju for all p € C2(Q,RY).
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The same notation can be used for functions u € BV(€2,R™). In this case Du is an m x N
matrix of measures D;u/ in ) satisfying

Sty Jo dived de = =37 SN JyeldDad for all p € C(Q RN,

Definition 2.1.2. (Variation) Let u € L{ (2, R™). The variation V(u,) of u in  is
defined by

V(u,2) = sup { Yoy o dived da | o € C2(Q,R™N) with [p(7)|e < 1 for all 2 € Q } :

The following proposition provides the most important property of variation.

Proposition 2.1.3. The mapping u — V(u,Q) € [0,00] is lower semicontinuous in the
space Ll (O, R™)

Proof. Consider the sequence (ug)ren C Li.(Q, R™) which converges to the function u €
LL (Q,R™) in LL (Q, R™)-topology. For any function ¢ € C°(Q, R™*N) with ||¢]le < 1
we obtain

lim infy o V(ug, Q) > liminfy oo 300 [ up dive®de =30 [, u®div o* da.

The conclusion follows by taking a supremum over all functions ¢ with ||p]lw < 1 in the
above estimate. n

The next theorem builds a connection between the concept of variation and the class
of functions of bounded variation.

Theorem 2.1.4. Let v € LY(Q,R™). Then, u belongs to BV(QL,R™) if and only if
V(u,Q) < oo. In addition, V(u,$) coincides with |Dul(Q) for any u € BV(Q,R™)
and u — |Dul(2) is lower semicontinuous in BV(2,R™) with respect to the Li (2, R™)
topology.

For a proof see [AFP00], Proposition 3.6.

Remark 2.1.5. The above theorem shows that BV(,R™), endowed with the norm
lullpv == [, |u|dz + Dul[(Q2) = [, |uldz + V(u, ), is a Banach space. It provides that
the BV space coincides with the set of functions u € L!(Q,R™), who have the finite
variation. Using the equivalence of norms in R™¥ we can replace the ||-||o-norm in
Definition 2.1.2 by an arbitrary norm ||| in R™*®" and obtain a corresponding varia-
tion V| (u,€). This new variation leads to the equivalent norm BV (€, R™), defined
by ||lullsv == [ |uldz + Vi (u, Q). Moreover, the new variation Vi (u,Q) is also lower
semicontinuous in BV(Q, R™) with respect to the Ll (2, R™) topology.

loc

Unfortunately, the norm-topology is not very useful. The following simple example
shows that the norm-topology is too strong for our theory.

Example 2.1.6. Consider the functions wr = x(1/2+1/k,1), K = 1,.... The sequence (uy)
converges in L'(0,1) to the function u = x(1/2,1) as k — co. But for any k the inequality

lu — ur||BV(©0,1),R) = 2

holds. Since ||X(a,1) — X(@1)|lBv > 2 for o, f € (0,1) with a # [ we see that the space BV
is not not separable.
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In order to bypass this problem we introduce weak* convergence and strict convergence
in BV(Q). The former is useful for its compactness properties, which play a crucial role in
our theory. The latter is useful to prove several identities in BV by smoothing arguments,
but it not really needed for our considerations. Both convergences are much weaker than
the norm convergence.

Definition 2.1.7. (Weak* convergence) Let u, u, € BV(Q,R™). We say that (ug)ren
converges weakly* to u in BV(Q, R™) if (uy)ren converges to u in L'(Q, R™) and (Dug)gen
converges weakly* to Du in €2, i.e.

limg oo [ ¢ dDug = [, dDu,
for all ¢ € Co(2,R).

Definition 2.1.8. (Strict convergence) Let u,u; € BV(Q2,R™). We say that (ug)ren
converges strictly to u in BV(Q,R™) if (ug)reny converges to u in L'(2,R™) and the
variations |Duy|(€2) converge to |Dul(2) as k — oc.

The following theorem gives us an equivalent definition of weak* convergence, which
is simpler to verify in many applications.

Theorem 2.1.9. Let (ug)ren € BV(Q,R™). Then (ug)ren weakly® converges to u in
BV (Q,R™) if and only if (ug)ren is bounded in BV(Q, R™) and converges to u in L*(Q, R™).

For a proof see [AFP00], Proposition 3.13.

By Theorem 2.1.9 strict convergence implies weak* convergence. The opposite impli-
cation is not true in general. In fact, the sequence (sin(kz)/k)ren weakly* converges to 0
in BV(0, 27), but |Dug|((0,27)) = 4 for any k.

Before we study deeper the concept of weak® convergence, we show that the space
BV(€,R™) can be considered as the dual of a separable Banach space. Later we show
that, if the domain 2 is sufficiently regular, the weak*-convergence in the usual sense
coincides with weak*-convergence in the sense of Definition 2.1.7.

Theorem 2.1.10. (BV as dual space) Let L be a following subspace of the separable
Banach space X := [Cy(2)]V T

Lim{fi= o i SN) € X[ f = (frroo f) € [CZQ) fo = div ] |

The space BV(Q,R) is isomorphic to the dual of the factor space X/ L. Here L is the
closure of L in the space X.

Proof. The Riesz representation theorem says that the space X*, the dual of space X, is
the space of finite RV*!-valued Radon measures under the paring

<f7 M> = Zl]\io fQ fl d,ull

Moreover, the total variation [u[(€2) is the dual norm. B
For our proof we use that (X/ L )* = (L)* with (L))" :=={l e X" |(p,f) =0forall p € L}
(for details of proof see Theorem 4.9 in [Rud75]).
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We consider now the mapping 7' : BV(Q,R) — X*;u +— Tu = (ul™,Dyu,...,Dyu)
and notice furthermore for convenience uL" as Dyu. It is obvious that the mapping 7T is
linear. Using the definition of the BV -norm we obtain

xe = [Tul() = sup { I, fo p1dDiu] o € [Co(@)V, flglloo <1
—sup{ [y luldz+ 3, [, ¢dDiu | ¢ € [CROQPY, [l <1} = [ullbvios.
The last estimate shows that the image of 7" is isomorphic to BV (2, R).

We have to prove that the image of T is isomorphic to the dual of the factor space
X/ L. We proof first that Image(7") C (X/ L)*. The equality

(p, Tu) = fo\io Jo pidDiu = [, poudz + Zz]\il Jo idDiu
= [, poudz — SV a%igoiu dz = [,(po —divg)udz =0

1Tl

holds for any ¢ € L. Hence, L is a subset of the set ker(7Tu). This implies that the image
of T lies in the dual of the factor space X/ L.

In order to prove (X/ L)* C Image(T) we have to show that any p € X* whose kernel
contains L is equal to T'u for some u € BV(€, R).

Let p:= (po, pi1, - - -, iv) € X* be such that the kernel 1 contains L. This means that

Jodivedue = =31, [, @i du (2.1.1)
holds for any ¢ € [C®(Q)]Y. The last equality implies that u;, i = 1,..., N are partial
distributional derivatives of the finite Radon measure po. Consider a sequence of mollifiers
(p1/n)hen and define for any h € N

1 = o * pin = Jo prm(@ —y) dpo(y).

Using properties of convolution of functions with Radon measures (see [AFP00], Th. 2.2)
we conclude that pff € C>(€y,) for all h € N with €y, := { € RY | dist(z,Q) < 1/h }.
Moreover, the measures puft locally weakly* converge in € to o as h — oo. Since pg is a
finite Radon measure we obtain for any h € N

Jo lugl(@) dz = [o | fo pryn(z = y) duo(y)| dz < [ fo p1m(z — ) dlpol (y) dz

= Jo Jo pim(e —y) dzd|uel(y) < [pol(2). (2.1.2)

Hence, the sequence (1) ,en is uniform bounded in L*(2, R). We calculate now the partial
derivatives of the functions (u)nen. Using (2.1.1) we obtain for any i = 1,..., N

D () = 52 fo pryn(x = y) dpo(y) = Jo 52-pryn(x = y) dpo(y)
= fQ a%m/h(x —y) duo(y) = fQ pim(x —y) dpi(y) = pi * piyn-

Using the last equality we conclude as in (2.1.2) that the inequalities

fQ‘DZﬂg(x)l dxg'uz’(ﬂ>7 i=1,...,N

hold for any h € N. Thus the sequence (ul)pen is uniform bounded in BV(£2,R).

Theorem 2.1.12 implies that there exists a subsequence (ug(k)) and a function u €

keN
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BViec(€2,R) such that (ug(k))keN

,ug(k) locally weakly* converge in Q to g as k — oo. Hence, po = ulY. Since u;,
i =0,...,N are finite Radon measures, it follows that u € BV(Q,R). Moreover, using
typical argumention of the theory of distributions (the density function of a regular dis-
tribution is unique) we conclude that the function u is unique in L'-sense. The proof is
complete.

weakly* converges to u. By construction the measures

Remark 2.1.11. We prove Theorem 2.1.10 for the space BV(Q,R). In the vector-
valued case we obtain the result by arguing on the single components of the involved
BV-functions.

The following compactness theorem for BV functions shows the usefulness of the con-
cept of weak™ convergence. This result plays an important role in many variational prob-
lems. In particular, we use this result in order to obtain the existence theory for our
simple model of phase transitions.

Theorem 2.1.12. (Compactness in BV) Consider (ug)ren C BV(,R™) such that
for any open set A CC () the inequality

sup { [, |ux|dz + [Dug|(A) |k € N} < o0

holds. Then, there exists a subsequence (uy,)ien, which converges in Li.(Q,R™) to a
function u € BVie(Q,R™). If Q is a bounded Lipschitz domain and the sequence is
bounded in BV(Q,R™) we can say that u € BV(Q,R™) and that the subsequence weakly*

converges to u.

For a proof see [AFP00], Theorem 3.23.

The last result is the reformulation of the well-known fact in the theory of Sobolev
spaces, namely the compact embedding of the space W'! into the space L!. Many other
results of the theory of Sobolev spaces can also be reformulated for the BV. For example,
the embedding theorem and the Poincaré inequality can be proved for BV-functions.

Theorem 2.1.13. (Embedding theorem) Let Q@ C RY be a bounded Lipschitz domain.
Then the embedding BV (Q,R) — LY () is continuous and the embeddings BV(, R) —
LP(Q) are compact for 1 <p < 1*, with 1* =00 if N =1 and 1* = N/(N—1) otherwise.

For a proof see [AFP00], Corollary 3.49.

Theorem 2.1.14. (Poincaré inequality) If ) is a bounded connected Lipschitz do-
main, then there exists a real number C such that for any u € BV(Q,R™) the inequality

Jo lu— ug| dz < C|Dul(),
with ug = f , u(z)de = ﬁ J u(x) dz holds.

For a proof see [AFP00], Theorem 3.44.

The next Theorem gives the condition for the coinciding of weak*-convergence in the
sense of Definition 2.1.7 and the weak*-convergence in the sense of duality and legitimates
in this way the used notation in Definition 2.1.7.
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Theorem 2.1.15. If 2 a bounded Lipschitz domain, then the weak*-convergence in the
sense of duality coincides with weak”-convergence in the sense of Definition 2.1.7.

Proof. First we show that the weak*-convergence in the sense of Definition 2.1.7 is stronger
than the weak*-convergence in the sense of duality. For convenience we notice the weak*-
convergence in the sense of Definition 2.1.7 as weak*-def-convergence.

Consider a sequence (ug)reny C BV(Q, R™) which weakly*-def converges to u € BV (2, R™).
Then per definition (uy, Dyug, ..., Dyuy) weakly* converges to (u, Dju,...,Dyu) in the
space [M(Q)NT! = ([Co(2)]VT)* of finite RV T -valued Radon measures. All u’s and
u lie in ([Co(Q)]V+1/ L)*, where L is the closed subspace of the space [Co(Q2)]V*! defined
in Theorem 2.1.10. Overall we conclude that

(u, Dy, . . ., Dyug) weakly™ converges to (u, Dyu, ..., Dyu) in ([Co(Q)]N 1/ L)*.

Now we show that for bounded Lipschitz domains the weak*-convergence in the sense of
duality implies weak*-def-convergence. Consider a sequence (ug)ren C BV(£2, R™) which
weakly* converges to u € BV(€, R™) and assume that the sequence (uy)gen € BV(£2, R™)
does not weakly*-def converge to u € BV(£2,R™). The weak*-convergence implies that
the sequence (|luk||Bv(ar))ken is bounded. By using Theorem 2.1.12 this fact allows
us to select a subsequence (||lug,|Bv(Qrm))ien Which weakly*-def converges to some .
Our assumption provides @ # u. Since weak*-def convergence is stronger than weak*
convergence, we get a contradiction. The proof is complete. [

Since all functions in our transition model take only countably many values, we need
the knowledge about the particular class of BV functions, namely the characteristic func-
tions of the sets of finite perimeter. Such functions are the simplest examples of functions
of bounded variation, which are not lying in the Sobolev space W'!. Since many fine
results of BV theory are obtained by studying their properties, these functions and corre-
sponded sets of finite perimeter play an important role from the theoretical point of view.
We give now only a definition of the sets of finite perimeter and formulate finer results
later.

Definition 2.1.16. Let E be an £Y-measurable subset of RY. For any open set Q C RY
the perimeter of F in 2, denoted by P(FE,(2), is the variation of yg in €, i.e.

P(E,Q) :=sup{ [pdivedz|e e CLHQRY) with |[p(z)|l < 1forallzecQ}.
We say that F is a set of finite perimeter in Q, if P(F,Q) < oc.

The sets of finite perimeter are closely related to the theory of BV. In fact, if |[E N Q]
is finite, then yg € L1(Q,R) and Theorem 2.1.4 implies that F is a finite perimeter set,
if and only if xg lies in BV(Q, R).

Example 2.1.17. Let Q C RY be an open set. Let £ C RY be a bounded set with C?
boundary. It obvious that fQ xepdz = |[ENQ| < co. Moreover, by using the Gauss-Green
theorem we obtain that for any ¢ € CL(Q2, RY) the estimate

Joxpdivedr = [ diveds = — [, (vg, o) dRN !
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holds. Here, vg is the inward unit normal to 0F. Since |vg| = 1 we conclude that
P(E,Q) < HN"YOENQ).

Since E has C? boundary, vg is a C! vector valued function. Thus, there exists a function
v € CLRY,RY) with o(x) = v(z) for all z € OF such that |0(z)| < 1 for all x € RV, If
n € C2(2,R) with || <1, then we have

[pdiv(np)de = [, ndHN"1.
Hence, P(E,Q) = HN"H(OE N Q).

By applying Theorem 2.1.14 to characteristic functions yg of sets of finite perimeter
we obtain the following interesting theorem.

Theorem 2.1.18. (Isoperimetric inequality) Let N > 1 be an integer. For any set
E of finite perimeter in RY either E or RN \ E has a finite Lebesque measure and there
exists a real constant yn such that

i {[ELJRY \ BI} < o (P(E.RY) VN,

For a proof see [AFP00], Theorem 3.46.
In our phase transition model the isoperimetric inequality will be responsible for the
phenomenon of finite nucleation size.

2.2 Fine properties of sets of finite perimeter and BV
functions

In this section we give some deeper results of the BV theory and the theory of the sets
of finite perimeter. These results allow us to formulate the Gauss-Green formula for
sets of finite perimeter and to investigate the approximate continuity and differentiability
properties of BV functions. Finally, we introduce the decomposition of distributional
derivatives in three parts: absolutely continuous part, jump part and Cantor part.

In Example 2.1.17 we have seen that the class of sets of finite perimeter includes the
sets F with smooth C?-boundary and it holds P(E,Q) = HN"1(OE N Q). The following
example shows that for non-smooth sets of finite perimeter the latter can not be true.
The situation can be even more complex. There exists a set of finite perimeter whose
topological boundary has a strictly positive Lebesgue measure.

Example 2.2.1. Let z; be a sequence of all rational points in R?. Consider the sequence
of open balls B; with centre z; and radius 27% and define the set £ as the union of balls
B;. It can be easily seen that E has a finite perimeter and |E| < co. However, the set E
is dense in R%. Thus |0F| = oo which implies that H! = oo.

The above example motivates to introduce a new concept of boundary, which adopts
the role of topological boundary of smooth sets.
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Definition 2.2.2. (Reduced boundary) Let E be a Lebesgue measurable subset of
RN and Q be the largest open set such that E is locally of finite perimeter in €. The
point z belongs to the reduced boundary FE, if x € supp|Dxg| N2 and the limit

— 1im DXE(By(@))
ve(v) = s B, @)

exists and satisfies |vg(z)| = 1. The function vg : FE — SV¥! is called the generalised
inner normal to E.

The following theorem characterises the reduced boundary and provides the essential
properties.

Theorem 2.2.3. (De Giorgi) Let E be an LY -measurable set of RY. Then the reduced
boundary FE is countably (N—1)-rectifiable and |Dxg| = HYN 'L FE, i.e. |Dxg|(F)=
HN=YF N FE) (see Definition A.7.1). In addition, for any xo € FE the following
properties hold:

(a) the sets (E — xq)/p locally converge in measure in RN as p \, 0 to the halfspace H
orthogonal to vi(zo) and containing vi(xg);

(b) Tan™ Y (HN-'L FE, x) = HN 'L vi () (see Definition A.7.7) and

Here, wy_1 is the Lebesque measure of the unit ball in RN~
For a proof see [AFP00], Theorem 3.59.

Definition 2.2.4. (Points of density ¢ and essential boundary) For every ¢ € [0, 1]
and every £V-measurable set £ C RY we denote by E? the set

A5 1B, (@)

of all points where E has density t. The essential boundary 0*FE of E is the set of all
points, where the density is neither 1 nor 0.

The sets E' and EY could be considered as the measure theoretic interior and exterior
of F, and this motivate the definition of essential boundary. The following theorem gives
the description of density sets.

Theorem 2.2.5. (Federer) Let E be a set of finite perimeter in ). Then
FENQCEYCdFE and HN(Q\ (E°UFEUE"Y)) = 0.

In particular, E has density either 1 or 1/2 or 0 at HN1-a.e. z € Q and HN-a.e. v €
0*E N Q belongs to FE.
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For a proof see [AFP00], Proposition 3.61.
Now we can formulate the generalised Gauss-Green formula for a set of finite perimeter
E, which follows from Definitions 2.1.16, 2.2.2 and Theorem 2.2.3:

Jedivedz = — [ (ve, ) dDxp| = — [rp(ve, ¢) dHY L

Using Theorem 2.2.5 we can replace FF in the last integral with 0*FE.

Now we introduce the concept of approximate discontinuity points. After that, we
extract the particular class of discontinuity points, namely so-called jump approximate
discontinuity points. These correspond to an approximate jump discontinuity between two
values a along a direction v. We also define the sets of approximate differential points.
All these sets are used for the introduction of the decomposition of the distributional
derivative and allow us to prescribe the subspace of the space BV, which is adequate to
our application to the phase transition.

Definition 2.2.6. (Approximate limit) Let u € L. _(2,R™). We say that u has an

loc
approximate limit at = € ) if there exists z € R™ such that

lim u(y) — z|dy = 0. 2.2.1
lim ¢ Ju(y) — 2| dy (2.2.1)
Bﬂ(x)
The set S, of points where this properties does not hold is called the approximate dis-
continuity set. For any x € '\ S, the vector z, uniquely determined by (2.2.1), is called
the approximate limit of u and denoted by @(z).

In order to define the set of approximate jump points we use the following convenient
notation

B (z,v) :={y € B,(v) | (y —x,v) >0},

B (v,v) :={y € B,(z) | (y —x,v) <0}.
Definition 2.2.7. (Approximate jump points) Let u € L (Q,R™) and x € . The

loc
point x is called an approximation jump point of u if there exist a,b € R™ with a # b

and v € SN~ such that

lim U —aldy=0 and lim u(y) — bl dy = 0. 2.2.2
lim lu(y) — al dy lim [u(y) — bl dy (2.2.2)
Bf (z,v) B, (x,v)

The triplet (a,b,v), uniquely determined by (2.2.2) up to permutation of (a,b) and a

change of sign of v, is denoted by (u™(z),u™(z), v, (x)). We denote the set of all approx-
imate jump points of v by J,.

It can be proved that the set J, is the Borel subset of S,, and there exist Borel functions
(ut(z),u™(2), vu(2)) : Jy — R™ x R™ x SV~ such that (2.2.2) holds at any = € J,. For
details see Proposition 3.69 in [AFP00].

Definition 2.2.8. (Approximate differentiability) Let v € Li _(Q,R™) and let z €

loc
Q\S,. The function u is approximately differentiable at x if there exists an (mx N)-matrix

L such that ~ I
i @) —al@) — Ly — o)

PN\0 P
Bp(x)

dy =0. (2.2.3)
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The matrix L, uniquely determined by (2.2.3), is called the approximate differential of u
at the point x and denoted by Vu(z). The set of approximate differentiability points is
denoted by D,.

We use now introduced concepts and formulate results, which enables us to understand
the structure of functions of bounded variation.

Theorem 2.2.9. Let u € BV(Q,R™). Then |Du| > |ut —u” |[HN"! L J, and for any
Borel set B C 2 the following two implications hold:

HYYB) = 0= |Du|(B) = 0;
HNYB) < 00 and BN S, =) = |Du|(B) = 0.

For a proof see [AFP00], Lemma 3.76.

Theorem 2.2.10. (Federer-Vol’pert) For any v € BV(Q,R™) the discontinuity set S,
is countably H™ *-rectifiable and HN=1(S, \ J.) = 0. In addition, Dul J, = (u" —u")®
v HYN =YL J, and for HN=' —a.e. x € J, holds:

TanV ' (J,, ) = v ()t

Tan™ " Y(|Du| L Jy,2) = |ut(z) —u (z)|H¥ L vt
For a proof see [AFP00], Proposition 3.78.

Theorem 2.2.11. (Calderdn-Zygmund) Any function v € BV(Q,R™) is approxi-
mately differentiable at LN -almost every point of Q. In addition, the approzimate differ-
ential Vu is the density of the absolutely continuous part of Du with respect to LN.

For a proof see [AFP00], Proposition 3.83.

The last part of this section is devoted to the decomposition of distributional deriva-
tives of functions of bounded variation. This decomposition allows us to introduce in
the next section a particular class of BV functions, which is suitable for the modelling of
phase distribution in our application.

According to the Radon-Nikodym Theorem the distributional derivative Du can be
split into the absolutely continuous part D®u with respect to £V and the singular part D%u
with respect to £¥. Moreover, we can split the singular part Du into the jump part D/u
and the Cantor part D°. This splitting is well-known from the theory of BV functions
of one variable. The famous Cantor-Vitali function provides an example of a function,
whose distributional derivative has no absolutely continuous part and no jump part. The
following definition gives the formal description of the jump part and the Cantor part.

Definition 2.2.12. (Jump and Cantor parts) For any u € BV (2, R™) the measures
D’y :=D*ul J, and D°:=D*L_ (Q\ S,)
are called the jump part of the derivative and the Cantor part of the derivative.

Using the Federer-Vol’pert Theorem and Theorem 2.2.9 we obtain immediately the
following decomposition of Du:

Du = D% + D*u = D% + D’u + Du.
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2.3 The space SBV and semicontinuity in BV

Since all functions in our transition model take only countably many values, the space
BV is too general for our purpose. In this section we consider an adequate restriction
of BV, namely the space of so-called piecewise constant BV functions. We introduce
this space as a subspace of the space SBV of special BV functions and consider related
compactness results. Finally, we give a result, which provides sufficient conditions for
lower semicontinuity of integral functionals in SBV.

Definition 2.3.1. A function v € BV(Q2,R™) is called a special function with bounded
variation, if the Cantor part of its derivate Du is zero. We denote the space of such
functions as SBV(2, R™).

Remark 2.3.2. It can be easily proved that the space SBV(Q,R™) is a closed subspace
of BV(2,R™).

In view of applications to variational problems, it is important to have closure and
compactness properties of the space SBV (2, R™) with respect to weak* convergence in
BV (2, R™). The two following theorems give sufficient conditions for such properties.

Theorem 2.3.3. (Closure of SBV) Let ¢ : [0,00) — [0,00],0 : (0,00) — (0,00] be
lower semicontinuous increasing functions and assume that

lim; o p(t)/t =00 and lim_o0(t)/t = 0.
Let Q C RY be open and bounded, and let (uy)ren C SBV (2, R™) be such that

Sgp{/ﬂw(wwc\)dfﬂr/]

Ul

0(|u;f — u,;|)d7'(”_1} < 0. (2.3.1)

If (ug) weakly* converges to u in BV(,R™), then u € SBV(Q,R™), the approzimate
gradients Vuy weakly converge to Vu in LY(Q, R™N) and Diu;, weakly* converge to Diu
in Q2. If the function ¢ is convex then

/90(|Vu|)d:1:§hminf/g0(|Vuk|)dx
Q k=00 Jo

additionally holds. If the function 6 is concave then

/ O(jut —u ) dH" ' < lilgn inf/ O(juf — uy ) dH"

u U

additionally holds.
For a proof see [AFP00], Theorem 4.7.

Theorem 2.3.4. (Compactness of SBV) Let p,0,Q be as in Theorem 2.3.3. Let a
sequence (ug)gen C SBV(Q,R™) be satisfying (2.3.1) and assume, in addition, that ||u|s

is uniformly bounded in k. Then, there exists a subsequence (ug,)ien weakly” converging
to u € SBV(Q,R™) in BV(Q,R™) .
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For a proof see [AFP00], Theorem 4.8.

Now we present the properties of partitions of a domain €2 in the sets of finite perimeter.
Such partitions are called Caccioppoli partitions. By using such partitions we would be
able to define the piecewise constant functions, i.e. SBV functions whose level sets generate
a Caccioppoli partition.

Definition 2.3.5. (Partition) Let Q@ C RY. We call a family (E);c; of sets a partition
of Q, if

UEi:Q and E;NE; =0 fori#j.

iel
Definition 2.3.6. (Caccioppoli partitions) Let 2 C RY be an open set and I C N.
The partition { E;};c; of Q is a Caccioppoli partition if ), , P(E;, ) < oo. A Caccioppoli
partition is called ordered if |E;| > |E;| for any ¢ < j.

The next theorem describes the structure of countable Caccioppoli partitions.

Theorem 2.3.7. (Local structure of Caccioppoli partitions) Let {E;}icn be a Cac-
ctoppoli partition of ). Then

Uw)'v |J FENFE;

il 1,j€1,i#]

contains HN"1-almost all of Q0. Here the sets (E;)' are the measure theoretic interiors of
the sets E;, see Definition 2.2.4.

For a proof see [AFP00], Theorem 4.17.

Definition 2.3.8. (Piecewise constant functions) The function u : 2 — R™ is called
piecewise constant in € if there exist a Caccioppoli partition {E;};e; of Q and a map
t: I — R™ such that

icl
Using the compactness result for SBV (€2, R™) we can obtain the following compactness
result for piecewise constant functions.

Theorem 2.3.9. (Compactness of piecewise constant functions) Let Q) be a
bounded open set with Lipschitz boundary. Let (ug)reny C SBV(Q,R™) be a sequence
of piecewise constant functions such that (||ug]lec + HY"*(Su,))ken is bounded. Then,
there exists a subsequence (ug,)ien converging in L' to a piecewise constant function u.

For a proof see [AFP00], Theorem 4.25.

In Chapter 1 we use the direct method of calculus of variation in order to construct
a solution of the evolution problem (S) & (E). The usage of such methods requires that
the minimised functional I has s-compact sublevels { u | I(u) < o }. Such conditions are
mainly guaranteed by enforcing the sequential lower semicontinuity of the minimised
functional. In the last part of this section we present the result, which provides suffi-
cient conditions for the sequential lower semicontinuity of functionals defined on the set
of piecewise constant functions with respect to the weak* topology. Finally, we give ex-
amples of sequential lower semicontinuous functionals, which are suitable for our phase
transformation model discussed below.
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Definition 2.3.10. (Joint convexity) Let K C R™ be compact and ¢ : K x K X
RY — [0, 00]. The function ¢ is called jointly convex if there exists a sequence (gy)ren C
C(K,R") such that the estimate

¢(i,j,p) = ilelll\l)<gk(2) - gk<j)>p>

holds for any (i,7,p) € K x K x RY.

It follows immediately from the definition that the necessery conditions for the joint
convexity of ¢ are lower semicontinuity (as supremum of lower semicontinuous functions)

and
#(i,i,p) =0 for all i € K,p € RY,

o(i, k,p) < ¢(i, j,p) + ¢(J, k, p),
®(i,7,-) convex and positively 1-homogeneous for all 7,5 € K.

Example 2.3.11. Let K C R™ be compact, let 6 : K x K — [0, 00) be continuous and 1 :
RY — [0, oo] be lower semicontinuous. Assume additionally that 6 is a positive, symmetric
function satisfying the triangle inequality and v is even, positively 1-homogeneous and
convex. The function

o(i, j, p) == 0(i, 3)¥(p)

is jointly convex.

In fact, according to Theorem A.2.1 there exists a sequence (7;)eny C RY such that for
any p € RY holds ¥(p) = sup(yx,p). We take a countable dense sequence (c;)peny C K
and define

gni K —RY 5 ¢ 0(c, cp)y

For any (i,j,p) € K x K x RY we obtain ¢(i, j,p) = supy, jen{9ni (i) — gni(j), p)-
If K is a finite set and ¢ is real valued the joint convexity can be restated by the
following theorem

Theorem 2.3.12. Let K C R™ be a finite set and ¢ : K x K x RY — [0,00). Then, ¢
is jointly convex if and only if ¢(i,j,p) = ¢(j,i, —p) and

n=0

foralli,j € K, p € RN and all iy, j, € K, p, € RN with k=1,...,r such that

T

D (G =8 )pe = (6 = 5;)p € [MER™)N. (2.3.2)

k=1

Here §. € M(R™), ¢ € R™ denotes the Dirac measure in ¢, i.e. §.(F)=11ifc € F and
d.(F) =0 otherwise.

The condition (2.3.2) can be considered as a generalised subadditivity condition. For a
proof see [AFP00], Proposition 5.19.

The next theorem provides sufficient conditions for lower semicontinuity of integral
functionals on SBV (02, R™).
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Theorem 2.3.13. Let K C R™ be compact and ¢ : K x K x RY — [0,00] be a jointly
conver function. Assume additionally that there exists a constant ¢ > 0 such that the
estimate

o(i, j, p) > clp|

holds for any (i,j,p) with i # j. Let (ux)ren C SBV(2,R™) be a sequence converging to
w in LY(Q,R™), such that (Vug)ren is equiintegrable and, for any k € N, uy(z) € K for
LN-a.e. x € Q. Then u € SBV(Q,R™) with u(z) € K for LY -a.e. x € Q and

d(ut,u™,v,) dHY T < liminf ()t uy vy, ) dHN L

k
Ju =0 S T,

For a proof see [AFP00], Theorem 5.22.
In our phase transition model the set K is often finite and the function ¢ has the form:

o(i, 4, p) = 0(i, 5)Ip|.

Here 6 is a positive, symmetric function satisfying the triangle inequality. In this case the
lower semicontinuity of the functional u — [, ¢(u*,u™,1,) dHV~! can be also proved
by defining a new variation as mentioned in Remark 2.1.5. It provides the possibility
to consider intergral functionals on the space of piecewise constant functions without
disscusion of finer properties of BV (2, R)-functions (another idea of proof can be found
in [Bal90]).

Theorem 2.3.14. Let K C R™ be a finite set and ¢ : K x K x RN — [0, 00) such that
¢(i,,p) = 00, 7)Ipl;

where 0 : K x K — [0,00) is a positive, symmetric function satisfying the triangle inequal-
ity. Then, there exists a norm ||||m=xn on R™N such that for any piecewise constant
function u € SBV (2, R™) with values in K holds:

P(ut u”, v, dHY T =V (u, Q)
Ju
with

V(, Q) = sup { Ty fo ! divd de | ¢ € CF(Q,R™Y), [p(x)|

m*xNglforalleQ}.

Proof. Without loss of generality we can assume that the set K is given as a set of unit
vectors {e1,..., e, in R™. Theorem A.1.4 implies that there exists a norm ||-||,,, in R™
with

lei = ejllm = 0(es, e5).
We denote with ||-||y the Euclidean norm RY and define the new variation by

V() = sup { XL, fpul dived da | € C2(QR™Y), g

m*XNSl}-

Rme

Here, the norm ||-||,+xn in is defined as in Definition A.1.1. The proof is now done

in three steps.
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Step 1: (f/(u, Q) < [, olut,um,v) dHNY)
Proposition 2.1.3 implies that V is lower semicontinuous. Moreover, if £y, F», ..., FE,, is a
Caccioppoli partition of Q2 and if a piecewise constant function v € SBV(£2,R™) is given
by

u:Q—R™; xr—>{ e; forze L,
then [, ¢(u®,u™,v,) dHN ! = V(u, Q). In fact, for any function ¢ € CL(Q, R™N) with
lollmexny <1 holds

Z/u“divgpadx:—/goz dDu:—/ o:(ut —u)@u, dHN !
a=1"79 u

1 & .
:52/ (e =) pru dHT < 5 Z lei = € llmllpvallme a1V
i,j=17 FENFE;NQ =1 FENFE;NQ
i#i i#]j
m
<>/ oo~ esllelhn el ar = < 3 [ e = €l AR
ij=1 ]'—Eiﬁ]‘—EjﬁQ 521 ]__Em}_E nQ
< 1<J
:/ ¢(U+,U7,Vu>dHN71.
Ju

Hence, V (u, Q) ) < [ olut um,vy,) AN

Step 2: (Special case V(u,Q) > fJu Put,u™,v,) dHNTY)
Consider a particular piecewise function u given by

e; forx ey,

u:Q—-R"; z—
e; fora e Q.

Here, 21,25 is a Caccioppoli partition of §2. Since u is a piecewise constant function,
it holds HN~!(J;) < oo. Additionally, we assume that there exists a C'-function g :
RV — RV ; y (y,4(y)) such that J; C g(RN!) and g : g71(J,) — RY is a Lipschitz
function.

Using our assumption on .J; we conclude that there exists a continuous function v, :
g(RY=1) — RY such that for each y € J; the vector v4(y) is the normal unit vector to
Ji in y which is directed into €2;. Starting from the function g we define the extension
function gey as

gext;RN - RN ; (wla"'axN> — (xla"'7xN717g(x17"'>xN*1) —F.TN)

Obviously the function gey is a homeomorphism of RY on RY. Using the function gey
we can extend v continuously on the whole RY. For this we consider the continuous
function v, 0 eyt : { reRY |2y =0 } — RY and extend continuously this function with
constant values in ey direction, i.e.

n:]RN—>]RN; (X1, ..., TN) — Vy O Goxt(T1, -+, xN_1,0).

Using properties of the functions ge; and 7 we conclude immediately that the function
70 (gext) ! : RY — RY is a continuous extension of the function v, : g(R¥ 1) — RY. For
simplicity we denote this extension again by v;.
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Let now ¢ > 0. Our assumptions on J; implies that there exists a compact set
K c RN~ such that HV1(J; \ 9(K)) < . By using a suitable cut-off function we can
construct a continuous function v € C.(Q, RY) with sup,q [|7(2)||x < 1, such that the
estimate

V(@) = va(z).
holds for any = € g(K). Let b € C.(Q,R™) with ||b(x)]|;m < 1 for any = € 2. Proposition
A.1.3 implies that for a function ¢ := —b® v holds ||¢||mxn < 1. Consider a sequence of
mollifiers (p1/n)nen and define oy, := @ * p1/5. Then ||@p[mxn < 1 holds. Using uniform
convergence ¢, to ¢ and testing with ¢, we obtain

‘N/(ﬂ, Q) > lim / Zaf div gp{b dz = hlim — op (e, —€j) Ry dHN !
0~ Ja

Since ||e; — €j|lm = supy,, .<i(e: — €;,b) and ¢ is arbitrary small, we conclude

f/(a,Q)z/ 0(e;,e;) dHN? /¢ YdHN L

Step 3: (General case V(u, Q) > fJu d(u,u,v,) dHN_l)
Let now u € SBV(Q2,R™) be an arbitrary piecewise constant function with values in
{e1,...,em}. From Definition 2.3.6 follows immediately that H"~1(J,) < co. Moreover,
by the Federer-Vol'pert Theorem 2.2.10 the set J, is countably H"~!-rectifiable. Theo-
rem 2.3.7 implies that J, = Uj",_, FE; N FE;. Here (E;) is a Caccioppoli partition, which
consists of the level sets of the function u, i.e. E; = {x € Q| u(x)u =¢; }. Hence, the
sets FE; N FE; are measurable and countably H™~!-rectifiable. It is obvious that the
sets FE; N FE; with 1 <4 < j <m are disjoint.

Using Theorem A.7.6 we find, for all 1 < ¢ < j < m with ¢ < j, that there exist
countably many Lipschitz (N — 1)-graphs ') € RY, [ € N such that

HNL ((]—"EZ- NFE F;'j) —0

leN

and the Lipschitz constants of the corresponding functions are less the 1.

In next step we use the so-called Whitney extension theorem (see Theorem A.7.8) in
order to replace the Lipschitz graphs with C' %—graphs. In fact, for 4, j,l with1 <i <j <m
and | € N there exist an (N — 1)-plane pi/ in RY and a Lipschitz function f” : 77 —
(Wlij )L such that

Iy .= {:L‘ eRY | [/ (mz) = (x}) x}
According to the collorary of the Whitney extension theorem A.7.9 there exist C!-functions

g’ i — (le) such that forall 1 <i<j<mandl €N

LY en? |alx) £ filz)}) < 2”+m2
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holds. Furthermore, we denote the graphs of the functions glij by f;j . Using Theorem A.7.3
and the properties of functions f;” we conclude that

HYTHT/\TY) < DESICE

It follows immediately that the estimate

H U (FENFE)\UTY) < 5
leN

2m?’

holds for all 4,5 with 1 < ¢ < j < m. The last estimation implies that there exists a
number N(g) € N such that

N(e)
HN‘1<(]-"EZ- nFE | f;’ﬂ) <
=1

m2’

Hence, there exist disjoint compact sets Klij, with 1 <i<j<mandl=1,...,N(e),
such that K,” c (I NI}) N (FE; N FE;) and

N(e) 9

WY ((FENFE) U K7) < =

m?2
=1

Summarily, we have

m  N(e)
Y (A U U K <=

ij=1 =1
i<j

The last estimate means that we approximate J, with a finite number of disjoint compact
sets, which are given as subsets (N —1)-graphs of C!-functions. Now the conclusion follows
as before. In fact, using the compactness of the sets Klij with 1 <7 < 7 < m and
I =1,...,N(¢) we find disjoint open sets Q) such that K}’ C Q7 C Q. We construct
@ € Co(%7,R™) like in the special case and define p € C.(Q, R™) by

ij ij
o, x e,
sO(x)Z{ : :

0 else.

Then the proof follows like Step 2 by testing with (.
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Chapter 3

Phase transition model

In this chapter we formulate a simple phase transition model for materials, whose elastic
properties depend on an actual crystallographic phase state. Such classes of materi-
als, so-called smart materials, are treated in particular in the context of modelling of
shape-memory alloys and are a subject of theoretical and experimental research since the
invention of the first material NiTi, whose elastic strongly depends on an actual grid
structure [BW65].

Our model is a microscopic one. It means that, in each microscopic point x € (2,
an elastic material is free to choose one of m crystallographic phases Z and that the
elastic energy density W depends on a grid structure and is then given by W;(Dy),
j=1,...,m. We assume that the phase transformation process is rate-independent and
write the evolution problem in the (S) & (E) formulation.

The idea to use energetic formulation in order to study the phase transformation
process was applied previously in [MTL02, GMHO02|. In these papers the authors consider
mesoscopic level model, where the phase state in each material point x is given as a
mixture of pure phases. More specifically, the phase state is modelled through an internal
variable z(z) € R™, whose j-component z()(z) prescribes the portion of the j-th phase,
iez(z) € Z={z€[0, 1" CR™| 31"z =1}. Hence, the set of admissible internal
states is given as Z = LY(Q,Z) C L'(Q,R™). The material properties are given via
a mixture function W : R4 x Z — [0, 00], for details see [MTL02, GMHO02]. It was
shown, that the dissipation has the form D(z, 21) = [, d(z1(x)—2o(x)) dz with d(v) =
max{o;-v|l=1,...,L} > Cylv|, where o,, € R™ are thermodynamically conjugated
threshold values. In difference to the model which is presented here, the model in [MTLO02]
neglects in favour of laminate modelling the energy stored in the phase interface. At
present, the existence results for the mesoscopic model is not proved. However, the case
with only two phases m = 2 has been treated in [MTL02| under the additional assumption
that the elastic behaviour is linear and both phases have the same elastic tensor. Using
a careful analysis of H-measures the authors were able to prove the existence of solutions
in this case. Unfortunately, it was shown in [Pre03] that the used methods can not be
generalised to the case m > 2. Moreover, an example of non-closed stable set Sjo 7y (cf.
Chapter 1), those closedness is crucial for the general existence theory in Chapter 1, was
constructed.

In a microscopic model there are no phase mixtures allowed, i.e., we assume z € Z :=
{e1,€9,... e} C R™ where ¢; is the j-th unit vector. Thus, the functions z € Z are
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like characteristic functions which indicate exactly one phase at each material point. The
dissipation is assumed as above, but now the elastic energy contains an additional term
measuring the energy, which is stored in the surface area of the interfaces between the
different regions, and is given by

Et,p,2) = [ W(Dg, 2)dx + [, o(zF,27) dHT" — (b (1), ),

with z*, 27, J, as in Chapter 2.

The main aim of this chapter is to prove the existence results for phase transforma-
tion processes. In Theorems 3.2.2 and 3.3.1 we provide conditions, which are sufficient
for the existence of a solution for the evolution problem. Additionally, we consider an
one-dimensional example, which demonstrates the main features of our model, namely
hysteretic behaviour and finite size nucleation. The last one is the consequence of an in-
terplay between the interface energy term and the dissipation energy and can be expected
due to the isoperimetric inequality (see. Theorem 2.1.18).

3.1 Mathematical setup of the model

We consider an elastic body © C RY given as a bounded Lipschitz domain. The set ( pre-
scribes the reference configuration of an elastic deformable body. The elastic deformation
is denoted by ¢ :  — R? and F' = Dy refers to the strain tensor. We assume that the set
of possible solid phases is at most countable and we denote this set as Z. For convenience
we assume that the set Z is a bounded subset of some Euclidean space R™. In the case of
a finite number m of crystallographic phases we identify simply the phase j with the unit
vector e; in R™. In this case the set Z takes also the form Z := {e;,eq,...,€,} C R™,
where ¢e; is the j-th unit vector. Thus, the internal variable z : 4 — Z prescribes on the
microscopic level the phase state at every point of the body. We assume that the internal
variable z is a piecewise constant function in the sense of Definition 2.3.6. This means
that the level sets
E.={xeQ|z(zx)=c}

induce the Caccioppoli partition of 2. We denote by Z the class of all piecewise constant
functions with values in Z. Using the definitions and the theorems of the previous chapter
the set Z can be also defined as:

Z ={2eBV(QR")NL>(Q, Z) | Dz is concentrated on J, and H* '(J,) < o0 } .

The elastic material properties are given by the stored energy density W.(F'), which
depends on the phase state ¢ € Z. For a given internal variable z € Z and ¢ € WP((Q)
the elastic bulk energy takes the form

elastS0> /ZWZL’DQO XE d$_/WIED§0 ())d
ceZ

The boundary conditions on the deformation ¢ are given through the set of admissible
deformations F. In this paper we consider only the case of time-independent Dirichlet
boundary conditions. This means that the set F has the following form

F={peWPQR)]|(¢— ¢pi)lry, =0},
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where I'p;; C 09 has a positive surface measure and ¢p;, € WHP(Q,R?) is fixed. We
understand this condition in the sense of the Sobolev trace theorem. It means that

Tr(e) =Tr(ppy) in Lp(ﬁQ,Rd),

where Tr : WLP(Q R?) — LP(9€,R?) is the unique trace operator (see [Alt99], A. 6.6).
This implies that the set F is weakly closed with respect to the weak W!P-topology.
Throughout this chapter we assume that p > 1.

In our model we want that the whole stored energy has a term &, which depends
on the interfaces between regions with different phase states. We assume that this term
has the following form

ginter(z) = Z Z \/}_E B mQ'l/)(Cl,CQ,VEq)de_l

C1€Z ca#cy
for some function
Vv Zx Z xS — 0, 00]

with ¥(c,c,v) = 0 for any ¢ € Z and v € S%° 1. The set FE, is the reduced boundary
of the set E. in the sense of Definition 2.2.2. The function 1 can be interpreted as the
interface energy density and it can be easily extended on the whole space Z x Z x R? by
setting

¢(61762a V) =

|V|¢(017027‘_Z|) lfy#oa
0 if v =0.

Moreover, by setting ¢(c1, ca,v) = ¥(c1, c2,v) + ¥(c2, ¢1, —v) and using Theorems 2.2.10
and 2.3.7 we obtain

Einter(2) = sz p(zt, 27, v,) dHL
Finally, the stored energy £ takes the form
g(t7 QO, Z) = fQ W(,ZE, DSO7 Z) + sz ¢(Z+7 Z_7 Vz) de—l _ <€ext(t)a 90>

The last term on the right side arises from the potential of external forces. We assume
that the external loading fu is smooth enough, i.e. fo € Lip([0,T], W1P(Q, R9)*).

The next ingredient of our mathematical model is the dissipation energy. We assume
that the dissipation energy is given by

D(z1,2) = [, D(z1,22) da

for some function
D:7Z x Z —|0,00],

with D(c,c) = 0 for any ¢ € Z and D satisfies the triangle inequality, i.e

D(cy,e3) < D(cy,c2) + D(ca,c3) (3.1.1)

for any ¢y, ¢o, c3 € Z. The triangle inequality for D is a natural assumption in our model.
In fact, this means that the energy, which is needed for the direct phase change c;-c3, is
not greater than the energy, which is required for the phase change c¢;-c3 via a temporary
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state co. Additionally, we assume that there exists a constant 7; > 0 such that for any
c1, ¢y € Z holds
D(cy,c2) = miler — el

We recall that the dissipation along a path z : [0,7] — Z over the interval [ty, t1] is
defined as

Dissp (2[5, ¢]) _s,up{z1 D(2(r;_1), 2(7;)) | N€N, 5:70<71<-..<TN:15}

and a pair (p,z) : [0,7] — F x Z is called a solution of the rate-independent problem
associated with £ and D if (S) and (E) hold:

(S) Stability: For allt € [0,T] and all (p,z) € F x Z we have
E(t,p(t), 2(t)) < E(t @, 2) + D(2(1), 2).

(E) Energy equality: For all t € [0,T] we have .
g(t7 Qo(t)v Z(t)) + DiSSD(z7 [07 t]) = 5<Oa 90(0% Z(O>> - f(fwext(T)v 90(7_» dr.

For this definition we implicitly require that 7 — (fex(7), ¢(7)) is measurable. Moreover,
condition (E) implies that the dissipation Dissp(z, [0, ¢]) is finite. This leads immediately
to z € BV([0,T],LY(Q,R™)).

3.2 Convex case

Now we want to apply the general theory developed in Chapter 1, Section 1.4 in order
to prove the existence of solutions for our phase transition model. For this we have to
equip the sets F and Z with suitable topologies. In our case we take the weak topology
in F C WP(Q, R?) and the strong L!-topology in Z C BV(Q,R™).

We recall that the stability condition (S) can be reformulated by defining the stable
sets

Sit):={(p,2) e FXZ|E(t,p,2) <E(t,9,2) +D(p,2,9,2) for all (p,2) e Fx Z},
S = {9, 2) € [0, T] x F x Z[(p,2) € (1) } = Useppri(£, S(1))-

In this notation condition (S) means that (¢(t), z(¢)) lies in S(¢) for every ¢t € [0,7]. In
order to proof the stability of one point (p(t),z(t)) at time ¢, we need to test with an
arbitrary pair (¢, z). If we have some information about S(t), we can reduce the test set
using the following result, which states that is suffices to prove stability by testing with
stable states only.

Theorem 3.2.1. Assume that E(t,-,-) + D(y,-) is s-lower semicontinuous and coercive.
Then the following holds:

(p*, 2%) & S(t) if and only if there exists (ps, z5) € S(t) such that
E(t, ", 2%) > E(t, s, 25) + D(2%, z).
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Proof. Let y* ¢ S(t). Using Theorem 2.1.12 and the classical result of direct methods
(see Th. A.6.1) we conclude that the set

M = argmin { £(t, 9, 2) + D(=*,2) | (4,2) € F x £}
is not empty. For (¢s, 25) € M and any pair (@, 2)
E(t,,2) +D(2,2) = &, $,2) +D(z",2) + D(2,2) = D(27,2)
> E(t, s, 25) + D(2%, 2z5) + D(25,2) — D(2%,2) > E(t, s, 25).

holds. Hence, the “=" direction is proved. The “<=" direction follows immediately
from the definition of stable sets. ]

Theorem 3.2.2. Let Z C R™ be compact and D : Z x Z — [0,00) be a function satisfying
(8.1.1) such that the estimate

Tler — ea] < D(cr,ca) < yaler — cof (3.2.1)

holds for some y1,72 > 0. Let ¢ : Z x Z x RY — [0,00] be a jointly convex function.
Assume that there exists v > 0 such that for all ci,co € Z with ¢, # ¢y and v € RY holds:

P(c1,co,v) > v

Assume that the dissipation distance D : Z x Z — [0,00) is defined by
D :(2z1,29) — / D(z(x), z9(x)) dz
Q

and the energy functional £ : [0,T] x F x Z :— R is given by

E(t,p,2) = [oW(x, Dy, 2)da + [, ¢p(z", 27, 0.) dHT! — (Len(t), ).
Additionally, assume that the followmg conditions hold:
(a) The functional (p,z) — [ W (x, Dy, z) is s-lower semicontinuous on F x Z (with
respect to the Tr X Tz- topology)
(b) For some real numbers C; > 0, Cy > 0 we have for all x € Q, A € R 2 ¢ R™

W(z, A z) = Ci|AP —

(c) For every z € ZNBV(Q,R™) and t € [0, T the functional &, : F — R;p — E(t, ¢, 2)
has a unique minimaiser.

Then, for every pair (vo,z0) € S(0) there exists at least one solution (p,z) with
¢ € L>=([0,T], W-P(,RY)), 2z € BV([0,T],LY(Q)) N B([0,T],BV(Q)) of (S) & (E) with
(0, 2)(0) = (vo, 20) and all the conclusions of Theorem 1.4.3 also hold.

Proof. In the proof we denote with Ba (0) the norm-closed ball with radius R and centre
0 in some Banach space X.

Estimate (3.2.1) implies that the dissipation distance D is continuous with respect to
the L'-topology. Using Theorem 2.3.13 and condition (a) we obtain that the functional
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£ is s-lower semicontinuous on [0, 7] x F x Z. For an arbitrary triplet (¢, ¢, z) € S we
have by stability

Et,p,2) (t, @0, 20) + D(z, 20)

<&
< E(0, 90, 20) + TCy, |lpo|lwrr@rae) + 72 diam(Z)Vol(€2).
Combining this estimate with condition (b) we obtain

CilDyl, — CaVol@) + 7 | a1 = o hwsoiass < Be
Jz

with Be = £(0, @0, 20) + TCy,,. |lvollwrr@rey + 72 diam(Z)Vol(€2). Using the Poincaré
inequality and p > 1 we conclude that there exists Rg > 0 such that

Sior) € [0,T] x BY.7(0) x By ¥(0). (3.2.2)
We restrict now our spaces (F,Tx) and (Z,Tz) to the spaces
(Fress Tr) := (FOBY!"(0),T5) and (Zres, Tz) := (20 By (0, T2).

For these restricted spaces we can consider the associated (S) & (E) problem. Further-
more, we call this problem the restricted (S)& (E) problem. Theorems 2.3.9 and 2.1.4
imply that the space (Z,es, Tz) is a compact topological space. The set Fe is a bounded,
weakly closed subset of the reflexive Banach space W?(Q, R?). Using Alaoglu’s Theorem
we conclude that the space (Fres, T#) is also a compact topological space. Using Theo-
rem 3.2.1 we obtain that the stable set Sy 77 of the restricted (S) & (E) problem is the same
as in the original problem. This means that a solution of the restricted (S) & (E) problem
is also a solution of the original (S)& (E) problem. We prove now that the restricted
(S) & (E) problem has a solution.

We set Cg = C,,Ry. It is obvious that condition (A2) in Theorem 1.4.3 holds.
Theorem 1.5.1 implies the closedness of the stable set Sjo 77 with respect to Tz xTz. Using
the last observation we obtain immediately that the assumption (A5) in Theorem 1.4.3
holds. All other assumptions of the existence result in the convex case (Th. 1.4.3) can
also be easily verified. Hence, there exists a solution of the restricted (S) & (E) problem,
which is on the other hand a solution of the original problem. Moreover, Theorem 1.4.3
implies that our solution (¢, 2°°) is obtained as a limit of piecewise constant incremental
approximations (o, 2™)yen, i.e.

oM (t) — p>(t) in WHP(Q, R?) and
ZN(t) — z°(t) in LY(Q,R™)

for all t € [0,T]. Hence, > is weakly measurable. Using Pettis Theorem A.4.2, sep-

arability of the reflexive Banach space WP(Q, R?) and (3.2.2) we follow immediately

that
> € L>=(]0,T], WhP(Q, RY)).
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Remark 3.2.3. The convergence in z coincides with weak*-convergence in the sense of
Definition 2.1.7. In fact, we have, for all t € [0,7], ZV(t) — z*(t) in BEX(Q’Rm)(O)
with respect to L!-topology. Hence, Theorem 2.1.9 implies the weak*-convergence in
BV(Q,R™).

Combining the fact that BV(Q,R™) is a dual space for some separable Banach space
X (see Theorem 2.1.10), and proof techniques for Pettis Theorem, we obtain the following
result.

Theorem 3.2.4. The solution (¢, z) of (S) & (E) obtained in Theorem 3.2.2 satisfies:
(a) z is weakly* measurable in BV(Q,R™), i.e. t — (f, z(t)) is measurable for any f € X.
(0) [lz()llBvierm) € L=([0, T, R).

Proof. (a) In the following we use the notation of the previous theorem. The constructed
in Theorem 3.2.2 solution (p,z) was obtained as a limit of the incremental solution

(©N, 2V) with
2N (t) — 2°°(t) in BV(Q, R™) with respect to L'-topology.
Moreover, for all ¢t € [0, 7] and all N € N it holds that
1% () [Bvi) < R,
[2(®)lBve) < R,

with positive constant Ry as in Theorem 3.2.2. Using Theorems 2.1.9 and 2.1.15 we
conclude that for all ¢ € [0, T]

2Ne(t) B 2(t) € BV(Q,R™).

Since all functions 2, N € N are finite-valued, conclusion (a) follows.

(b) Since X is separable, there exists a countable set M = { f; € X | ||fillx <1, i € N},
such that Bi* (0) = M. Let a € R. We consider thesets A = {t € [0, T] | [|2(¢)||pv) < a }
and Ay ={t € [0,T]| |(2(t), f)| <a}, where f € X. It follows immediately that

A=< Ar-

It is also clear that (<1 Ar C iy Ay,- For any f & M with [[f|| <1 there exists a
subsequence (f;, Jken such that f;, — f. For ¢t € (), Ay, holds:

(z(8), f) = lim (2(2), fi,) < a.

Hence, t lies in A,. Using A = N;enAy, we conclude now that A is measurable. This
proves (b). "

Remark 3.2.5. Since the simple running front ¢ — xjo, has a non-separable range in
BV(2) we can not expect z € L*°([0, 7], BV(£2,R™)) in general.

Remark 3.2.6. The statements on measurability obtained in Theorems 3.2.2 and 3.2.4
are based only on the separability, reflexivity or on the opportunity to consider the related
space as a dual space of some separable Banach space. This means that under similar
assumptions we can also obtain the same statements in the abstract general case.
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Before formulating the existence result for phase transformation in the non-convex
case we give a simple example for phase transition in an one-dimensional bar made of a
material with two different crystallographic phases.

Example 3.2.7. Consider an one-dimensional bar with length [, which is mounted at
point 0. Assume that the material of the bar can take two different crystallographic
phases and denote these phases by 0 and 1. Assume that the storage energy and the
dissipation are given by

I !
E(t,p,z):= /0 (§(g0’)2 +az —by'z)dx + o#J + /0 fext (B, ) dz — A(t) (1),

l
D(zo,21) = / d|zo — 21| dex.
0

Here a, b and ¢ are some real numbers and #.J is equal to the number of phase changes.
The parameter o is the price of one phase change. The functions fe; and A can be
interpreted as an external force and an external contact force respectively. The existence
result guarantees the existence of (S) & (E)-solutions for this problem. We show now that
this simple model has hysteretic behaviour and that the phenomenon of finite nucleation
can be observed as well. We make our computation for special values of parameters, which
we fix later.

The stability condition (S) provides that for fixed time ¢ and fixed phase distribution
z the functional &(t, -, z) satisfies the Euler-Lagrange equation

(¢ =b2) = fex, (3.2.3)
p(0) = 0, (3.2.4)
(¢ =b2)(1) = A@®). (3.2.5)

Using (3.2.3) and (3.2.5) we obtain the unique solution ¢ = ®(z) from

p(0) =0 and ¢ — bz = F(t,z) := A(t) — [} foxs(t,€) dE. (3.2.6)

By partial integration we calculate

+az —bp'z)dx + o#J + f(f foxt (t :c)go dz — A(t)e(l)

Et,D(2),2) = [y(3(#)?
= [, +a2—%z)dx+a#J+f0 (t,2) + F(t,2)0l) — A£)o(l)
= [13(¢)? +az —b'z)dv + o#J — fo ¢ — b2)¢ da
= fol(—%(go’) +az)dxr +o#J = fo s(bz+ F(t,2))* + az) dz + o#J

Since z takes the values in {0, 1} we rewrite the last estimate as follows

E(t,B(2), 2) = /Ol { (a - %bQ - bF(t,x)) - %F(t, x)2} d + o#J.

Since the term on the right side does not depend on the deformation ¢, the last for-
mula allows us to make easy numerical experiments. For a special choice of parameters
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fext(t, &) == 2(€ — %), b:=1,a:= % - (%)2 we obtain the following simple expression for

E(t,®(2), 2) — /Olz [(x - é)z ()

The second term on the right side does depend on z. Hence, this term does not influence
the solution of the (S) & (E)-problem. The first term shows that new nucleus can appear
only in the middle of the bar. The following pictures show phase transformation process
of a bar with length [ = 5 under the external contact force A(t) := max{t,16 —t}. We
assume that at the time ¢ := 0 the whole bar was in phase 0. The price of one phase
change o is taking equal to 0.05. Figure 3.1 presents the contribution of phases in the bar
in dependence on the external loading A\. The points in phase 0 are represented in black,
the points in phase 1 are given in grey.

1/
dx—i——/ F(t,x)*dz.
2.Jo

Loading

H™
III-_
A= -2 4 6 8

0 2
Hm

Unloading

Figure 3.1: Phase distribution in dependence on time

Figure 3.2 presents the same process as a diagram of the length of 1-phase in dependence
on the external contact loading A(t). Here the lower (grey) path corresponds to the
loading phase. The upper (black) path corresponds to the unloading phase. We see a
typical hysteretic loop. The jumps match the appearance and disappearance of new phase
boundaries, i.e. the appearance and disappearance of a nucleus of finite size.
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Figure 3.2: Length of 1-phase in dependence on the contact loading

3.3 Non-convex case

Condition (¢) of Theorem 3.2.2 is really strong and unsatisfying in many cases. This
condition is obviously not fulfilled for the case of finite elasticity. In this section we use
the abstract existence theory in the non-convex case in order to obtain an existence result
for our model in the non-convex case, which allows us to consider polyconvex energy
densities.

Theorem 3.3.1. Let Z, D, ¢, D and £ be given as in Theorem 3.2.2. Additionally,
assume that the following conditions hold:

(a) The functional (p,z) — [ W (x, Dy, z) is s-lower semicontinuous on F x Z (with
respect to the T x Tz-topology).

(b) For some real numbers C; > 0, Cy > 0 we have for all x € Q, A € R z ¢ R™

W(xaAaej) ch‘A’p_C% ]:177m

(c) lexe € CLH[0,T), WIP(Q,RY)*). Then, for every pair (¢o,20) € S(0) there exists
at least one solution (p,z) with p € L=([0,T], W'P(Q,RY)), z € BV([0,T],L}(2)) N
B([0,T],BV(R)) of (S) & (E) with (p, 2)(0) = (o, 20) and all the conclusions of Theorems
1.6.3 and 3.2.4 hold.

Proof. The proof follows the proof of Theorem 3.2.2. We conclude as in the convex case
that the energy functional £ is s-lower semicontinuous and that the dissipated energy D
is continuous. As in Theorem 3.2.2 there exists the positive number Ry such that

Sioa) € [0,T] x BY"(0) x By ¥ (0).

We consider again the restricted (S) & (E) problem. Theorem 3.2.1 implies that solutions
of the restricted problem are solutions of the original problem. Moreover, the inverse
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state holds also. Like before the restricted spaces are compact topological spaces and
the conditions (A1)~(A9) hold with Cg := Cy_, Ry. Using le € CO([0,T], WHP(Q, R%)"),
|ollwir < Rs and the estimate

D (t1,0) = & (ta, ) = (Lext(t1) = Lexa(t2), ) < [[fext(t1) = Coxt (B) [l wrp(eay

we obtain also the condition (A10).

WLP(Q,R4)

Remark 3.3.2. If /. is piecewise C!, then the (S) & (E) problem has also at least one
solution. In fact, consider a partition 0 =ty < t;... < tp = T such that for all j > 1

loxe € CH([tj 1, t5), WHP(Q,RY)).

Using the previous theorem we obtain a solution (¢, z) on the interval [¢y,t;] with a start
value (g, z0). Using (¢(t1), 2(t1)) as start value we obtain a solution on the interval [t;, o]
and so on. By concatenation of the obtained solutions we get a solution on the whole
interval [0, 7).

The following result shows that there exist energy densities W, which satisfy the
assumptions (a) and (b) of Theorem 3.3.1

Theorem 3.3.3. Let W : Q x R4 x R™ — RU {oo} . Assume that there exist positive
constants C; > 0, Cy > 0, C3 > 0 and q < p such that for allz € Q, F € R¥™*4, 2z, 7 ¢ R™
the following hold:

(i) VzeZ: o [W(x,Dy,z) is s-lower semicontinuous on F,
(i) |W(x,F,z)—W(x, F,z)| <C5(1+|F|9)]z — Z|.
Then, if (pn, 2n) — (@, 2) in F X Z with respect to Tr x Tz, it follows that
/ W(z,Dy, z)dr < lim inf/ W(x,Dpp, z,) da.
Q Q

neN
Proof. Since ¢,, — ¢ in WP, there exists R > 0 such that
lollwir < R and ||on||lwir < R for all n.

Since Z is compact, the uniform boundedness of the sequence (z,(x))nen follows. More-
over, the L'-convergence of (2,(2))neny to z implies immediately the Lé-convergence of
(2n(7))nen to z for any s > 1. Using the Holder inequality we obtain immediately

q/p 1-q/p
(/ D, [P dx) (/ |z — zn|p/(p_q)) =0.
Q Q

(3.3.1)

lim [ |Dg,|?z — z,|dz < lim
n—oo 0 n—oo

It holds
Jo W (z, Dy, z) — W(x, Dy, 2,) dz
= [(W(z, Dy, z) = W(x,Depy, z) dz + [, W(z, Dy, 2) — W(x, Dy, 2,) d
< JoW(x, Dy, z) = W(z,Dgy, z)dz + [, C(1 + |Dg,|?)|z — z,| dx.

Taking the lim inf on both sides in the above estimate and using (3.3.1) and condition (ii)
we obtain the desired conclusion. L]
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Remark 3.3.4. If W is convex in the deformation gradient, i.e. W(x,-,z) is convex,
then condition (i) is fulfilled, see Theorem A.6.2. Moreover, if W(x,-, z) is strict convex,
then the deformation ¢ is uniquely defined by z. This means that we have the “convex
case”.

Remark 3.3.5. The condition (i) can be guaranteed in “non-convex“ case e.g. by poly-
convexity of the elastic energy density W and by weak convergence of all involved minors
of the defomation gradient. This shows, the right choice of p in Theorem 3.3.1 depends
not only on the growth behaviour of the elastic energy densitity but also on the deep
structure of it. Further details can be found in Theorems A.6.4 and A.6.6.

Now we give an example of a typical energy functional, which satisfies the assumption
of Theorem 3.3.1.

Example 3.3.6. Let Q C R? and Z be given as a set of unit vectors in R™, i.e. Z :=
{e1,...,em}. Let po: Z =R, p1: Z —Rand ¢: Z x Z — [0,00) such that there exists
~v > 0 and for all ¢y, ¢y, c3 € Z hold

¢(01,Cl) =0, ¢(01702) >
<

77
P(cr,c2) = @lea, 1), Pler,ez) < e, ca) + Bca, ).

Additionally, let ¢ : RY — [0,00] be a lower semicontinuous function. If 1 is even,
positively 1-homogeneous and convex, then the energy function £ defined by

£lt.0.2) = [ |det(Dpht gDl (D (=) +{0(0).2) | o

4 / o=+, 2 () AR

Jz

satisfies all assumptions of Theorem 3.3.1 with p = 4. In fact, the energy density function
W is polyconvex. Remark A.6.7 implies that all conditions of Theorem A.6.2 are fulfilled.
Notice that the triangle inequality for the function ¢ can be interpreted as a reasonable
physical restriction. In fact, this condition forbids the building of infinitesimal layers in
the phase ¢, between interfaces of ¢; and c3 phases. The function ¢ allows us to model
crystals with preferred directions of interface building. The simplest case ¥(v) = |v|
corresponds to crystals without preferred directions of interface building.

60



Appendix A

Mixed theoretical results

A.1 Norms in R™

Definition A.1.1. If |||, is an arbitrary norm in R™, then we denote with |[|-||,,» a norm
in R™ defined by:

m* = Sup <x,y>
lyllm=1

|

If |||lm and |||y are arbitrary norms in R™ and in R respectively, then we denote
by ||*|lmxny & norm in R™*" defined by:

||A||m><N: sup ||A$||m

=l n=1

Remark A.1.2. The norm ||-||,,+ is so-called operator norm associated with |-||,,. It is
well known that the operator norm associated with ||-||,,« is the original norm ||-||,y,.

Proposition A.1.3. Let ||-||lm, |||lx be arbitrary norms in R™ and in RN respectively.
For any b € R™ and n € RY holds:

16@ 72llmscn = [[bllm]|72]

N*-

Proof. Using the definition of the m x N-norm we obtain immediately that

16 @ nlfmxn = sup [[b@nylm = sup |[bllm{n,y) = [b]lm]n]

N*.
lyllv=1 lylln=1
n
Theorem A.1.4. Let {ej,eq,...,e,} be a canonical basis in R™. Let k;; with i =
1,2,....,m and 7 = 1,2,...,m be arbitrary positive real numbers which satisfy the fol-

lowing conditions
(a) ki=0 foralli=1,2,...,m,

(b) (Symmetry) k;j = kj; >0 for alli # j,
(¢c) (Triangle inequality) k;; + kj > ky for all {i,7,1}.

Then there ezists a norm ||-||m in R™, such that for any i and j holds:

lei — ejllm = Kij.

61



Proof. We denote the vectors (e; — €;) by e;;. Since the vector v = {1,1,...,1} € R™ is
orthogonal to all vectors e;j, the vectors e;; lie in the m — 1 dimensional subspace V' given
by

{zeR" sy +220+... 42 =1}.

For convenience we define €;; := e;;/k;;, i # j. We consider the convex hull C' of the
points gz]

We have to show that for any ¢, j the point ¢;; is a boundary point of C'. In fact,
if all points ¢;; are boundary points of C, then we can take the convex hull C'U {7} as
a closed one-ball B(0) in the ||-||,,-norm. By using the Minkowsky-functional we define
immediately the norm ||-||,, on the whole R™.

We prove now, that the point €;5 lies on the boundary of the set C. For other points
the conclusion can be obtained in the same way.

We consider now the hyperplane P in V' which is spanned on the points €19, €13, . . . , €1p.
We show that all points {€;;} C V lie on the same side of the hyperplane P as a point 0.
For this, we introduce new coordinates in V' with basis vectors éy, ..., ¢é,,_1 given by

€r_1 :gllm ke {2,...,m}.

It follows immediately from the definition that the vectors é4, ..., é,,_1 are linearly inde-
pendent. Hence, the new coordinates are well-defined.
In new coordinates the hyperplane P is given by [(Z) = 1 with

l(i’) = Li'1+j32+...+.fi'm,1.

Now we write the points ¢€;; in new coordinates in order to show that these points lie on
the same side of P. Furthermore, we consider all possible situations step by step:
Case (i =1): In this case the new coordinates of the point ¢;; have the form

0,...,0, 1 ,0,...,0).
j—1pos
Since the point lies on the hyperplane P, it holds I(é;;) = 1.
Case (j =1): In this case the new coordinates é;; of the point ¢;; have the form

(0,...,0, =1 ,0,...,0).
i—1pos
It follows I(é;;) = —1 < 1.

Case (i # 1 and j # 1): The new coordinates é;; of the point ¢€;; can be calculated
as follows:

_ 1 1 1 ~ ki kqi
€ = —(ei — 6‘) = —(€i — €1 + €1 — 6') = —(]{71‘61‘ — klieu) = —jé‘_l — _éi—l-
J J kij J kij J=4) kij J kij
Using ki; < ky; + ki; we obtain
I(é) < 1.

Since [(0) = 0 < 1, we conclude that all points ¢€;; lie on the same side of P as point 0.
The point €15 has the new coordinates (1,0, ...,0) and lies on the hyperplane P. The set
[(#) <1 is convex. Hence, the set C' lies on one side of the hyperplane P. The previous
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conclusion implies that the point €15 lies on the boundary of the set C'. In fact, if the
point €15 is an internal point of C, then there exists a small open ball B,.(e12) C C. Since
€12 lies on the hyperplane P, there exist two points x1, 29 € B,(€12) C C which lie on
the different sides of P. Since the set C' lies on one side of the hyperplane P, we get a
contradiction. [

Remark A.1.5. It is obviously that the previous theorem gives also necessary conditions
for the existence of such kind of norms. It is clear that the uniqueness is not given. In
fact, we constructed the norm which satisfies the condition of the theorem and which
takes the greatest possible values in the subspace {z € R™ |z + 2o+ ...+ 2, = 1 }.

A.2 Analysis results

Theorem A.2.1. Let X be a separable Banach space and f : X* — RU{+o00} be convez.
Then

(i) [ is weakly" lower semicontinuous if and only if f is sequentially weakly* lower
semicontinuous.

(ii) f is weakly* lower semicontinuous if and only if there exist sequences (x) C X,
(ar) C R such that for any £ € X* holds:

f(1) = sup(l(zy) + a).

keN
Moreover, f is positively 1-homogeneous if and only if we can take ap = 0.
For a proof see [AFP00], Proposition 2.31.

Theorem A.2.2. Let (fn)nen be an uniformly bounded sequence in L>°([0,T],R) such
that
fn = f°° :=limsup f, in L>=([0,T],R).

Then, f, — f in LP(]0,T],R) for any p € [1,0).
Proof. Let gy := sup,,>y f- It follows immediately
g — fr >0 and g\, f> in L>([0,T],R).

The above estimate implies that g, — f* in L'([0,T],R). Moreover, we obtain

T T T
lim/ lgk — fx| dz = lim {/ gkda:—/ fkda:} = 0.
k—oo Jg k—oo 0 0

Hence, (gr — fr) — 0 in L'([0,T],R). Using the previous estimates and [|f — fi|L1 <
If = gkl + llgx — fxlltr we conclude that f, — f°° in L'([0,T],R). Since (fy)nen is an
uniformly bounded sequence in L*([0, 7], R) the conclusion follows. n
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A.3 Approximation of Lebesgue integral with Rie-
mann sums

The following theorem gives an useful approximation of Lebesgue integrals of L>°-functions
with help of suitable Riemann sums.

Theorem A.3.1. Let f € L>*([0,T],R). For every ¢ > 0 there exists the partition
0=7 <ty <...7v =T of the interval [0,T] such that

N

f— Z F(m) (1 = 7im1)| < e

(0,7 i=1

Proof. The theorem holds obviously for ||f||.c = 0. We assume || f||ooc > 0 and set K :=
mac{|| s F(T)}.

Since the Lebesgue-integral is absolutely continuous, there exists ¢ > 0, with § €
(£,0), such that for any M C [0, T] with £(M) < ¢ holds:

S 1fl <e. (A.3.1)

Using the Luzin Theorem we find the set M C [0, 7] and a continuous function g : [0,7] —
[— K, K] such that M = {z | f(z) # g(z) } with £L'(M) < 6. The function g, as bounded
and continuous function, is Riemann-integrable. This implies that there exists a partition
0 =350 <51 <...<sp =171 with s; —s;.1 < such that for any n,...,n; with
nj € [sj_1,s;] holds

£
K

)f[O,T] 9= 9m;)(s; — sj-1)| < e (A.3.2)

We divide the indices of the subintervals [s;_1,s;] in two classes by defining the fol-
lowing two sets

L= {Ge (Lo L} [ls0 8]\ M| >0}
L = {.j6{17"'7L}|‘[5]'*17$j]\M|:0}7

i.e. the set I; consists of all indices j, whose associated subintervals [s;_1,s;] are not
almost everywhere covered by M. From the definition of the set I follows immediately

Z S§j —8j—1 < 0. (AS?))

J€l2
Using L£'(M) < § we select the numbers §;’s with j € I; such that
§j %MfOI‘jGIl,

Sj—1 < <§j < S for allj S Il, (A34>
Zjeh S5 — §j < 0.

For j € I, we set 5; := s;. We renumerate the numbers s;, j € I; and §;, j € I as t; with
j=1,...,N and as 7; with j = 1,..., N respectively. Additionally, we set 75 := 0.
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By (A.3.1), (A.3.2) and (A.3.3) we obtain
Som £ = S £ = 700)| < [foy £ = 9]+ | fom 9 = St 9653055 = s5-)
T ‘Zjefg 9(s;)(s; — sj-1)| + )Zje[l 9(3,) (55 — 85-1) — Liy f(7) (73 — Ti1)

<2 +e+ Kp(Ujen[sj-1,85]) + Ko + ‘Z;V:l g(j)(t; —tia) = Sy f(m)(mi — Ti—l)‘

<2e+e+ Kp(Ujen[sj-1,5;]) + K6 4+ 2K6 < Te.

<

If 7v is equal to T, then we are ready. In the other case we set 7y = 7. Using (A.3.3),
(A.3.4) and the last estimate we conclude

N+1

/[OT} f= Zf(Tl)(Tz - 7'1'71)

The proof is complete. n

<Te+ ‘f(T)(TNJrl — TN)‘ < 9e.

Remark: By a simple cut-off argument the previous theorem can be proved for
fell

A.4 The weak and strong measurability. Pettis’ The-
orem

In this section X denotes a Banach space and (.S, B, 1) denotes a measure space.
Definition A.4.1. Let u be a function defined on S with values in X.

1. The function u is called weakly B-measurable if for any £ € Y’ the numerical function
s+ (u(s), ) is B-measurable.

2. The function wu is called finite-valued if there exists a finite number of disjoint B-
measurable sets B; with u(B;) < co and corresponding numbers ¢; # 0 such that

{ci if x € B;,

U=V 0 itres\U B

3. The function u is called strongly B-measurable if the exists a sequence of finite-
valued functions which are strongly convergent to u p-a.e. on S.

4. The function u is called separable-valued if its range { u(s) | s € S'} is separable. It
is p-almost separably valued, if there exists a B-measurable set N of y-measure zero
such that {u(s)|s € S\ N } is separable.

Theorem A.4.2. (Pettis) Let u be a function defined on S with values in X. The
function u s strongly B-measurable if and only if it is weakly B-measurable and m-almost
separably valued.

For a proof see [Yos71], Ch. 5, Sec. 4, page 131.
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A.5 Set-valued functions

In this section we collect theorems and definitions, which are used in order to obtain the
regularity statement in the existence result for rate-independent systems in the non-convex
case. We follow the monograph “Set-Valued Analysis” by J.P. Aubin and H. Frankowska
[AF90].

Definition A.5.1. Let (K, ).en be a sequence of subsets of metric space (X, d). The set

Limsup,, . K, := {x € X | liminfd(z, K,) =0 }

n—oo

is called the upper limit of the sequence K,, and the set
Liminf, . K,, := {:v € X| limd(z, K,) = O}

is called the lower limit of the sequence K.

For our theory we are especially interesting in Limsup,,_,., /,. The sets introduced in
Definition A.5.1 can be defined in an alternative way by the following proposition.

Proposition A.5.2. If (K, )nen is a sequence of subsets of a metric space, then Liminf,, ., K,
is the set of limits of sequences x,, € K,, and Limsup,,_, . K, is the set of cluster points
of sequences x,, € K,.

For a proof see [AF90], Ch. 1, Prop. 1.1.2, page 18.
Now we give the definition of measurable set-valued maps, which is closely related to
the definition of measurably single-valued functions.

Definition A.5.3. Consider a measurable space (£2,.4), a complete separable metric
space X and a set-valued map F': () ~» X with closed images.

The map F is called measurable if the inverse image of each open set is a measurable
set, i.e. for every open subset O C X holds

FHO)={weQ|FwO#D}ec A

The following theorem gives us the opportunity to construct new measurable set-valued
mappings from a given sequence of measurable set-valued functions.

Theorem A.5.4. (Lower and upper limits) Let (0, A, 1) be a complete o-finite mea-
sure space, X a complete separable metric space and F,, : Q) ~ X, n > 1 set-valued maps
with closed images. Then the maps

Q35w ~ Liminf, . F,(w) and Q3w ~ Limsup,,_, . F,(w)

are measurable. Consequently, if for every w € Q, the images F,(w) converge to a subset
F(w), the set-valued map F (called the pointwise limit) is measurable.

For a proof see [AF90], Ch. 8, Th. 8.2.5, page 312.

In our theory we work on single-valued functions. In order to obtain a single-valued
measurable function from a set-valued map we need some kind of selection. The next
definition introduces the concept of measurable selection, which provides the needed se-
lection operation. The following theorem supplies then an existence result for measurable
selections, which is convenient in the framework of our theory of rate-independent systems.

66



Definition A.5.5. (Measurable selection) Let (£2,.4) be a measurable space and X be
a complete separable metric space. Consider a set-valued map F : Q ~ X. A measurable
function f : 2 — X satisfying

Vwe Q, f(w)e F(w)
is called a measurable selection of F.

Theorem A.5.6. (Characterisation theorem) Let (0, A, ) be a complete o-finite
measure space, X a complete separable metric space and F : Q ~~ X a set-valued map
with non-empty closed images. Then the following properties are equivalent:

(i) F is measurable.

(ii) The graph of F belongs to A x B(X).

(iii) F~1(C) € A for every closed set C C X.

(iv) F~Y(B) € A for every Borel set B C X.

(v) For all x € X the map d(x, F(-)) is measurable.

(vi) There exists a sequence of measurable selections (fy)nen of F such that Yw € €,

F(w) - UnEan(w)'
For a proof see [AF90], Ch. 8, Th. 8.1.4, page 310.

Theorem A.5.7. (Filippov) Consider a complete o-finite measure space (2, A, ), com-
plete separable metric spaces X, Y and a measurable set-valued map F : € ~~ X with
closed nonempty images. Let g : Q2 x X — Y be a Carathéodory map. Then for every
measurable map h : Q — 'Y satisfying

h(w) € g(w, F(w)) for almost all w € )
there exists a measurable selection f(w) € F(w) such that
hw) = g(w, f(w)) for almost all w € Q.

For a proof see [AF90], Ch. 8, Th. 8.2.10, page 316.

A.6 Variational methods

Theorem A.6.1. Suppose that X is a reflexive Banach space with norm |-||, and let
M C X be a weakly closed subset X. Assume that the following conditions hold:
(a) (Coercivity) E(u) — oo as ||u| — oo, u € M

(b) (Weak lower semi-continuity) for any u € M, any sequence (Upm)men in M
such that u — u weakly in X there holds:

E(u) <liminf E(u,,).

m—0o0
Then E is bounded from below on M and attains its infimum in M.

For a proof see [Str90], Ch. 1, Th. 1.2, page 4.
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Theorem A.6.2. Let Q be a domain in R™, and assume that W : Q x RY x R™Y — R is
a Carathéodory function satisfying the conditions

(a) W(x,u, A) > h(z) for almost every x,u, A, where h € L}()

(b) W(x,u,-) is convex in A for almost every x,u.

If ug, u € WEH(Q) such that

up — u in LY(QY)  and  Duy — Du weakly in L'(€Y)
for all Q¥ CC Q, then

/W:c u, Du) dx<hm1nf/Wa: ug, Duy ) dz.

For a proof see [Str90], Ch. 1, Th. 1.6, page 8.

Furthermore, we denote the set of all s x s minors of some matrix A € R™ as adj, A.
The number of all possible minors of some matrix A € R™ is denoted by 7(n,m). For
convenience we use the following notation: n A m := min{n, m}.

Definition A.6.3. A function f: R™ — R U {oo} is called polyconvex if there exists a
convex function g : R7™™ — R U {00}, such that

where T : R" — R7(™™) is defined by
T(A) = (A, adjy, ..., adj,\m A).
The following theorem shows that minors are weakly continuous functions.
Theorem A.6.4. Let ) € R™ be a bounded open set, 1 < p < 0o, and let
up — u in WHP(Q, R™)
(if p = 400, up — u). It holds:
(i) Ifm=mn=2 andp > 2, then det Duy — det Du in D'(12).
(i) If m=n=3 and p > 2, then adj, Duy, — adj, Du in D'(Q2)°.
(iii) If m =n =3 and p > 3, then det Duy — det Du in D'(2).

(iv) If m =n and p > n, then det Duy — det Du in D'(Q2).
(v) Ifmmn>22<s<nAmandp>s, then

adj, Duy, — adj, Du in D'(Q)°®,
where o(s) = (") (7).

S S

(vi) If m,n>2,2<s<nAm and
adj, , Duy — adj,_, Du in L"(Q)°¢~Y
withr > 1 and 1/p+1/r <1, then
adj, Duy, — adj, Du in D'(Q)°®).
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For a proof see [Dac89], Ch. 4, Th. 2.6, page 172.
Remark A.6.5. If m = n and p > n, then
adj, Duy, — adj, Du in LP/#(Q)7),

for every 1 < s < n. In fact, the sequence (adj, Duy)gen is obviously bounded in
LP/5(Q)?(®). Hence, there exists a subsequence (adj, Duy, )ien, which weakly converges
in LP/*(€)7). The conclusion follows by uniqueness of the distributional limit.

Theorem A.6.6. Let 2 C R™ be a bounded open set, W : Q x R™ x R" — R U {oo}.
Let g : Q x R™ x R — R U {00} be a Carathéodory function which is such that

g(x,u,-) is convex for every u € R™ and almost every x € <)
Wz, u, A) = g(x,u,T(A)) > a(z) + 00 Bl adj, AP

where a € L1(Q), 8, > 0 and py :=p > 2, ps > pfil if2<s<nAm and porm > 1. Let

inf { I(u) = /Q Wz, u(z), Du(z)) dz | u € ug + WEP(Q,R™) } . (P)

Assume that there exists @ € ug + Wy (Q,R™) such that I(ii) < oo.
Then (P) admits at least one solution.
For a proof see [Dac89], Ch. 4, Th. 2.10, page 182.

Remark A.6.7. The complex lower bound for W is used only to obtain weak continuity
in minors by applying Theorem A.6.4. If m = n and p > n then by using Remark A.6.5 we
can replace the complex lower bound for W with the following simple coercivity condition

W(z,u, A) = g(z,u, T(A) = a(x) + H[A]P,
where o € L}(Q) and 3; > 0.

A.7 Geometric measure theory

Definition A.7.1. (Restriction)
Let p be a positive, real or vector measure on the measure space (X, A). If £ € A we set
pwl E(F)=pu(ENF) for every F' € A

Definition A.7.2. (Hausdorff measures)
Let k € [0,00) and E C RY. The k-dimensional Hausdorff measure of E is given by

k(I — i ok
where, for 0 < § < oo, HX(E) is defined by
Wi . . :
HE(E) = Q—:mf { Z[dlam(Ei)]k | diam(F;) <6, E C UEZ }
iel el

for finite or countable covers {E;}ic;, with the convention diam(()) = 0. Here wy =
782 )01+ k/2).
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Theorem A.7.3. (Properties of Hausdorff measures) The measure H* in RN en-
joys the following properties:

(i)  The measures H* are outer measure in RY and, in particular, o-additive on B(RY);

(ii) H* has the following behaviour with respect to translation and homotheties:
HMNE +2) =HNE) YzeRY, HFOAE) = HNE) YA>0

for any E C RY, and is identically zero if k > N;
(iii) if k> k' >0, then
HE(E) > 0 = HY(E) = oo;

() if f:RY — R™ is a Lipschitz function, then
HE(f(E)) < [Lip(f)]*H*(E) VE C RY.
For a proof see [AFP00], Proposition 2.49.
Theorem A.7.4. For any Borel set B C RN and any § € (0,00] there holds
LY(B) =M (B) = H"(B).
For a proof see [AFP00], Proposition 2.53.

Definition A.7.5. (Rectifiable sets)
Let E C RY be a H*-measurable set. The set E is countably k-rectifiable if there exist
countably many Lipschitz functions f; : R¥ — RY such that

E C [j f;(RF).
1=0

The set E is countably HF*-rectifiable if there exist countably many Lipschitz functions
f; : R¥ — RY such that
HE(EN\ | A(RF) = 0.
i=0
Finally, the set F is H"-rectifiable if E is countably H*-rectifiable and H*(E) < oo.

Theorem A.7.6. Any H*-measurable set E is countably H*-rectifiable if and only if there
exist countably many Lipschitz k-graphs T'; C RN such that

H'“(E\GD) =0.

Moreover, given any € > 0, the graphs I'; can be chosen in such a way that their Lipschitz
constants are less than €.

For a proof see [AFP00], Proposition 2.76.
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Definition A.7.7. (Approximate tangent space to a measures)
Let 1 be an R™-valued Radon measure in an open set  C RY and x € Q. We say that
1 has approximate tangent space m € G with multiplicity § € R™ at z, and write

Tan®(u, ) = OH* L 7,

if p~" 1, locally weakly* converges to OH" L 7 as p \, 0. Here p, , are rescaled measures
defined by

fz,p(B) == p(x + pB).

Theorem A.7.8. (Whitney extension theorem) Suppose that Y is a normed vector
space, k is a nonnegative integer, A is a closed subset of RN, and to each a € A corresponds
a polynomial function

P, :RY — Y with degree P, < k.

Whenever C C A and § > 0 let p(C,0) be the supremum of the set of all numbers
1D Pu(b) = D' Py(b) |y |a — b *(k —i)!

corresponding to i = 0,...,k and a,b € C with 0 < |a —b] < §. If p(C,0) — 0 as 6 \, 0
for each compact subset C' of A, then there exists a map g : RY —Y of class k such that
Dig(a) = D'P,(a) fori=0,...,k and a € A.

For a proof see [Fed69], Theorem 3.1.14.

Theorem A.7.9. f ACRY, f: A— R™ and
|f(z) — f(a)]

ap limsupm_)a |1‘——a’ < 0

for LN -almost all x in A, then for each ¢ > 0 there exists a C'-map g : RN — R™ such
that

LYAN{z ] f(z) =g(x)}) <e
Here, ap limsupx — GL:Z‘(G)‘ is defined as the greatest lower bound of the set of all

|z

numbers t such that the set { z| f(z) >t} has a density 0 at the point a.

For a proof see [Fed69], Theorem 3.1.16.
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Deutsche Zusammenfassung

In dieser Arbeit wird eine spezielle Klasse der mechanischen Systeme betrachtet, ndmlich
die ratenunabhéngigen Systeme. Solche Systeme werden von externen Kréften angetrie-
ben, die eine viel langsamere Zeitskala haben als die interne System-Zeitskala. Man spricht
also von quasi-statischen Systemen. Als typische Beispiele kénnen an dieser Stelle die Tro-
ckenreibung, Bruchbildung und -ausbreitung genannt werden. Das Ziel dieser Dissertation
ist die Entwicklung eines mathematischen Apparates, der die mathematisch exakte Exis-
tenzaussagen fiir ein breites Spektrum der ratenunabhéngigen Prozesse erlaubt. Im letzten
Kapitel wird die entwickelte Theorie exemplarisch auf ein einfaches Modell fiir Phasen-
Transformationen in Festkorpern angewendet, um die Existenz des Evolutionsprozesses
nachzuweisen.

Im ersten Teil dieser Arbeit werden ganz allgemein mechanische Systeme untersucht,
die so genannte Ratenunabhéingigkeit aufweisen. Diese Eigenschaft besagt, dass die Res-
kalierung der Zeit zu den reskalierten Losungen fiithrt. Mathematisch lédsst sich dieser
Sachverhalt wie folgt ausdriicken:

Seien £ : [0,T] — X (Kraftraum) die antreibende Kraft des Systems und die

Funktion o : [0,7] — [0,T] eine monotone Reparametrisierung des Zeitin-
tervalls. Die Funktion y : [0,T] — Y (Zustandsraum) beschreibt genau dann
eine mdégliche evolutiondre Entwicklung des Systems, wenn y o « eine mégliche
evolutiondre Entwicklung des Systems mit der treibenden Kraft ¢ o « ist.

In der Literatur [BS96, KP89, Vis94, MM93] wurden bereits die Theorie der Differential-
Inklusionen und die Theorie der Hysterese-Operatoren erfolgreich angewendet um solche
Probleme zu erforschen. Die letztere Methode wurde extra fiir das Studium der Probleme
mit Hysterese entwickelt, die absolut typisch fiir ratenunabhéngige Systeme ist. Leider
erfordern beide Methoden zusétzliche Eigenschaften (Banachstruktur, Konvexitét, Ska-
larwertigkeit), die im Allgemeinen nicht gegeben sind. In dieser Arbeit folgen wir einem
anderen in [MT99] entwickelten Zugang, den wir jetzt kurz beschreiben.

Jedes ratenunabhéngige System besitzt zwei wichtige Kenngroflen, ndmlich die im
System gespeicherte Energie € : [0,7] x Y — R und die Dissipationsdistanz D : Y x Y —
[0, 00]. Letztere Funktion gibt die Energie an, die bei dem Ubergang aus einem Zustand
in einen anderen verbraucht wird. Mit Hilfe der Dissipationsdistanz lédsst sich die langs
eines Evolutionsprocesses y : [0,T] — Y verbrauchte Energie wie folgt berechnen:

N
Dissp(z; [s, t]) = sup { > " D(2(7j-1), (7)) | NEN, s=mg<m < - - - <Ty=t } .
1

Der in [MT99] vorgeschlagene Zugang basiert nun darauf, die Entwicklung des Systems y
durch zwei folgende Bedingungen zu beschreiben:
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(S) Fiir allet € [0,T] and alle y € Y soll gelten
E(t,y(t)) < E(t,y) + D(y(t), 7).
(E) Fiir alle t € [0,T] soll gelten
E(t,y(t)) + Dissp(y; [0, £]) = £(0,y(0)) + [y AE(r,y(r)) dr.

Die erste Bedingung besagt, dass zu jedem Zeitpunkt ¢ der Zustand y(¢) stabil ist, d.h. ein
Sprung in einen anderen Zustand ¥ energetisch ungiinstig ist. Die zweite Bedingung pos-
tuliert die Energiebilanz.

In [MT99] wurde die Existenz der Losungen fiir das (S) & (E)-Problem in einem Spe-
zialfall gezeigt. Es wurde angenommen, dass Y ein reflexiver Banachraum ist und die
Dissipationsdistanz D eine endliche konvexe Funktion ist. In dieser Arbeit folgen wir der
in [MMO03] entwickelten Verallgemeinerung, die Annahmen iiber lineare Struktur des Zu-
standsraumes und folglich auch Konvexititsannahmen fiir D vollig meidet. Dies erlaubt,
unsere Theorie auf eine breite Klasse der ratenunabhéngigen Prozesse anzuwenden. Zum
Beispiel kann damit die Bruchausbreitung im Griffith-Modell untersucht werden. An die-
ser Stelle sei bemerkt, dass eine sehr spezielle Version der (S) & (E)-Formulierung zum
ersten Mal gerade bei den Untersuchungen der Bruchausbreitung angewendet wurde, sie-
he [FM93].

In vielen Anwendungen will man die Evolution eines Material-Stiickes beschreiben, das
sowohl eine elastische Verformung als auch die Verdnderung des inneren Zustandes (Ma-
gnetisierung, Riss-Bildung, Phasen-Ubergiinge) erlebt. Folglich lisst sich der Zustands-
raum Y als Produkt zweier Raume F x Z schreiben. Dabei beschreibt der Raum F die
Menge der moglichen elastischen Deformationen und der Raum Z beschreibt die Men-
ge der moglichen inneren Zusténde. Diese Aufspaltung hingt damit zusammen, dass die
Dissipationsdistanz in vielen Féllen nur von den inneren Zusténden abhéngt. Dies macht
zwei Félle moglich. Im ersten Fall (konvexer Fall) 14sst sich die Deformation als Funktion
des inneren Zustandes schreiben in dem zweitem (nicht-konvexer Fall) nicht. Im ersten
Kapitel dieser Arbeit werden die Bedingungen fiir die Existenz der Losungen der (S) & (E)
Formulierung angegeben. Dabei sind F und Z beliebige topologische Hausdorff-Raume.
Die Beweisidee basiert auf der Konstruktion einer Folge der stiickweise konstanten Ap-
proximierenden, die folgendes inkrementelles Problem l6sen:

(IP) Sei (¢o, 20) € F x Z und eine Zerlegung 0 =ty < ... <ty =T gegeben.
Gesucht (1,21), ..., (¢nN, 2n), so dass fiir jedes k =0,..., N
E(tk, r, z1) = Inf{ E(tk, 0, 2) + D(zi-1,2) | (p,2) €F x Z'} gilt.

Im weiteren Schritt verwenden wir eine verallgemeinerte Version des Hellyschen Satzes, um
die Konvergenz der Approximierenden zu zeigen. Dabei wird die Tatsache verwendet, dass
die Dissipation entlang der konstruierten Approximierenden einer a priori Abschétzung
nach oben geniigt. Schliellich wird gezeigt, dass fiir die so konstruierten Grenzwerte die
(S) & (E)-Formulierung gilt. Im nicht-konvexen Fall muss dieses Verfahren leicht verfeinert
werden, da die Kontrolle iiber die Dissipationen keine Kontrolle iiber die Deformationen
liefert. Dazu wird wie in [DMFT04, FMO04] der Deformationsanteil einer Losung separat
so konstruiert, dass die Energiebilanz gilt. Zusétzlich verwenden wir die Theorie der men-
genwertigen Abbildungen, um die Messbarkeit des Deformationsanteiles zu garantieren.
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Im zweiten Kapitel geben wir eine kurze Einfiihrung in die Theorie der Funktionen
mit beschrankter Variation. Die in diesem Kapitel gesammelten Aussagen sind allesamt
mehr oder minder bekannt. Allerdings sind diese nur einem engen Kreis der Spezialisten
bekannt und in der Fachliteratur zu sehr verstreut. Die Beweise der Satze 2.1.10, 2.1.15,
2.3.14 konnte der Autor in ihm bekannten Standardwerken iiber die BV(Q, R)-Theorie
nicht finden.

Im letzten Kapitel wird schliellich ein einfaches Modell fiir Phasen-Transformationen
in Festkorpern vorgestellt, das auf ein ratenunabhéngiges System fiithrt (aus Experimen-
ten weifl man, dass die Phasentransformationen z.B. in Gedéchtnis-Legierungen fast ra-
tenunabhéngig sind), fiir welches schliellich mit Hilfe der im ersten Kapitel entwickelten
Methoden die Existenz eines Evolutionprozesses zeigen liasst. Dazu betrachten wir einen
Korper €2 aus einem Material mit einer endlichen Anzahl der méglichen Phasen-Zustédnde
Z. Die im System gespeicherte Energie wird in der Form

E(t,p,2) = [oW(z, Dp(x), 2(2)) A2 + [0 intertace (27 (@), 27 (a)) da = (£(2), )

angenommen. Hier bezeichnet ¢(t) wieder die externe zeitabhingige Kraft, die Funktion
1 beschreibt die Dichte der in den Phasengrenzen gespeicherten Energie. Die Funktionen
2% (a), 2~ (a) stehen fiir die Phasen-Zustinde auf beiden Seiten des Phasen-Ubergangs.
Weiterhin nehmen wir an, dass die Dissipationsdistanz folgende Form hat

D(z1, 22) ::/QD(zl(x),zg(x))dx.

Hierbei beschreiben die Funktionen z; und z, die Phasen-Verteilung im Korper. So kon-
struiertes Modell gehort zur der Klasse der mikroskopischen Modelle, da es angenommen
wird, dass in jedem Korperpunkt reiner Phasenzustand herrscht. Der zweite Term in der
gespeicherten Energie beschreibt dabei die Energie, die durch die Entstehung der Phasen-
grenzen gespeichert wird. Diese Energie unterbindet zwar die experimentell beobachtete
Ausbildung der Mikrostrukturen im Material, liefert aber eine Regularisierung der ge-
speicherten Energie, welche die fiir unsere Theorie essentielle Existenz der Minimierer
garantiert. Die Zunahme solcher Terme wird aber auch durch die Physik gefordert, denn
in Experimenten wurde der Effekt der Keimbildung bei Gedéachtnis-Legierungen beobach-
tet. Dieser Effekt kann aber nur dadurch erklért werden, dass die Ausbildung der neuen
Phasengrenzen doch eine zusétzliche Energie benotigt. Insgesamt erscheint das vorgestell-
te Modell recht interessant zu sein, da es einerseits sehr einfach und im Rahmen der
entwickelten Theorie mathematisch behandelbar ist, andererseits aber auch einige der
beobachteten Effekte erklart. Die Frage nach dem ,richtigen“ Modell bleibt weiterhin
nicht endgiiltig geklart. Es ist allerdings auch zu bezweifeln, dass ein einziges Modell alle
auftretende Effekte auf allen Langenskalen abdecken kann. Der interessierte Leser kann
sich mit Hilfe von [Rou04] eine breite Ubersicht iiber méogliche Modelle fiir Gedéchtnis-
Legierungen verschaffen. In der obigen Arbeit werden z.B. Beispiele der mesoskopischen
Modelle genannt, die ebenfalls auf ratenunabhéngige Systeme fiithren. Allerdings sind zur
Zeit nur Existenzaussagen fiir den Fall zweier Phasen verfiigbar (s. [MTLO02]).
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