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Abstract: A typical phase field approach for describing phase separation and coarsening phe-
nomena in alloys is the Cahn-Hilliard model. This model has been generalized to the so-called
Cahn-Larché system by combining it with elasticity to capture non-neglecting deformation phe-
nomena, which occur during phase separation and coarsening processes in the material. In order
to account for damage effects, we extend the existing framework of Cahn-Hilliard and Cahn-
Larché systems by incorporating an internal damage variable of local character. This damage
variable allows to model the effect that damage of a material point is influenced by its local sur-
rounding. The damage process is described by a unidirectional rate-dependent evolution inclusion
for the internal variable. For the introduced Cahn-Larché systems coupled with rate-dependent
damage processes, we establish a suitable notion of weak solutions and prove existence of weak
solutions.

1 Introduction

Due to the ongoing miniaturization in the area of micro-electronics the demands on strength
and lifetime of the materials used is considerably rising, while the structural size is continuously
being reduced. Materials, which enable the functionality of technical products, change the mi-
crostructure over time. Phase separation and coarsening phenomena take place and the complete
failure of electronic devices like motherboards or mobile phones often results from micro—cracks
in solder joints.

Solder joints, for instance, are essential components in electronic devices since they form
the electrical and the mechanical bond between electronic components like micro—chips and the
circuit-board. The Figures 1 and 2 illustrate the typical morphology in the interior of solder
materials. At high temperatures, one homogeneous phase consisting of different components of
the alloy is energetically favourable. If the temperature is decreased below a critical value a fine
microstructure of two or more phases (different compositions of the components of the material)
arises on a very short time scale. The formation of microstructures, also called phase separation
or spinodal decomposition, take place to reduce the bulk chemical free energy. Then coarsening
phenomena occur, which are mainly driven by decreasing interfacial energy. Due to the misfit of
the crystal lattices, the different heat expansion coefficients and the different elastic moduli of
the components, very high mechanical stresses occur preferably at the interfaces of the phases.
These stress concentrations initiate the nucleation of micro—cracks, whose propagation can finally
lead to the failure of the whole electronic device.

The knowledge of the mechanisms inducing phase separation, coarsening and damage phe-
nomena is of great importance for technological applications. A uniform distribution of the
original materials is aimed to guarantee evenly distributed material properties of the sample.
For instance, mechanical properties, such as the strength and the stability of the material, de-
pend on how finely regions of the original materials are mixed. The control of the evolution of
the microstructure and therefore of the lifetime of materials relies on the ability to understand
phase separation, coarsening and damage processes. This shows the importance of developing
reliable mathematical models to describe such effects.

In the mathematical literature, coarsening and damage processes are treated in general sepa-
rately. Phase separation and coarsening phenomena are usually described by phase—field models
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Figure 1: Left: Solder ball and micro—structural coarsening in eutectic Sn—Pb; Right: a) directly
after solidification, b) after 3 hours, and c) after 300 hours [HCWO91];
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Figure 2: Initiation and propagation of cracks along the phase boundary [FBFDO6].

of Cahn-Hilliard type. The evolution is modeled by a parabolic diffusion equation for the phase
fractions. To include elastic effects, resulting from stresses caused by different elastic proper-
ties of the phases, Cahn-Hilliard systems are coupled with an elliptic equation, describing the
quasi-static balance of forces. Such coupled Cahn-Hilliard systems with elasticity are also called
Cahn-Larché systems. Since in general the mobility, stiffness and surface tension coefficients
depend on the phases (see for instance [BDMO7] and [BDDMO7] for the explicite structure de-
duced by the embedded atom method), the mathematical analysis of the coupled problem is very
complex. Existence results were derived for special cases in [Gar00, CMP00, BP05] (constant
mobility, stiffness and surface tension coefficients), in [BCD*02] (concentration dependent mo-
bility, two space dimensions) and in [PZ08] in an abstract measure-valued setting (concentration
dependent mobility and surface tension tensors). For numerical results and simulations we refer
[WeiO1, Mer05, BM10].

Damage models for elastic materials have been analytically investigated for the last ten years.
In the simplest case, the damage variable is a scalar function and describes the local accumulation
of damage in the body. The damage process is typically modeled as a unidirectional evolution,
which means that damage can increase, but not decrease. Based on the model developed in
[FN96], the damage evolution is described by an equation of balance for forces which is cou-
pled with a unidirectional parabolic [BSS05, FK09, Gia05] or rate-independent [MR06, MRZ10]
evolution inclusion for the damage variable. The models studied in [FK09, MR06, Gia05] also
include the effect that the applied forces have to pass over a threshold before the damage starts
to increase.

In this work, we introduce a mathematical model describing both phenomena, phase separa-
tion/coarsening and damage processes, in a unifying model. We focus on the analytical modeling
on the meso— and macroscale. To this end, we couple phase—field models of Cahn-Larché type
with damage models. The evolution system consists of an equation of balance for forces which is
coupled with a parabolic evolution equation for the phase fractions and a unidirectional evolution
inclusion for the damage variable. The evolution inclusion also comprises the phenomenon that



a threshold for the loads has to be passed before the damage process increases.

The main aim of the present work is to show existence of weak solutions of the introduced
model for rate-dependent damage processes. A crucial step has been to establish a suitable
notion of weak solutions. We first study the model with regularization terms and prove existence
of weak solutions for the regularized model based on a time—incremental minimization problem
with constraints due to the unidirectionality of the damage. The regularization allows us to
prove an energy inequality which occurs in the weak notion of our coupled system. The major
task has been to prove convergence of the time incremental solutions for the regularized model
when the discretization fineness tends to zero. In this context, several approximation results have
been established to handle the damage evolution inclusion and the unidirectionality of damage
processes. More precisely, the internal variable z, describing damage effects, is bounded with
values in [0, 1] and monotonically decreasing with respect to the time variable. The main results
are stated in Sections 4.1 and 4.2, see Theorems 4.4 and 4.6.

To the best of our knowledge, phase separation processes coupled with damage are not studied
yet in the mathematical literature. However, promising simulations were carried out in the
context of phase field models of Cahn-Hilliard and Cahn-Larché type with damage, see [USGO07,
GUaMM™07].

The paper is organized as follows: We start with introducing a phase field model of Cahn-
Larché type coupled with damage, cf. Section 2. Then we state some assumptions for this model,
see Section 3. In Section 4, we establish a suitable notation for weak formulations of solutions
for the introduced model and a regularized version of the model and state the main results.
Section 5.2 is devoted to the existence proof for the regularized Cahn-Larché system coupled
with damage. Finally, we pass to the limit in the regularized version, which shows the existence
of weak solutions of the original model, see Section 5.3.

2 Model

We consider a material of two components occupying a bounded Lipschitz domain € € R3. The
state of the system at a fixed time point is specified by a triple ¢ = (u, ¢, z). The displacement
field u : Q — R? determines the current position x + u(x) of an undeformed material point .
Throughout this paper, we will work with the linearized strain tensor e(u) = (Vu + (Vu)T),
which is an adequate assumption only when small strains occur in the material. However, this
assumption is justified for phase-separation processes in alloys since the deformation usually has a
small gradient. The function ¢ : 2 — R is a phase field variable describing a scaled concentration
difference of the two components. To account for damage effects, we choose an isotropic damage
variable z : 0 — R, which models the reduction of the effective volume of the material due
to void nucleation, growth, and coalescence. The damage process is modeled unidirectional,
i.e. damage may only increase. Self-healing processes in the material are forbidden. No damage
at a material point z € Q is described by z(z) = 1, whereas z(z) = 0 stands for a completely
damaged material point x € . We require that even a damaged material can store a small
amount of elastic energy. Plastic effects are not considered in our model.

2.1 Energies and evolutionary equations

Here, we qualify our model formally and postpone a rigorous treatment to Section 4. The
presented model is based on two functionals, i.e. a generalized Ginzburg-Landau free energy
functional £ and a damage dissipation potential R. The free energy density ¢ of the system is



given by
1)
(p(@,C, VC,Z,VZ) = %‘VC‘Q +5|Vz‘p+Wch(C) +WC1(€,C,Z), ’775 > 07 (1)

where the gradient terms penalize spatial changes of the variables ¢ and z, W,y denotes the
chemical energy density and W, is the elastically stored energy density accounting for elastic
deformations and damage effects. For simplicity of notation, we set v =49 = 1.

The chemical free energy density W, has usually the form of a double well potential for a
two phase system. For a rigorous treatment, we need the assumptions (A1)-(A6), see Section 3.
Hence, in particular, classical ansatzes such as

Wch = (1 - 62)2

fit in our framework. A
The elastically stored energy density We due to stresses and strains, which occur in the
material, is typically of quadratic form, i.e.

Wei(e,e) = %(e —e*(c)) : Cc)(e — e*(c)). (2)

Here, e*(c) denotes the eigenstrain, which is usually linear in ¢, and C(c) € L(RZ)) is a fourth
order stiffness tensor, which is symmetric and positive definite. If the stiffness tensor does not
depend on the concentration, i.e. C(c) = C, we refer to homogeneous elasticity.

To incorporate the effect of damage on the elastic response of the material, W is replaced
by .

Wer = (®(2) + 1) Wer, (3)
where @ : [0,1] — R is a continuous and monotonically increasing function with ®(0) = 0 and
7 > 0 is a small value. The small value 7 > 0 in (3) is introduced for analytical reasons, see for
instance (Al).

Rigorous results in the present work are obtained under certain growth conditions for the
elastic energy density Wy, see Section 3. These conditions are, for instance, satisfied for Wy, as
in (3) in the case of homogeneous elasticity.

The overall free energy £ of Ginzburg-Landau type has the following structure:

E(u,c,z) = E(u,c,z) + Ij0,00)(2) dz,
N ot (@

E(u, e, 2) :z/gp(e(u),c,Vc,z,Vz) dz.
Q

Here, Ijo, signifies the indicator function of the subset [0,00) C R, ie. Ijgo)(z) = 0 for
x € [0,00) and I}y o0y (x) = oo for < 0. We assume that the energy dissipation for the damage
process is triggered by a dissipation potential R of the form

R(2) := R(2) +/ I(—o0)(2) dz,

° )

R(2) := / —az + =B2%dx for a > 0 and 3 > 0.
Q 2

Due to # > 0, the dissipation potential is referred to as rate-dependent. In the case 8 = 0,
which is not considered in this work, R is called rate-independent. We refer for rate-independent
processes to [EM06, MT99, MR06, MRZ10, Roul0] and in particular to [Mie05] for a survey.



The governing evolutionary equations for a system state ¢ = (u,c¢,z) can be expressed by
virtue of the functionals (4) and (5). The evolution is driven by the following elliptic-parabolic
system of differential equations and differential inclusion:

Diffusion : ore = Ap(u, e, 2), (6a)
Mechanical equilibrium :  div(o(e(u), ¢, z)) =0, (6b)
Damage evolution : 0€ 0.€(u,c,z) + 0:R(02), (6¢)
where 0 = o(e, ¢, z) := Oc.p(e, ¢, Ve, z, Vz) denotes the Cauchy stress tensor and p is the chemical

potential given by p = p(u,c, z) == 0cp(e, ¢, Ve, z,Vz) — div(dvep(e, ¢, Ve, z,Vz)). Equation
(6a) is a fourth order quasi-linear parabolic equation of Cahn-Hilliard type and describes phase
separation processes for the concentration ¢ while the elliptic equation (6b) constitutes a quasi-
static equilibrium for w. This means physically that we neglect kinetic energies and instead
assume that mechanical equilibrium is attained at any time. The doubly nonlinear differential
inclusion (6¢) specifies the flow rule of the damage profile according to the constraints 0 < z < 1
and 0;z < 0 (in space and time). The inclusion (6¢) has to be read in terms of generalized
sub-differentials.

We choose Dirichlet conditions for the displacements u on a subset I' of the boundary 02
with H"~1(T) > 0. Let b: [0,7] x I' — R™ be a function which prescribes the displacements
on I for a fixed chosen time interval [0,7]. The imposed boundary and initial conditions and
constraints are as follows:

Boundary displacements:  u(t) = b(t) on T for all ¢t € [0, T, (IBC1)
Initial concentration : c(0) = in Q, (IBC2)
Initial damage : 0<2(0)=2"<1inQ, (IBC3)
Damage constraints : 0<z<1land 0z <0in Qp. (IBC4)

Moreover, we use homogeneous Neumann boundary conditions for the remaining variables on
(parts of) the boundary:
o-v=00n00\T,
Vu(t) - v =0 on 09,
Ve(t) -v =0 on 09,
Vz(t) - v =0 on 09,
where v stands for the outer unit normal to 9.

We like to mention that mass conservation of the system follows from the diffusion equation
(6a) and (IBC6), i.e.

/c(t)—codxzofor all t € [0,T].
Q

3 Assumptions and Notation

In the following, we collect all assumptions and constants which are used for a rigorous analysis
in the subsequent sections.

(i) Setting. Q C R"™ is a bounded domain with Lipschitz boundary, n € {1,2,3}, p > n,
B >0, Wo € CHR™™ x R x R;Ry), Wa, € CHR;R,), Wei(e, ¢, 2) = We(el, ¢, 2) for all
e € R"™™ and ¢,z € R. Furthermore, C' > 0 always denotes a constant, which may vary
from estimate to estimate, and [0, T is the time interval of interest.



(ii) Convezity and growth assumptions.  The function Wy is assumed to satisfy for some

(iii)

constants 7 > 0 and C' > 0 the following estimates:

nler — ea|?> < (0eWailer, ¢, z) — 9. Wal(e2, ¢, 2)) : (e1 — e2),
Wele, ¢, 2) < C(le]* + |¢|* + 1),

[0 Wei(er + e2,¢,2)| < C(We(er, e, z) + |ea| + 1),
|0:Welle, ¢, 2)| < Cle| + |c|* + 1),

|0, We(e, ¢, 2)| < C(le]® + |¢)* + 1)

>
o

N N /N /SN A/~
> >
t w
S e e

for arbitrary ¢ € R, z € [0,1] and symmetric e, ey, eo € R"*™.

The chemical energy density function Wy, satisfies

|0:Wen(c)| < C(le* /2 + 1) (A6)
for some constant C' > 0. For dimension n = 3, the constant 2* denotes the Sobolev critical
exponent given by % In the two dimensional case n = 2, the constant 2* can be an

arbitrary positive real number and in one space dimension (A6) can be dropped.

Boundary displacements.  We assume that I' is a H" !-measurable subset of 9 with
H" Y(T) > 0 and that the boundary displacement b : [0,7] x I' — R"™ may be extended
by b € WL1([0, T]; WL (€;R™)) such that b(t)|r = b(t)|r in the sense of traces for a.e.
t € [0,T]. In the following, we write b instead of b.

Remark 3.1 Conditions (A1), (A2) and (A3) imply the following estimates

|0 Wel(e, ¢, 2)| < C(le] + |c|* + 1), (11a)
nlel” = C(le]* +1) < Wa(e, ¢, 2) (11b)

for some appropriate constants n > 0 and C > 0, ¢f. [Gar00, Section 3.2] for (11Db).

We introduce some auxiliary spaces to shorten the notation for the construction of solution
curves of the evolutionary problem. First of all, we define the trajectory space Q for the limit
problem (6a)-(6¢) as

u e L>([0,T]; H' (4 R™)),
Q:=4¢q=(u,c,z) with  ce L>((0,T}; H'(Q)) N H'([0,T], (H"(2))"),
z € L>([0, T|; WHP(Q)) n H'([0, TT; L*(2))

Based on Q, the set of admissible functions of the viscous problem (see Section 4) is

Q" :={q=(u,c,2) € Qlce H'([0,T]; L*(R2)) and u € L>=([0,T]; W"* (4 R™))}.

It will be convenient for the variational formulation to define Sobolev spaces with functions
taking only non-negative and non-positive values, respectively, and Sobolev spaces consisting of
functions with vanishing traces on the boundary I':

W (Q) = {¢ e W (Q)[¢ > 0 ae. in Q},
W (Q) == {¢C e WH(Q)]|{ <0 ae. inQ},



WA (R = {¢ e W (Q;R™) | ¢|r = 0 in the sense of traces}

for r € [1,00]. In this context, IWi,T-(Q) : WhT(Q) — {0, 00} denote the indicator functions given
by

o, if¢ewin(Q),
Ty (€)= {oo’ else.

Since Cahn-Hilliard systems can be expressed as H ~'-gradient flows, we introduce the fol-
lowing spaces in order to apply the direct method in the time-discrete version (see Section 5):

VO::{geHl(QH/ﬂgdx:O},
Vo = {¢ € ()" | (¢ 1) vy =0}

This permits us to define the operator (—A)~1! : Vo — Vj as the inverse of the operator —A :
Vo — Vo, u— (Vu, V) r2(0). The space Vo will be endowed with the scalar product (u, V), =
<V(—A)71u,V(—A)’%)p(g).

We end this section by introducing some notation which is frequently used for some approx-
imation features in this paper. The expression Br(K) denotes the open neighborhood with
width R > 0 of a subset K C R™. Whenever we consider the zero set of a function ¢ € W?(Q)
for p > n abbreviated in the following by {¢ = 0} we mean {x € Q|((z) = 0} by taking
the embedding W1P(Q) — C°(Q) into account. We adapt the convention that for two given
functions ¢, & € L([0,T]; WP(Q)) the inclusion {¢ = 0} D {¢ = 0} is an abbreviation for
{¢(t) =0} D {&(t) =0} for a.e. t € [0,T].

4 Weak formulation and existence theorems

Existence results for multi-phase Cahn-Larché systems without considering damage phase fields
are shown in [Gar00] provided that the chemical energy density W, can be decomposed into
W2 + W2 with convex W} and linear growth behavior of 9.W2, (see [Gar00, Section 3.2] for
a detailed explanation). Logarithmic free energies W, are also studied in [Gar00] as well as
in [Gar05b]. Further variants of Cahn-Larché systems are investigated in [CMPO00], [BP05],
[BCD'02] and [Gar05a].

Purely mechanical systems with rate-independent damage processes are analytically consid-
ered and reviewed for instance in [MRO6] and [MRZ10]. The rate-independence enables the
concept of the so-called global energetic solutions (see Remark 4.2 (i)) to such systems.

Coupling rate-independent systems with other (rate-dependent) processes (such as with in-
ertial or thermal effects) may lead, however, to serious mathematical difficulties as pointed out
in [Roul0].

In our situation where the Cahn-Larché system is coupled with rate-dependent damage, we
will treat our model problem analytically by a regularization method that gives better regularity
property for ¢ and integrability for u in the first instance. A passage to the limit will finally
give us solutions to the original problem. In doing so, the notion of a weak solution consists of
variational equalities and inequalities as well as an energy estimate, inspired by the concept of
energetic solutions in the framework of rate-independent systems.



4.1 Regularization

The regularization, we want to consider here, is achieved by adding the term ¢Ad;c to the Cahn-
Hilliard equation (referred to as viscous Cahn-Hilliard equation [BP05]) and the 4-Laplacian
ediv(|]Vu|*Vu) to the quasi-static equilibrium equation of the model problem. The classical
formulation of the regularized problem for € > 0 now reads as

Ore = A(=Ac+ 0. Wen () + 0. Wei(e(u), ¢, z) + €0ie), (12a)
div(o(e(u), ¢, 2)) + ediv(|Vu[*Vu) = 0, (12b)
0€ 0.8 (u,c,z) + 0:;R(0:2) (12¢)

with the regularized energies
1
E(u,c,z) :=E(u,c,z) + 5/ Z|Vu|4 dz,
Q
. . 1
E(u,c,z) :=E(u,c,z) + 5/ Z|Vu|4 dz.
Q

In the following, we motivate a formulation of weak solutions of the system (12a)-(12b) admissible
for curves ¢ = (u,c,z) € Q¥. For every t € [0,T], equation (12a) can be translated with the
boundary conditions in a weak formulation as follows:

/(atc(t))(dx = —/ Vu(t) - V(da (13)
Q Q
for all ¢ € HY(Q) and
/Qu(t)g‘ dz = /QVc(t) -V A+ 0 Wen(e(t)) + 0Wa(e(u(t)), c(t), ()¢ + e(Oec(t))Cda (14)
for all ¢ € H(Q). In the same spirit, we rewrite (12b) as
/Qaewel(e(u(t)),c(t), 2(t)) : e(C) + &|Vu(t)|*Vu(t) : V¢dr =0 (15)

for all ¢ € W;’4(Q; R™) by using the symmetry condition
0 Wal(e,c,2) = (0. Wale,c,2))t  forec ngxn?, ¢,z €R,
following from the assumptions in Section 3 (i). The differential inclusion (12c) is equivalent to
0 =d.E(u(t), c(t), 2(t)) + r(t) + dsR(D2(t)) + s(t)

Witfl Somef‘(t) € 8IWJ1r,p(Q) (2(t)) and s(t) € Oly,1.0(q)(9¢2(t)) (see (4) and (5) for the definitions
of £ and R). This can be expressed to the following system of variational inequalities:
Tyyrw () (0p2(t)) — <dzt§s(Q(t)) +r(t) + d:R(Dp2(1)), ¢ — atz(t)> < Tyrngy(()  for ¢ € whr(Q),

Ity () (r(8),C = 2(0)) < Ty (©)  for ¢ € WHP(Q)

Here, (-,-) denotes the dual pairing between (W!P(2))* and W1P(Q). This system is, in turn,
equivalent to the inequality system

z(t) > 0 and 0:z(t) <0, (16a)



— (Q.E(a®) + 7(1) + A:R(Dr2(1), 012(1) ) = 0, (16b)
<dzfe(q(t)) +r(t) + d:R(r2(t)), c> >0 for ¢ € WhP(Q), (16¢)
(r(t),¢ — 2(t)) <0 for ¢ € W{P(Q). (16d)

Due to the lack of regularity of ¢, (16b) cannot be justified rigorously. To overcome this difficulty,
we use a formal calculation originating from energetic formulations introduced in [MT99].

Proposition 4.1 (Energetic characterization) Let ¢ € Q' NC?(Qr;R™ xRxR) be a smooth
solution of (13)-(15) with (IBC1)-(IBC8). Then the following two conditions are equivalent:

(i) (16b) with v(t) € Dlyy 10 ((1)) for all ¢ € [0,T],

(ii) for all0 <t <ty <T:
t2 t2
atto)) + [ 4R, 02)ds+ [ 190+ el ards — e-fofen)
/ / O Wai(e(u), ¢, z) : e(0b) dads + e/ / |Vul|?*Vu : Vobdads. (17)
t Jo

Proof. We first show for all ¢ € [0, 7]:
(r,0pz(t)) =0 for all r € aIWi’p(Q)(Z(t))‘ (18)

The inequality 0 < (r,d;z(t)) follows directly from (16d) by putting ¢ = z(t) — 9:z(t). The ">’
- part can be shown by an approximation argument. Applying Lemma 5.1 with fy; = 2(t) and
f==z(t)and ¢ = —0;z(t), we obtain a sequence {(nr} C Wi’p(Q) and constants vp; > 0 such that
—Cyr — Opz(t) in WHP(Q) as M — oo and 0 < 2(t) — vaCpr ae. in Q for all M € N. Testing
(16d) with ¢ = z(t) — varCar shows (r, —Cpr) < 0. Passing to M — oo gives (r, 9,z(t)) < 0.

To (i4) = (i) : We remark that (14) and (15) can be written in the following form:
| 1) = @) do = (0:E-la(0). ) (192)

<duge(Q(t))a () =0, (19b)
for all t € [0, 7], all {; € H'(Q) and all ¢, € W (Q; R™).
Let to € [0,T). It follows
_ to+h 5 to+h
Eelglto + h)f)L Eelalto) | ][ (A:R(8,2), 82) dt + ]1 / IVl? + |9pc|? dadt

to
to+h to+h
S][ / OeWear(e(u), ¢, ) : e(Oh) dedt + 6][ / |Vul?Vu : Vb dadt.
Q to Q

Letting h N\, 0 gives

%S;(q(to)wr<dé7~2(8t2(to)),8tz(to)>+/ Vu(to)? + eldpe(to) |* dw

/8 Wel ) (t(]) ( )) (8t (t()) dx—l—s/ ‘VU to | Vu(to) V@t (to)
= <du5£( (to)), Oeb(to))-



Using the chain rule and (13)-(15) yield

d

&55((1(?50)) = (due(q(to)), drulto)) + {de€x(a(t0)), Declto)) +{d:E-(alto)), B2 (to))

apply (19b) apply (19a) and (13)

= (du&:(g(t0)), D:b(to)) Jr/Q—IVM(toH2 — el0pe(to) | dz + (d:€-(a(to)), Dez(to)).-

In consequence, property (i) follows together with (18). The case tg = T can be derived
similarly by considering the difference quotient of ty and tg — h.

To (i) = (i7) :  This implication follows from the relation £ (q(t2))—E-(q(t1)) = fttf 4 (q(t)) dt

as well as the equations (13)-(15) and (18). |

Remark 4.2

(i) In the rate-independent case B = 0 and for convex E. with respect to z, condition (16¢) can
be characterized by a stability condition which reads as

E(u(t), c(t), 2(t)) < E(u(t), c(t), ) + R(¢ = 2(1)) (20)

for all t € [0,T) and all test-functions ¢ € Wi’p(ﬂ). Thereby, (17) and (20) give an
equivalent description of the differential inclusion (12¢) for smooth solutions. This concept
of solutions are referred to as global energetic solutions and was introduced in [MT99]. We
emphasize that the damage variable z in the rate-independent case B = 0 is a function of
bounded variation and is allowed to exhibit jumps. For a comprehensive introduction, we
refer to [AFP00]. To tackle rate-dependent systems and non-convexity of E. with respect
to z, we can not use formulation (20) (c¢f. [MRS09, MRZ10]).

(i1) For smooth solutions q, satisfying (13)-(15), the energy inequality (17) and the variational
inequality (16¢), we even obtain the following energy balance:

tz - t2
E(q(t2)) + / (d:R(0r2),0¢z) ds Jr/ / |V u|? + €]0yc)? dads
t t1 Q

t2 t2
=E.(q(t1)) +/ / 0 Wei(e(u), ¢, 2) : e(9b) deds + E/ / \Vu|*Vu : Vorbdads
t1 JQ t1 JQ

forall0 <ty <ty <T.
This motivates the definition of a solution in the following sense:

Definition 4.3 (Weak solution - viscous problem) A triple ¢ = (u,c,z) € Q¥ with ¢(0) =
A, 2(0) = 2% 2 > 0 and 0,z < 0 a.e. in Qp is called a weak solution of the viscous system
(12a)-(12¢) with initial-boundary data and constraints (IBC1)-(IBC8) if it satisfies the following
conditions:

(i) for all ¢ € L2([0,T]; H*())

/ (0¢c)¢ dadt = — V- V(¢ dxdt, (21)
Qr

Qr
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where p € L*([0,T]; HY(Q)) satisfies for all ¢ € L*([0,T]; H*())

/ u¢ dzdt = Ve V¢4 0 Wen(¢)C + 0.Wa(e(u), ¢, 2)¢ + £(0¢c)¢ dedt, (22)
Qr Q7

(ii) for all ¢ € L*([0, T); Wi (2 R™))

deWa(e(u), c,z) : e(¢) + e|Vu*Vu : V¢ dadt = 0, (23)
Qr

(iii) for all ¢ € LP([0,T); W*P(Q)) N L>(Qr)

T
0< /Q |Vz|p*2Vz -V + (0. Wale(u),c,z) — a+ B(0:z)) dedt + /0 (r(t),C(¢¥)) dt,
(24)

where v € LY(Qr) C L*([0,T); (W'P(2)*) satisfies for all ¢ € W1iP(Q) and for a.e.
t€0,7T)

(r(t),¢ —=(t)) <0, (25)

(iv) for a.e. 0 <t1 <ty <T

E-(qlt)) + /

Q

to to
a(z(tl)—z(tg))dx+/ /6|8tz|2dxds+/ /|Vu|2+5|8tc|2dxds
ty Q t1 Q

to ta
< &:(q(t1)) —|—/ / OeWai(e(u), ¢, 2) : e(Ob) deds + E/ / |Vul?Vu : Vobdads.
t1 Q t1 Q
(26)
Theorem 4.4 (Existence theorem - viscous problem) Let the assumptions in Section 3 be
satisfied and let ° € HY(Q), 2° € WEP(Q) with 0 < 20 < 1 a.e. in Q and a viscosity factor

e € (0,1] be given. Then there exists a weak solution q € Q¥ of the viscous system (12a)-(12c)
in the sense of Definition 4.3. In addition:

7= —X{z=0}[0-Wa(e(u), c, 2)], (27)

where x . denotes the characteristic function of the level set N, := {z = 0} and [-]* := max{0, -}.

4.2 Limit problem

Our main aim in this work is to establish an existence result for the system (12a)-(12¢) with
vanishing e-terms, i.e. with ¢ = 0. In the same fashion as in Section 4.1 we introduce a weak
notion of (6a)-(6¢) as follows.

Definition 4.5 (Weak solution - limit problem) A triple ¢ = (u,c, z) € Q with z(0) = 2°,
z >0 and Oz < 0 a.e. in Qp is called a weak solution of the system (6a)-(6¢) with boundary
and initial conditions (IBC1)-(IBCS8) if it satisfies the following conditions:

11



(i) for all ¢ € L*([0,T); HY(Q)) with ;¢ € L*(Qr) and ¢(T) =0

/ (c — c)0y¢ dadt = V- V(¢ dxdt,
Qr

Qr

where u € L*([0,T); HY () satisfies for all ¢ € L*([0,T); H'(Q))

/ pu¢ dadt = Ve VE+ 0 Wen(e)C + 0. We(e(u), ¢, z)¢ dadt,
Qr Qr

(ii) for all ¢ € L*([0,T]; HL(Q;R™))

D War(e(u), c,2) - e(C) ddt = 0,
Qr

(iii) for all ¢ € LP(]0,T]; WP () N L (Qp)

T
0< / |V2|P72Vz - VC + 0. We(e(u), ¢, 2)¢ — ol + B(0;2)¢ dadt + / (r(t),¢(t)) dt,
Qr

0
where r € LY(Qr) satisfies for all ¢ € Wip(ﬂ) and for a.e. t € [0,T)
(r(t),¢ —2(1)) <0,

(iv) for a.e. 0 <t; <ty <T

€(q(t2))+/a(z(t1)z(tg))der/tlt?/Qﬂ|8tz|2d:rds+/tltz/gVuzdxds

Q

< &(q(t1)) —|—/t 2/Q[“)eWe](e(u)7c,z) : e(0¢b)da ds.

Theorem 4.6 (Existence theorem - limit problem) Let the assumptions in Section 3 be
satisfied and let c° € HY(Q), 20 € WLP(Q) with 0 < 2° < 1 a.e. in Q be given. Then there exists
a weak solution q € Q of the system (6a)-(6c) in the sense of Definition 4.5.

5 Proof of the existence theorems

5.1 Preliminaries

The proof of Theorem 4.4 is based on recursive functional minimization that comes from an
implicit Euler scheme of the system (12a)-(12c) with respect to the time variable. To obtain
from the time-discrete model the time-continuous model (12a)-(12c), we need some preliminary
results on approximation schemes for test-functions, which will be presented in this section.

Lemma 5.1 (Approximation of test-functions) Let p > n and f,{ € W}r’p(Q) with {¢ =
0} 2 {f = 0}. Furthermore, let {far}rren C WJlr’p(Q) be a sequence with fnr — f in WHP(Q)
as M — oo. Then, there exist a sequence {Cpr}aren C W}r’p(Q) and constants vyy > 0, M € N,
such that

(i) Car — ¢ in WHP(Q) as M — oo,

12



(ii) (v < C ace. in Q for all M € N,
(iii) varCar < far a.e. in §Q for all M € N.

Proof. Without loss of generality we may assume ¢ # 0 on Q.
Let {dx} be a sequence with 6 \, 0 as k — oo and 0 > 0. Define for every k € N the
approximation function (), € Wi’p (Q) as

G = [C — ok,

where ] stands for max{0,-}. Let 0 < a < 1— % be a fixed constant. Then G € CO(Q) due
to Whr(Q) — C%*(Q). Furthermore, set the constant Ry, k € N, to

1/
Ry = (01/[Cllcon) >0

It follows {E’L: 0} 2 QN Bg,({¢=0}) 29N Bg,({f = 0}). Without loss of generality we
may assume Q \ Bg, ({f = 0}) # 0 for all k € N. Furthermore, there exists a strictly increasing
sequence { M} C N such that we find for all £k € N:

fa > m/2 ae. on Q\ Bg, ({f = 0}) for all M > M,

with 7y, == inf{f(z) |z € Q\ Br,({f = 0})} > 0, k € N, (note that f; — f in C%*(Q) as
M — 00). This implies Dkfk < fu a.e. on Q for all M > M, by setting 7y, := e/ (2/[C] £oe (02)) >
0. The claim follows with (3 := 0 and vy := 1 for M € {1,...,M; — 1} and (p := Q:(;k and
vy o= Uy for each M € {My, ..., My41 — 1}, k€ N. [ |

Lemma 5.2 (Approximation of time-dependent test-functions) Let p > n, ¢ > 1 and
£,¢ € LI([0, T); WEP(Q)) with {¢ = 0} D {f = 0}. Furthermore, let { far}aren € L9([0,T); WP ()
be a sequence with far(t) — f(t) in WHP(Q) as M — oo for a.e. t € [0,T]. Then, there exist a
sequence {Car}aren € LY([0,TY; Wip(Q)) and constants vy > 0 such that

(i) Cu — ¢ in LI([0, T]; W'P(Q)) as M — oo,

(i) Cu < C ace. in Qp for all M € N (in particular {(py =0} 2 {¢ =0}),
(111) var o (t) < far(t) ace. in Q for a.e. t € [0,T] and for all M € N.
If, in addition, ¢ < f a.e. in Qr then condition (iii) can be refined to
(iii)” Cpr < far aee. in Qp for all M € N.

Proof. Let {§;} with dx \, 0 as £k — oo and J; > 0 be a sequence and 0 < o < 1 — % be a

fixed constant. We construct the approximation functions (y; € L9([0,T; Wj_’p (Q)), M € N, as
follows:

M
Cu(t) == xar, (D[C(E) — 6], (28)
k=1

where x ¢ :[0,7] — {0,1} is defined as the characteristic function of the measurable set Ak,
given by

M i .
Ak — P]]\€4\ (Ui:k+1 PM) ifk < 2\47
e if k= M,

13



with
Plyi={t € [0, ][\ Bry ({(t) = 0}) # 0
and fu(t) = mi(t)/2 a.e. on @\ B, ({/(t) = 0} | (29)

where the functions Ry, 7y : [0,7] — RT are defined by

Re(®) = (8/ <Ol coem)
M(t) = WE(f () |2 € B\ By (L£() = O})}.

Here, we use the convention Ry (t) := oo for ((t) = 0. Note that A%, 1 <k < M, are pairwise
disjoint by construction.

Consider a t € [0,T] with fa(t) — f(¢) in WHP(Q) and ((t) # 0 with {¢(t) =0} 2 {f(t) =
0}. Let K € N be arbitrary but large enough such that Q \ BRy (1) ({f(t) = 0}) # 0 holds. Tt
follows the existence of an M > K with t € P for all M > M. Therefore, for each M > M
exists a k > K such that t € A%, i.e. Cur(t) = [C(t) — 0x]T. Thus Car(t) — (()m WhP(Q) as
K — 0. Lebesgue’s convergence theorem shows (i).
Property (ii) follows immediately from (28). It remains to show (iii). Let M € N be arbitrary.
If (p(t) = 0 we set vy, = 1. Otherwise we find a unique 1 < k < M with ¢t € A%, and
Cm(t) = [C(t) — 0x)T. This, in turn, implies the existence of a vpr¢ > 0 with varCar < far (see
proof of Lemma 5.1).

In the case ¢ < f, we use instead of (29) the set:

Pl = {t € 0.7 13(t) = FO)lcogg) < 6}
With a similar argumentation, {¢y,} fulfills (i), (ii) and (iii)’. [ |

Lemma 5.3 Let f € LP(Q;R"), g € LP(Q) and z € WHP(Q) with f -Vz > 0 and {f = 0} D
{z =0} a.e.. Furthermore, we assume that

/f~VC+ngxZO for all ¢ € WHP(Q) with {¢ =0} D {z = 0}.
Q
Then

/ f-V{(+gCdx > / [g]"¢dx  forall ¢ € Wi’p(Q).
Q {z=0}

Proof. We assume z # 0 on Q. Let ¢ € Wi’p(ﬂ) be a test-function. For § > 0 small enough
such that Q\ Bs({z = 0}) # 0, we define

Gs :=max {¢, —2[¢[l=C5 "}
with the constant
Cs :==inf {z(z) |2z € Q\ B;s({z=0})} > 0.
We consider the following partition of Q:

Q=2,UDsUxy
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with
¥ :=0Q\ Bs({z = 0}),
25 = QN Bs({z = 0}) N{¢ < —2[|¢)le=C57'},
X3 =00 Bs({z =0} N{¢ > —2[lz~C5 '}
By construction, the sequence {(s}se(0,1) satisfies

¢(z), ifze¥ UXy,
Gs(x) = -1 <
L @Il=Cit, e e sE.

In particular, (s = 0 on {z = 0} for every d € (0,1] and ¢; = ¢ in L®({z > 0}) as  \, 0. We

estimate

/f-vc+g<dm—/ 91" ¢ de
Q {z=0}

=/f~V(<—<a)+g(C—Ca)dx—/ [9]+Cd$+/f'vés+g§sdx
Q {z=0} Q

>0

z/Qf'V(CCa)dr+/{z>0}g(<@)dw

— [ £V Gdot [ 5oV Gydet [ FVC-G)do
o 373 p3re

=0 =0

— d
+ /{ A

1 Ct [ fVzdns [ fo9Cn + [ gc- o
2 2 {z>0}

:j225\{z=0} fvede

-V(d — dz.
> /Z A /{ INCEOLE

The terms on the right hand side converge to 0 as d \, 0. |

5.2 Viscous case

This section is aimed to prove Theorem 4.4. The initial displacement u? is chosen to be a
minimizer of the functional u — &.(u,c,2%) defined on the space W14(Q) with the constraint
ulr = b(0)|r (the existence proof is based on direct methods in the calculus of variations -
see the proof of Lemma 5.4 below). We now apply an implicit Euler scheme of the system

(12a)-(12c). The discretization fineness is given by 7 := L, where M € N. We set Qe =
(u(j)Wﬁ, c(J)VLE, z?%s) = (u?, %, 2%) and construct qyr . form € {1,..., M} recursively by considering

the functional

m—

1
~ - Z M, 1 _ € _
E?\r},a(ua G, Z) = ga(uvc’ Z) +R ( p = ) T+ EHC - CXLI,EIH\%/O + EHC - C?&I@H'%%Q)'
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The set of admissible states for IE’]V}7€ is
Me = {q = (u,c,2) € W174(Q;R”) X Hl(Q) X Wl’p(Q)
with u|p = b(m7)|p, / c—cdz=0and 0<z <z 'ae in Q}
0 ,

A minimization problem for the functional EY; (u,c,z) = Ef; (u,¢) = [, 2IVe]? + Wen(c) +
Wei(e(u), ¢) dz + 5= |lc — c’ﬁfglﬂi containing a weighted (H*(£2,R™))*-scalar product (-,-);, has
been considered in [Gar00]. However, due to the additional internal variable z, the passage to
M — oo becomes much more involved.

In the following, we will omit the e-dependence in the notation since £ € (0,1] is fixed until
Section 5.3.

Lemma 5.4 The functional ET; has a minimizer ¢3y = (ulyy, ¢y, 2h0) € Q.

Proof. The existence is shown by direct methods in the calculus of variations. We can immedi-
ately see that Q7 is closed with respect to the weak topology in Wh4(Q; R™) x H'(Q) x WP (Q).
Furthermore, we need to show coercivity and sequentially weakly lower semi-continuity of EY};
defined on Q7.

(i) Coercivity. We have the estimate
m 1 2 1 P € 4
EX1(9) = 5IVella) + SVl o) + 71VHliaq)-

Therefore, given a sequence {qx}ren in QF with the boundedness property E7 (q,) < C
for all £ € N, we obtain the boundedness of uy in W4(Q) by Poincaré’s inequality (ug
has fixed boundary data on T'), the boundedness of ¢; in H!() by Poincaré’s inequality
(Jqcrde is conserved) and the boundedness of z; in W'P(Q) by also considering the
restriction 0 < z;, <1 a.e. in Q.

(ii) Sequentially weakly lower semi-continuity. All terms in E7} except [, Wen(c)dz and
Jo Weie(u), ¢, z) da are convex and continuous and therefore sequentially weakly Ls.c..
Now let (ug,cp,zr) — (u,c,z) be a weakly converging sequence in Q7. In particular,
zp — zin LP(Q), 2z, — z a.e. in Q and ¢ — cin L"(Q) as k — oo for all 1 < r < 2*
and ¢ — c a.e. in § for a subsequence. Lebesgue’s generalized convergence theorem
yields [, Wen(cx) dz — [, Wen(c) dz using (A6). The remaining term can be treated by
employing the uniform convexity of We(+, ¢, z) (see (Al)):

/QWel(e(uk), Cky2i) — Walle(u), ¢, z) do
= / We(e(u), ek, zi) — Wal(e(u), ¢, z) da Jr/ Weae(ug), ek, zi) — Wal(e(u), ek, 2 ) da
Q Q

> AWel(e(u),ck,zk) — Wal(e(u),c, z) dx+/QaeWel(e(u),ck,zk)(e(uk) —e(u))dz.

—0 by Lebesgue’s gen. conv. theorem and (A2)

The second term also converges to 0 because of 9.We(e(u), ek, z1) — eWa(e(u), ¢, z) in
L?(Q) (by Lebesgue’s generalized convergence theorem and (11a)) and e(ux) —e(u) — 0 in
L3 ().
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Thus there exists g3y = (uly, ciy, 277) € Qi such that Ef;(¢};) = inf,eon ET(q). |

The minimizers ¢§; for m € {0,..., M} are used to construct approximate solutions gy and
qnr to our viscous problem by a piecewise constant and linear interpolation in time, respectively.
More precisely,

aum(t) == qur,
ur(t) == Bar + (1= B)gy;
t—(m—1)7

with ¢ € ((m — 1)7,m7] and 8 = . The retarded function q;, is set to

T

_ qu(t—1), ifte[r,T],
t) =
(1) {qg, if t € [0,7).

The functions by and b, are analogously defined adapting the notation b, := b(m7). Further-
more, the discrete chemical potential is given by (note that d:ép(t) € Vo)

par(t) = —(=A) "1 (Openr(t)) + Aar(t) (30)
with the Lagrange multiplier A,; originating from mass conservation:

A (t) = ]{2 BeWen(car (1)) + BWar(e(uns (1)), car (£), 2ar (£)) da. (31)

The discretization of the time variable ¢ will be expressed by the functions

dpr(t) := min{m7 | m € Ny and mr > t},
dyy () :==min{(m — 1)7|m € Ny and m7 > t}.

The following lemma clarifies why the functions qas, ¢;; and ¢as are approximate solutions to
our problem.

Lemma 5.5 (Euler-Lagrange equations and energy estimate) The tuples qar, ¢y, and Gur
satisfy the following properties:

(i) for allt € (0,T) and all ¢ € H*(Q)
/ (ynr(£))C da = — / Vi (t) - VC de, (32)
Q Q
(ii) for allt € (0,T) and all ¢ € H'(2)
/ wp (t)Cda = / Veu(t) - VE+ 0 Wen(ear(t))C de
Q Q
+ /Q OcWei(e(unr (1)), enr(t), z2ar (8))C + €(Openr (1))Cdz,  (33)
(iii) for allt € [0,T] and for all € W%A(Q;R")

0= /Q86Wel(e(uM(t)),cM(t),zM(t)) : 6(() + €|VUJV[(t)|2VUJw(t) : VCd(E, (34)
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(iv) for all t € (0,T) and all ¢ € WHP(Q) such that there exists a constant v > 0 with 0 <
v(+ zm(t) < zy(t) ace. in Q

0< /Q ‘VZM(t>|p_2VZM(t) . VC + 8zWel(e(uM(t))7cM(t), ZM(t))C — OZC + ﬁ(@téM(t))(j dz,
(35)

(v) for allt e 0,T)
d]v](t) dM(t) c ) 1 )
0 0 Q
da (t)
<E(D) + / / OeWerle(uy, +b—0byy), capy 2pg) = €(0i) dads
0 Q
dar t)
—l—e/ / \Vu]T/[-I—Vb—VbX/[\QV(uX/[ +b—1by,): Vobdads. (36)
0 Q

Proof. Using Lebesgue’s generalized convergence theorem, the mean value theorem of differen-
tiability and growth conditions (11a), (A4)-(A6), we obtain the variational derivatives of & with
respect to u, ¢ and z:

/ D Wei(e ,2) 1 e(C) + e|Vul*Vu : V¢dx for ¢ € WHH(Q;R™),  (37a)

(de- () / Ve V¢ 4 0. Wan(0)C + 0. Warle(u), e, 2)¢ da for ¢ € H'(Q), (37h)

(do€.(q),C) = / VP2V - V¢ + 0. Wa(e(uw), ¢, 2)C de for ¢ € W (Q). (37¢)
Q

To (i)-(v):
(i) This follows from (30).
(ii) g fulfills (dET (¢72), (1) = 0 for all ¢ € Vp and all m € {1,..., M}. Therefore,
0 = (defe(am(8)), C1) + (Biar (1), )y, + €(@elar (1), C1) 2
On the one hand, definition (30) implies
(renr (1), Gy, = (=) (Brem (1), 1) 2

(=par(t) + Aar(t), 1) L2
= —{pm(t), C1)r2(0)

and consequently
0= (de€e(an(®)),G1) — (par (1), Ci) 2y + €(0renr(t), (i) r2) forall € Vo (38)
On the other hand, definitions (30) and (31) yield for ¢, = C' with constant C' € R:

(dee(qnr (1)), G) — (uar(t), &) 2y + £(@eéar (1), G2) 2 (0

= CLY (DA (1) + ((=A) 7 (B (1)), C2) r2() — (A (£), C2) 2 () +0

=0 CL (DA (t)
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= 0. (39)

Setting ¢; = ¢ — f ¢ and (o = f ¢, inserting (37b) into (38) and (39), and adding (38) to
(39) shows finally (ii) (cf. [Gar00, Lemma 3.2]).

(iif) This property follows from (37a) and 0 = (d,E7.(¢51),¢) = (du&.(¢ih),¢) for all ¢ €
WA R).

(iv) By construction, 27} minimizes E7 (uf:, c7t, ) in the space W1P(Q) with the constraints
0<zandz— z]\”}_l <0 a.e. in . This implies

m—1
(g € — ) — <dz-fz (M) - zyc;> <0 (40)
T L2(Q)

for all ¢ € WHP(Q) with 0 < ¢ < zj\”}fl a.e. in Q. Now, let the functions ¢ € W1?(2) and
v >0 with 0 < v(+ za(t) < 2z,(t) ae. in Q be given. Since v > 0, we obtain from (40):

_<dzgs (qM (t))v C(t» - <dz7i (atéM(t)) ) C(t)>L2(Q) < 0.
This and (37c) gives (iv).

(v) Testing E7}; with ¢ = (uﬁ_1 + b7 — b;’;}‘l, cﬁ_l, zﬂ_l) and using the chain rule yields:

m 2N = Zar ! Lom m—12 € 1 m m—1/2
E(ap) +R f 7'JF*HCM*CM 1, +E”CM*CM 720
< E(ufy —l—bm—bmlc}\’}lzf’v}l)
=E&.(qyy )+5( +b§\"4—bﬂlc’]@1z]"v}’l) E(gy™)
mr d m— m m m—
e+ [ e b b s
(m—1)7 ds
_5 ( m— 1)
/ / DeWale(uys ™t +b(s) — b ), i, 20 h) « e(9yb) dwds
(m— 1)7-

—i—e/ /\w L4 Vb(s) — VO PV (u Tt 4+ b(s) — b - Vogb dads.
)T

Summing this inequality for k = 1,...,m one gets:
2 2
+Z 2% 21@1 Jr1 cﬁw—c’fwl € c’fw—cﬂl
. MM MM S||ZM M
2 T _ 2 T
Vo L2(Q)

<)+ / / B Wa(eluy +b — by)scips 2iy) : €(Ob) dads
0

+s/ /|Vu;J+Vb—Vb*M|ZV(u;4+b—b;4);vatbdxds.
0 Q

k k—1 2
M~ Cpm
T

Because of ‘ ||V/1,M||L2 (@) by (30), above estimate shows (v). |

The discrete energy inequality (36) gives rise to a-priori estimates for the approximate solutions.
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Lemma 5.6 (Energy boundedness) There exists a constant C' > 0 independent of M, t and
€ such that

d]yj(t) d]yj(t) 1
E-(qm (1)) +/ R(0¢2nr) ds +/ / §|a,féM|2 + 5\vw\?dxds <C(E(P)+1).
0 0 Q

Proof. Exploiting (A3) yields the estimate (C' > 0 denotes a context-dependent constant inde-
pendent of M, t and ¢):

/QaeWel(e(UMS) +0(s) = by (), car(s), 2 (5)) = e(Orb(s)) dw

< ClIVOeb(s)| L= (o) /Q We(e(uy, (), ey (s), 234 (5)) + le(b(s) — by, (s))| + Ldx. (41)
In addition,

/Q |Vay, (8) + Vb(s) — Vby, (8)2V (uy, (s) + b(s) — by, (s)) : VOb(s) dw

< VAN (o) [ [V (9 + [90(5) = by o)) (12)
To simplify the notation, we define the function:

(= JE (0 ®) + SO R@zar) ds + [ [y Sl0ven|? + SV par|* dads, if ¢ € [0, T,
. 55((]2)7 ift e [_Ta 0)

Using (41) and (42), the discrete energy inequality (36) can be estimated as follows:

d]yj(t)
() < E(¢0) +C / IV80b(5) | = 2 (43, (5)) s
0

+ CHvathLl([O,T];LOO(Q)) [IV(b = by P + le(b = by,)| + 1HL°°([O,T};L1(Q))

dy (1)
<E(@)+C VO:b(s + 7)|| Lo ()€ (qnr(s)) ds + C

t
SE(q)+C | |IVOb(s + )| L @)y(s)ds + C.

Gronwall’s inequality shows for all ¢ € [0, 7]
t

t
V(1) SC+E(q) +C | (CH+E(a)IVIb(s +7)l| L= () exp (/ VOl + 7)o (@) dl) ds

< C(E(qd) +1). )
|

Corollary 5.7 (A-priori estimates) There exists a constant C' > 0 independent of M such

that | A
(iv) |0l L2y < O,

(v) 19e2ml22(2r) < O,

(i) ||UM||L°°([O,T];W114(Q;]Rn)) <C,
(i) llear |l o o, m;m1 () < C,
(i) |zael os o, 11w () < €, (vi) ||l 2o, (0)) < €
for all M € N.
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Proof. We use Lemma 5.6. The boundedness of {V (uxs(t) —bar(¢))} in L*(Q;R™) and ups(t) —
br(t) € HE(Q;R™) yield (i) by Poincaré’s inequality. The boundedness of {Vep(¢)} in L2(Q)
and mass conservation imply (ii) by Poincaré’s inequality. The boundedness of {Vzp(t)} in
LP(Q) and 0 < zp(t) < 1 ae. in Q for all M and all ¢ € [0,7] show (iii). The properties
(iv) and (v) follow immediately from Lemma 5.6. The boundedness of {Vuy} in L?(Qr) and
{ [, par (t) d} with respect to M and ¢ show (vi) by Poincaré’s inequality. Indeed, { [, pas(t) da}
is bounded with respect to M and ¢ because of (33) and (32) tested with ¢ = 1. [ |

Due to the a-priori estimates we can select weakly (weakly-x) convergent subsequences (see
Lemma 5.8). Furthermore, exploiting the Euler-Lagrange equations of the approximate solu-
tions, we even attain strong convergence properties (see Lemma 5.9 and Lemma 5.11).

Lemma 5.8 (Weak convergence of the approximate solutions) There erists a subse-
quence { My} and elements (u,c,z) = q € Q¥ and u € L*([0,T]; H*(2)) with ¢(0) = ¢, 2(0) = 2°,
0<2z<1and 9z <0 a.e. in Qr such that the following properties are satisfied:

(i) 2, 23, Xz in L([0, T); WHP(Q)), (i) s Cpp, Xocin L2([0,T); HY(Q)),
21, (1), 2, (8) = 2(t) in WHP(Q) a.e. t, e, (1), ey, (8) = ¢(t) in H'(Q) a.e. t,
ZMys Zpp, — Z Q€. N Qr and CMys Cpp, — € @.€. in Qr and
Em, — 2 an H'Y([0,T]; L*(Q)), ea, — ¢ in HY([0,T]; L2(Q)),
(i) wan, 2w in L°([0, T WH4(), (i) s, — p in L2([0, T} H'()
as k — oo.

Proof. To simplify notation we omit the index k in the proof.

(iii) Since é)s is bounded in L2([0,T]; H'(Q)) and d;¢xs is bounded in L?(Q7) we obtain éy; — ¢
in L?(Q7) as M — oo for a subsequence by a compactness result from J. P. Aubin and
J. L. Lions (see [Sim86]). Therefore, we can extract a subsequence such that éps(t) — é(t)
in L?(Q) for a.e. t € [0,T] and ép; — ¢ a.e. on 7. We denote this subsequence also with
{én}. The boundedness of {épr(t)}aren in HY(Q) even shows épr(t) — é(t) in HY(Q2) for
a.e. t € [0,T]. In addition, the boundedness of {¢5r} in L>([0, T]; H*(Q)) shows ¢y = é
in L>°([0,T]; H'(2)). Furthermore, we obtain from the boundedness of {0;¢ys} in L*(Qr)
for every ¢ € [0,T:

llear(t) — enr ()|l ) = llear(dar(t)) — ear ()l 1)
das(t)
< [ 1ar(s) ooy ds
t
< C(d(t) = )2 (|0sers || L2 (2r) — 0 a8 M — oo

Lebesgue’s convergence theorem yields |cas — éar|ln1 (o) — 0 as M — oo. Analogously,
we obtain [|cas — ¢yl o) — 0 as M — oo. Thus, the convergence properties for ¢ys also

holds for cps and c;; with the same limit ¢ = ¢~ = ¢ a.e. . The boundedness of {éax} in
HY([0,T]; L*(Q)) shows épr — ¢ in H([0,T]; L*(2)) for a subsequence.

(i) We obtain the convergence properties for {zp,} with the same argumentation as in (iii).
Note that the limit function is also monotonically decreasing with respect to ¢.

(ii) This property follows from the boundedness of {uys} in L*([0, T]; H(£; R™)).
(iv) This property follows from the boundedness of {p} in L2([0,T]; H*(R)). [ |
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In the sequel, we take advantage from the elementary inequality (z,y are elements of an inner
product space X with scalar product (-, -))

Cucllz =yl < (12172 — Iy "?y), 2= — y) (43)
for a constant Cy. > 0 depending on X and ¢ > 2. To see this, (43) is equivalent to
Cuc < <b, lla + b]|97%(a + b) — ||a|\q72a> for all a,b € X, ||b|| =1

by introducing the variables a := x/||x —y|| and b := (x —y)/||x —y|| for = # y. This is equivalent
to
Cue < |la+0||72 4 (b,a) (Jla + b||7% — ||a]|??) for all a,b € X, ||b]| = 1. (44)

Now the equivalence [la +b|| < ||a| < (a,b) < —3|b||* gives the estimate:

_ _ _ o 1 _ _
la+ 01172 + (b, @) (la + blI"~* = lall*~*) > lla+ 6] + SlIbl*(lall*~* = fla + ] 72)

1 1

lla b7 4 a2

Since ||b|] = 1, the right hand side is bounded from below by a positive constant and therefore
(44) follows.

Lemma 5.9 There exists a subsequence { My} such that uny,, uy, — win L*([0, T]; W'4(Q; R™))
as k — oo.

Proof. We omit the index & in the proof.
Applying (A1), taking inequality (43) for ¢ = 4 into account and considering (34) with the
test-function ¢ = ups(t) — u(t) — bas (t) + b(t), we get

nlle(uar) — e(u)H2L2(QT;]R”><") +eCuc|Vun — V“”i‘l(QT;Ran)

< / (OeWear(e(unr),ear, zar) — OcWarle(u), ear, zar)) + (e(upr) — e(w)) dedt
Qr
+ s/ (|Vur |*Vuns — [Vul?Vau) : (Vuy — Vu) dedt
Qrp

= 6€Wel(e(uM),cM7zM) : e(C) +€‘VUM|QVUJW : V{ daxdt
Qr

=0 by (34)

+ 86Wel(e(uM), CM ZM) : (6(bM) — 6(b)) dzdt +€/ |VuM|2VuM : (Vb]\/[ — Vb) dzdt
QT QT

(%) (x%)

7/ (O Werle(w),car, zar) = (e(upr) — e(w)) dadt 75/ |Vul*Vu : (Vuy — Vu) dzdt.
Qr Qr

(%K) (Fxkk)

(45)
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Since 0. We(e(uar), car, zar) is bounded in L?(Q7; R™*™) (by (11a) and Corollary 5.7) as well as
e(byr) — e(b) in L?(Qr; R™ ™), we obtain (x) — 0 as M — oo. The boundedness of |[Vus|>Vu s
in L*3(Qp; R™*™) by Corollary 5.7 and Vby, — Vb in L*(Qp;R™ ™) lead to (xx) — 0. We
also have 9. We(e(u),car, zp) — 0eWale(u),c,z) in L?(Qr; R™ ™) by (11a) and Lebesgue’s
generalized convergence theorem. Furthermore, e(uy) — e(u) in L?(Q7; R" xR™) by Lemma 5.8.
This gives (xx%) — 0. Since Vuys — Vu in L*(Qr; R™) by Lemma 5.8, we obtain (x x %) — 0.
Therefore, (45) implies e(upr) — e(u) in L2(Q7; R™ ™) and Vupy — Vu in LY (Qr; R™*™) as
M — oco. Poincaré’s inequality finally shows uy; — w in L4([0, T]; WH4(Q;R™)). Now, we
choose a subsequence such that uys (t) — u(t) in WH4(Q; R™) for a.e. t € [0,T] and up — u ae.
in Q7. We also denote this subsequence with {ups}.

Analogously, we obtain a u~ € L*([0,T]; W'4(Q)) satisfying u;, — u~ with the same con-
vergence properties. We will show u = u~ a.e. . Consider (34) for gas(t) and for g;,(t):

0= DWer(e(unr), ear, zar) = e(C) + | Vuns [*Vauys - VC dadt, (46a)
Qr

0= DeWar(e(uy,), caps 2ap) : €(C) + €| Vuy, [*Vuy, : V¢ dadt. (46b)
Qr

We choose the test-function ¢(t) = uar(t) — uy,(t) — bas(t) + by, (t) € WHH(Q). An estimate
similar to (45) gives:

nlle(uar) = e(up)172(ap) + €Cimeql Vurr — Vuyl1s o
< / (OeWerle(uar), ear, 2a) — 0 Wear(e(uyy), ear, zar)) = (e(uar) — e(uyy)) dadt
Qr

+€/ (|Vun |*Vunr — |Vuy, |PVuy,) : (Vuy — Vuy,) dedt
Qr

= DeWei(e(unr), ear, 2ar) = e(C) + €| Vun [* Vg = VE dadt
Qr

=0 by (46a)

— DeWerle(uyy), caps 2ayp) & €(C) + €|Vuy,|*Vauy, : V¢ dadt
Qr

=0 by (46b)

—|—/Q (OeWerle(uyy), cays 2ag) — OeWer(e(uny)s ear, z2ar)) = (e(unr) — e(uyy)) dedt
—I-/Q (O Wei(e(unr), car, zar) — OeWer(e(uyy ), cuys 2ay)) ¢ (e(bar) — e(by,)) dadt
+ a/Q (|Vun *Vunr — [Vuy, |*Vuy,) : (Voar — Vby,) dadt.

Observe that 9. Wei(e(uy,), cass 2ap) — OcWer(e(uyy), ear, 2ar) — 0 in L?(Q7) by Lebesgue’s gen-
eralized convergence theorem (using growth condition (11a), Lemma 5.8 and convergence prop-
erties of ups and uy,) as well as e(byr) — e(by,) — 0 in L?(Qp; R™ ™) and Vby — Vby, — 0 in
LA(Q7; R™ ™). Hence, each term on the right hand side converges to 0 as M — oo |

Lemma 5.10 There exists a subsequence {My} such that cyr,, ¢y, — ¢ in L*([0,T); H'(Q)) as
k — oo.
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Proof. We omit the index k in the proof.

Lemma 5.8 implies cps(t) — c(t) in L2 /2¥1(Q) for a.e. t € [0,T]. Using Corollary 5.7 and
Lebesgue’s convergence theorem, we get ¢y — ¢ in L¥/271(Qp). Next, we test (33) with
¢ = cp(t) and integrate from ¢ = 0 to t = T. Then we use Lebesgue’s generalized convergence
theorem, growth conditions (A4) and (A6) as well as Lemma 5.8 to obtain

/ |Venr|? dzdt — — O Wen(c)e + 0. Wel(e(u), ¢, z)c + (dic)c — pedadt
QT QT

as M — oo. On the other hand, we test (33) with ¢(t) and integrate from ¢ = 0 to t = T.
Note that ¢ € L?" (Qr) and 8, W (car) — 0cWen(c) in L2/ =D (Qz) as M — oo by Lebesgue’s
generalized convergence theorem. Hence, we derive for M — oo:

/ |Ve|? dedt = — / OcWen(e)e + 0.Wa(e(u), ¢, z)e + £(0:c)e — pe dzdt.
QT QT

Therefore, cay — ¢ in L2([0,T]; H'(Q)) as M — oo. The convergence ||eas||r2(o, 7711 () —
HC||L2([O7T];H1(Q)) implies ||CXIHL2([07T];H1(Q)) — ||CHL2([07T];H1(Q)). We also have CX[ — ¢ in
L3([0,T]; H*(Q)) (by Lemma 5.8 (ii)) and consequently ¢y, — ¢ in L*([0,T]; H'(R)) as M — cc.
|
Note that in connection with Corollary 5.7 we even get for each ¢ > 1
ems ey — cin LA([0,T; H(2))

for a subsequence as M — oo.

Lemma 5.11 There exists a subsequence { My} such that zpr,, 2y, — z in LP([0, T]; W'P(Q))
as k — oo.

Proof. To simplify notation we omit the index k in the proof.

Applying Lemma 5.2 with f = ( = z and fy = 2z, gives a sequence of approximations
{Cr}men C LP([0,T]; W}rp(Q)) N L (Q7) with the properties (note that we have z,,(t) — z(t)
in WLP(Q) for a.e. t € [0,7] by Lemma 5.8):

Cur — 2 in LP([0, T); WHP(Q)) as M — oo (47a)
0 <(Cm <z, ae. on Qp for all M € N. (47D)

We test (35) with ¢ = (ur(t) — za(t) for v = 1 (possible due to (47b)), integrate from ¢ = 0 to
t =T and use (43) to obtain the following estimate:

Cuc/ |Vzy — Vz|P dadt

Qr

= / (|IV2p|P72Vzpr — |V2[P72V2) - V(zp — 2) dadt
Qr

< / |VZJ\/[‘p72VZM ~V(ZM—<M)dIdt
Qr

+/ |Ven [P 2Vzp - V(Cr — 2) — |V2|P72V2 - V(2 — 2) dadt
Qr

< / (0. Wa(e(unr), enrs zar) — o+ BOZn ) (Cr — zar) daedt
Qr
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+/ |Ven [P 2Vzn - V(Cr — 2) — |V2|P72V2 - V(2 — 2) dadt
Qr

<0 Wa(e(unr), ear, 2m) — 4 B0zl L2y 1S — 20|l 2 ()

bounded by (A5) and Cor. 5.7

+ IVauloia,y IVr = Vallmr ) — / V2?2V 2 - V(2nr — 2) dadt.
~—_——— Qr
bounded by Cor. 5.7

Observe that V(s —Vz — 0 in LP(Qr; R™) and (yr — 2 — 0 in L2(Qr) (by property (47a) and
by Lemma 5.8) as well as Vzpr — Vz — 0 in LP(Qp; R™) by Lemma 5.8. Using these properties,
each term on the right hand side converges to 0 as M — oo.

We also obtain
Izallze oy = llzllLeqo,mwre) from |lzallee o) — N2llzeqo,mwre ).
Because of z,; — z in LP([0,7];W'P(Q2)) (by Lemma 5.8 (i)) we even have z;;, — z in
LP([0,T); WEP(Q)) as M — oo. |

In conclusion, Corollary 5.7, Lemma 5.8, Lemma 5.9, Lemma 5.10 and Lemma 5.11 imply the
following convergence properties:

Corollary 5.12 There exists subsequence { My} and an element (u,c, 2) = q € Q¥ with ¢(0) = °

and z(0) = 2° such that
(i) za,, 25y, — 2 i LP([0, T; WHP(9)), (i1) uny, upy, — uin LA([0, T); WHA(Q; R™)),

2, (1), 23, (8) = 2(t) in WHP(Q) a.e. ung, (1), uyy, (£) = u(t) in WH(Q; R™)
t, a.e. t,
ZMys Zpp, — % a.e. in S and Ungy, Upy, — W a.e. in Qp

Sar, — 2 in HY(]0,T); L?(Q
(“) CMk7C]T4k —cin L2*([07T];H1(Q)); } 2
cary, (1), ey, (t) = ¢(t) in H'(Q) a.e. t, (v) OeWen(err,) = OcWen(e) in L*(Qr)
CMys Cpp, — € @.€. 0N Qr and
ény — ¢ in H'([0,T); L*(Q))
as k — oo.

The above convergence properties allow us to establish an energy estimate, which is in an asymp-
totic sense stronger than the one in Lemma 5.5 (v). We emphasize that (36) has in comparison
with (48) no factor 1/2 in front of the terms 3|9;2x|?, €|0;éar|? and |V |*.

Lemma 5.13 (Precise energy inequality) For every 0 <t; <ty <T:

dM(tg)

E-(qm(t2)) + / / —adiiy + Bl0vziu|? + elden | + Vi) dads — E-(qy; (1))
d Q

a(t1)

dM(tz)
< / / O Wei(e(uy, +b—by), cupy 2ar) : €(0ib) dads
d Q

ar (t1)

dar(t2)
+ s/ / |Vuy, + Vb — Vb, [*V(uy, +b—by,) : Vobdads + k- (48)
d Q

;I(tl)

with kpr — 0 as M — oo.

25



Proof. We know E, (¢it) < ER (ulyyt + b7, — b7t e, 2. The regularity properties of the
functions b, é); and Zp; ensure that the chaln rule can be applied and the following integral
terms are well defined:

€ (unr, €hps 251)
< E(ufy 4 bR — by A 21

= E(uly c}(}[lzﬂ D)
+5(u Lo — ot et ety — E(u}\’}[lcﬁlzﬁl)
+ E(uy b = b e ) = E(uly T by = b e 2
+ & (u L bRy — b ez — E(uly T+ b = b R 2

m—1 _m—1
cM 2 )

= E(ul
—|—/ <du5~5(u’ﬁ*1 +0(s) — b ! e ! zﬁfl),atb(s»(Hl)*le ds
(m—-1)7

+ / <dcé:€(u§\"/1_1 + bT/[ — bﬁ_l, éM(S), Zﬁ_l),até]\/[(S»(Hl)*XHl ds
(m—1)7

+ / <dz<§5(uﬁfl + b}\n/[ — b?}[il, C%, ,”Q’M(S))7 8t2M(S)>(W1,p)*XW1,p ds.
(

m—1)71

Summing from m = M(tl) +1 to dM(tz) yields:
Ec(qm(t2)) — E-(ap(t1))

dr(t2)
<e / / |V(u&+b—b;[)|2V(uX4 +b—bX4) : Vobdxds

]\/] (tl)

dar(t2)
+/ /8Wel e(uy +b—>by).car2yy) ¢ €(Ob) dzds

dyy (t1)

dM(tQ)
+/ /8Wel e(uyy +bar — byy), Ear, 23y)Océnr dads

dpy (t1)

()

dn(t2)
+/ / Veén - Vo + 0cWen (éar)0rCpy dads
(t1)

(%)

dps(t2)
+/ /5‘ Weie(uy, +bar —byy), ear, 2ar) O + |Van P~ 2V - VO, 20 dads .

dyy (t1)

(%kx)

(49)
By using convexity of z — ||, we obtain the following elementary inequality
(IVaum(t, z) P72V 2n(t ) — [V (t, 2)|P 2 Ve (t, @) - VOZm(t, ) < 0.

This estimate and (35), tested with ( = —0;2)/(t) for v = 7 and integrated from t =0 to ¢t =T,
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lead to the estimate:

dar(t2)
(xx%) < — /—a@téM—i-matéM\deds
Q

dyy (t1)

dar(ta)
/ / (0-Weai(e(uy, +bar —byy), ear, 2ar) — O:Wer(e(unr), ear, 2ar))OeZar dads .

J\l(tl

=R},
Furthermore,

dM(tz)
(%) S/ /acWel(e(u]VI);C]W>Z]W)atél\/l dxds

dyy(t1)

da(t2)
/ / (8CWC1(e(u;4 + by — bJ_W)’ i, ZJ;I) — &:Wd(e(uM), CM, ZM))atéM dads.
ar (t1)

7:liM
Using the elementary estimate (Véy — Vear)VOiéyr < 0, we obtain

da(ta)
(xx) < / /VCM Vorénr + 0cWen (cpr)Orépr dads

d];I (t1)

da(t2)
/ / (8CW6h(éM) — aCWCh(CM))até]u d(L’dS .

dyr(t1)

7:K/JM

Hence, applying equations (33) and (32) shows

dar(t2) B dar(t2)
/ (de€elqnr), OcCar) () x gt ds —/ /uM@th — €l0sépr|* dads
d;/[(tl) Ju(tl

d(t2)
/ /—|V,uM| — €|0yépr|* dads.

M (tl

Thus,

da (t2)
(%x) / /—|V,uM| —e|Orenr|? dads + Kby + K3

M (tl

Lebesgue’s generalized convergence theorem, the growth conditions (A4), (A5), (A6) and Corol-
lary 5.12 ensure that x};, k3, and x3; converge to 0 as M — oo. Here, we want to emphasize
that we need boundedness of d;¢ép; and 9,2, in L?(Qr) and the convergence e(uys) — e(u) in
L*(Q7), which we have only due to the regularization for every fixed ¢ > 0 as M — oo (see
Corollary 5.12). To finish the proof, set ras := Kk}, + K3, + K3 |

We are now in the position to prove the existence theorem for the viscous case.

Proof of Theorem 4.4. The proof is divided into several steps:
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(i) Using growth conditions (A4), (A6), (11a), Corollary 5.12 and Lebesgue’s generalized con-
vergence theorem, we can pass to M — oo in the time integrated version of the integral
equations (32), (33) and (34). This shows (i) and (ii) of Definition 4.3.

(i) Let 0 < t; < to < T be arbitrary. Because of dj,;(t1) < t1 < to < dam(t2), Lemma 5.13
particularly implies
to
£-(qu (t2)) +/ / —adiiar + B0 + eldrin? + [Vinal? dadt — E.(a3, (1)
da(t2)
< / / OcWei(e(uy, +b—0by,), cupy 2ar) = e(0:b) dadt
dp (1)

dar (t2)
—|—5/ /|VuM—|—Vb—VbM\ V(uy, +b—by) : Vobdadt + kpr (50)

with kpy — 0 as M — oo. Due to growth condition (A2), (A6), Corollary 5.12 and
Lebesgue’s generalized convergence theorem we obtain

E(qm(t)) — E-(q(t)) and E (g, () — E(a(t)) (51)

as M — oc for a.e. t € [0,T]. A sequentially weakly lower semi-continuity argument based
on Corollary 5.12 shows:

to
liminf/ / —adiiyr + Blowia | + elOear | + |Viuar|? dadt
1 Q

M — o0
to
> / a(z(ty) — z(t2)) dox + / / B10s2|* + €| Bec)? + |V u|? dadt. (52)
Q t1 Q

Growth condition (11a), Corollary 5.12 and Lebesgue’s generalized convergence theorem
show:

O Wei(e(uys +b —byy), CM,ZM) = 9 Wale(u),e,2) i L([0, T]; L*(€2)),
|Vauy, + Vb — Vb, >V (uy, +b —byy) = |Vul*Vu in L>([0, T); L*3(Q)).

Since e(d;b) € L*([0,T]); L*(2)) and Vb € L1([0,T]; L*(2)) we get:

da(t2)
/ /6 Weile(uy, +b—byy),cups2m) = e(0pb) dadt

djy (t1)
— / / 0 Wei(e(u), ¢, z) : e(0b) dadt,

das(t2)

/ / IVuy, + Vb — Vb, 2V (uy, + b — by,) : VObdadt

djyy (t1)

—>/ / |Vu|*Vu : Voybdadt. (53)
t1 Q
Now, using (51), (52) and (53) gives (iv) of Definition 4.3 by passing to M — oo in (50)

for a subsequence.
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(iif) Let ¢ € L*([0,T]; W P(Q))N L () be a test-function with {¢ = 0} D {z = 0}. Applying
Lemma 5.2 with f = z and fy; = z) and ( = —( gives a sequence of approximations
{Cartmen € LP([0,T); WP(Q)) N Lo(Qy) with the properties:

Cu — —C in LP([0, T]; WHP(Q)) as M — oo, (54a)
0 <wvarilum(t) < zp(t) ace. in Q for a.e. ¢ €[0,7] and all M € N. (54b)

Let (s denote the function —Cys. Then, (54b) in particular implies 0 < var ¢ Car(t)+ 227 (1) <
z3,(t) a.e. in Q for a.e. t € [0,7]. Now, (35) holds for ¢ = Cp(t). Integration from t = 0
to t = T and using growth condition (A5), Corollary 5.12 and Lebesgue’s generalized
convergence theorem as well as the strong convergence (54a) yield for M — oo:

- / IVz|P~2Vz - VC + 0, Wale(u), ¢, 2)¢ — al + B(d2)¢ dzdt < 0. (55)
Qr

(iv) Property (55) implies that
—/ IVz(t)|P2V2(t) - VC + (0-War(e(u(t)), c(t), z(t)) — o+ B(8e2(t))) ¢ dw < 0
Q
holds for all ¢ € W'?(Q) with {¢ = 0} D {z(t) = 0} and for a.e. ¢t € [0,7]. Applying

Lemma 5.3 with f = |[Vz(t)[P72V2(t) and g = 0, Wa(e(u(t)), c(t), z(t)) — a + B(dz(t))
shows

/Q IVz(t)|P~2V2(t) - VC + (8zWel(e(u(t)),c(t), z(t)) —a+ ﬁ(atz(t)))Cdx
> / [0-Wa(e(u(t)), e(t), 2(8)) — a + B@r=(8)] ¢ da
z(t)=0}
> [ oWaletu(t). (o) () ¢ do (50
{z(t)=0}

for all ¢ € W"P(Q). Setting

7= —X{z=0}[0:-Wa(e(u),c, 2T,

we get (24) from (56) by integration from ¢ = 0 to t = T and we also have
(r(t),¢ = z2(t)) = */ [0:Wai(e(u(t)), c(t), 2(£))] 7 (¢ — 2(t)) dz < 0
{z(t)=0}

for any ¢ € Wi’p(Q) and a.e. ¢t € [0,T]. Therefore, (25) is shown. |

5.3 Vanishing viscosity: ¢ \, 0

For each ¢ € (0, 1], we denote with ¢g. = (u., ¢, z:) € Q¥ a viscous solution according to Theorem
4.4. Whenever we refer to the equations and inequalities (21)-(27) of Definition 4.3 the variables
q = (u,¢,2), u and r should be replaced by ¢. = (ue,ce, 2¢), pe and r.. By the use of Lemma
5.14, Lemma 5.15 and Lemma 5.16 below, we identify a suitable subsequence where we can pass
to the limit.
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Lemma 5.14 (A-priori estimates) There exists a C > 0 independent of € > 0 such that

(i) |[uell e oz (i) < C (v) N10ecellrz(o,rysce (o)) < C,

.. i) el/2 .
(i) '/*||uc| oo (o, 15 mmy) < C, (vi) &= dicel 2 @) < €,

(i) ||cellLoe (o, 13;m1 (2)) < C, (vii) |10szell 220y < C,

(1) ||zell o= o110 ) < C (viii) ||pell L2 o, ry:01 () < C
for all e € (0,1].

Proof. According to Lemma 5.6, the discretization gpse of g fulfills

d]w(t) d]v[(t) c 1
E(que(t)) + / R(OiZr.e)ds + / / 5|ataM,€|2 + §|WM,E|2 drds < C(E-(¢°) + 1),
0 0 Q
(57)

where C is independent of M,t,¢. By the minimizing property of ¢°, we also obtain & (¢?) <
E(q)) < &1(¢Y) for all € € (0,1]. Therefore, the left hand side of (57) is bounded with respect
to M €N, t€[0,7T] and € € (0,1]. This leads to the boundedness of

t t
1
Eg(qe(t))—&-/ R(@tze)ds+/ /%|6tcg‘2+§|vua|2dxd5§0 (58)
0 0 Q

for a.e. t € [0,7] and for all ¢ € (0,1]. We immediately obtain (iv), (vi) and (vii). Due to
J ¢<(t)da = const and the boundedness of ||V (t)||12(q), Poincaré’s inequality yields (iii). In
addition, (ii) follows from Poincaré’s inequality. Now, using (58), growth conditions (11b) and
Korn’s inequality, we attain the desired a-priori estimates (i). Due to (22) and (21) we obtain
boundedness of [, pic(t) dz. Since ||[Vpe(t)| 12(q,) is also bounded, Poincaré’s inequality yields
(viii).

Finally, we know from the boundedness of {Vu.} in L*(Qr) that {d;c.} is also bounded in
L2([0,T]; (H'(9))*) with respect to € by using equation (21). Therefore, (v) holds. |

Lemma 5.15 (Weak convergence of viscous solutions) There erxists a subsequence {ej}
(which is also denoted by €) and elements (u,c,z) = q¢ € Q and p € L*([0,T]; HY(Q)) with
2(0)=2% 0<2<1 and 8;z <0 a.e. in Qp such that
(i) 2 = = in L0, T W (@), (i) e = ¢ in L>((0,T]; H'(9),
2(t) = 2(t) in WHP(Q) ace. t, ce(t) = c(t) in H'(Q) a.e. t and

Ze — z a.e. in Qr and ce — ¢ a.e. i Qr,

z. — z in HY([0,T]; L*(Q)),
(ii) ue = w in L=([0,T); H'(; R™)), (iv) pe — p in L*([0,T); HY(2))
as €\, 0.

Proof.

(i) This property follows from the boundedness of {z.} in L>([0,7];W'P(Q)) and in
HL([0,T]; L*(Q)) (see proof of Lemma 5.14). The function 2z obtained in this way is mono-
tonically decreasing with respect to t.

(ii) This property follows from the boundedness of {u.} in L>([0,7]; H}(Q;R™)).
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(iii) Properties (iii) and (v) of Lemma 5.14 show that ¢, converges strongly to an element ¢ in
L?(Qr) as € \, 0 for a subsequence by a compactness result due to J. P. Aubin and J. L.
Lions (see [Sim86]). This allows us to extract a further subsequence such that c. () — c(t)
in L?(Q) for a.e. t € [0,T]. Taking also the boundedness of {c.} in L*>([0,T]; H(£)) into
account, we obtain a subsequence with c.(t) — ¢(t) in H*(Q) for a.e. t € [0,T] and c. — ¢
a.e. in Qp as well as ¢ = ¢ in L=([0,T]; H*(Q)).

(iv) This property follows from the boundedness of {u.} in L?([0,T]; H(£2)). |

Lemma 5.16 (Strong convergence of viscous solutions) The following convergence prop-
ertise are satisfied for a subsequence € \, 0:

(i) ue — w in L2([0,T]; HY(Q; R™)), (iii) z. — z in LP([0,T]; WLP(Q)).
(ii) cc — c in L2([0,T); HY(R)),
Proof.
(i) We consider an approximation sequence {@s}se(0,1) € L*([0,T]; Wh4(€2)) with
s — win L*([0,T]; HY(Q)) as § \, 0, (59a)
s — b e L0, T); Wi (Q)) for all § > 0. (59b)
Since € and 0 are independent, we consider a sequence {d; }.¢(0,1] with
eV M|V, || rar) — 0 and 5. \, 0 as € \, 0. (60)

Testing (23) with ¢ = u. — us. (possible due to (59b)), applying the uniform monotonicity
of 9.We (assumption (Al)) and (43) for p = 4 (compare with the calculation performed
in (45)) gives

Ui
2 lle(ue) = e(W)llZz oy
< nlle(u) = e(ts, )72 + nlle(us) = e(@s) 172, +€Cucl Ve = Vs, ||74 0y

< nlle(u) = e(ts,)l|720r)

+/ (OWar(e(ue), ey ze) — OcWar(e(ts, ), ce, 22)) = (e(ue) — e(is, ) dadt
Qr

2Vis,) : (Vue — Vi, ) dadt

+€/ (|Vue|*Vue — |V,
Qr

= nlle(w) — e(@s. )72

+ OWale(us), e, z2) : (e(ue) — e(ts,)) + | Vue |*Vue @ (Vue — Viig, ) dadt
Qr

=0 by (23)

A O Wei(e(ts, ), ce, 2) - (e(uz) — e(ts,)) dxdt
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(i)

(i)

— E/ |V€L5£ |2V’I~L55 : (VUE — Vi, )dadt. (61)
Qr

()
Finally,
()] < ell Vs, |21 ) Ve = Vs, | La(r)

3
< (51/4||Vﬂ65||L4(szT)) (a“‘*nwenmﬂ+el/4||vaagLw).

—0 as e\,0 by (60) <C by Lemma 5.14 —0 as e\,0 by (60)

From growth condition (11a), Lemma 5.15 and Lebesgue’s generalized convergence theo-
rem, we obtain

aeWel(e(a65)a Ce, Za) - aeWel(e(u)’ c, Z) in LQ(QT)

for a subsequence £ \, 0. By u. = u in L=([0,T]; H*(Q;R")) for a subsequence € \, 0
(Lemma 5.15 (iii)) as well as (59a), we also have

e(us) — e(tis,) — 0 in L*(Qr)

as £ \, 0 for a subsequence. Therefore, every term on the right hand side of (61) converges
to 0 as ¢ \, 0 for a subsequence. This shows u. — u in L2([0,T]; H'(Q;R")) as ¢ \, 0 for
a subsequence by Korn’s inequality.

Testing (22) with ¢. and ¢ and passing to £ \, 0 for a subsequence eventually shows strong
convergence c. — c in L*([0,T]; H'(9)) (see the argumentation in Lemma 5.10 and notice
that fQT £(0rce)ee dadt < g|Oree| L2 llcell L2 (r) — 0 as e N, 0).

According to Lemma 5.2 with f = ¢ = z and fy = z.,, (here we choose ey = 1/M) we
find an approximation sequence {(;,} € L*([0,T7; WiP(Q)) N L>(Qr) with e, \, 0 and
the properties:
Cep — 2 in LP([0,T); WHP(Q)) as k — oo, (62a)
0<¢, <z, ae in Qp forall ke N. (62Db)
We denote the subsequences also with {z.} and {(.}, respectively. The desired property
ze — z in LP([0,T]; WHP(Q)) as € \, 0 follows with the same estimate as in the proof of

Lemma 5.11 by using the uniform convexity of z +— |z|P and the integral inequality (24)
with ¢ := (. — 2z (note that (re, (. — z:) = 0 holds by (27) and (62b)). Indeed, we obtain

C’i;iq/ |Vz. — Vz|P dedt
Qr

<O Warle(ue), ce, 2e) — a + BOze || L2 jo,11:01 () 1€ — 2| L2 ([0,7]; 2 (2))

bounded —0
Il 96 = Vallison) — [ [92P2V2- V(e - 2) dods
—— Qr
bounded —0 0

as € \, 0 for a subsequence. Here, we have used 2. — z and (. — 2z in L?([0,T]; L°(Q))
as € \, 0 for a subsequence due to Lemma 5.15 and the compact embedding W1?(Q) —
L>(Q). |
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Corollary 5.17 The following convergence properties are fulfilled:

(i) ze — z in LP([0,T]; Wl’p(Q))7 (ZZZ) Ug — U IN LQ([QTH;Hl(Q;R")),
2.(t) — 2(t) in WP(Q) ace. t, ue(t) = ult) in H(;R™) a.e. t and
ze — z a.e. in Qp and ue — u a.e. i Qr,

== in H (0T}, (@), (i0) e = in (0.7 H' (),

(ii) cc — c in L*" ([0, T]; H*()),
ce(t) — c(t) in HX(2) a.e. t and
c. — ¢ a.e. in Qrp,
as € \, 0 for a subsequence.

(v) 0:Wen(ce) = 0:Wen(c) in L*(Qr)

Now we are well prepared to prove the main result of this work.

Proof of Theorem 4.6. We can pass to € \, 0 in (22) and (23) by the already known conver-
gence features (see Corollary 5.17) noticing that [, &[Vue[*Vue : V{dadt and [, e(dpe.)¢ dzdt
converge to 0 as € \, 0. We get

; OeWa(e(u), ¢, 2) : e(¢)dadt =0 (63)

for all ¢ € L*([0,T7; W%A(Q;R")). A density argument shows that (63) also holds for all ¢ €
L3([0,T]; HE(Q; R™)). Writing (21) in the form
/ (ce — )0,¢ dzdt = / Ve - V¢ dadt,
QT QT

by only allowing test-functions ¢ € L?([0,7T]; H*(2)) with 8,¢ € L?(Qr) and ((T) = 0, we can
also pass to € N\, 0 by using Corollary 5.17.
To obtain a limit equation in (24) and (25), observe that
[0.Wele(ue), e, zo)] T — [0.Wa(e(u), ¢, 2)] " in L'(Qr),
X{ze=0} = X in LOO(QT)

for a subsequence € \, 0 and an element x € L>(Qr). Setting r := —x[0. Wea(e(u), ¢, 2)]*" and
keeping (27) into account, we find for all ¢ € L (Qr):

/ re¢ dedt — r¢ dadt (64)
QT QT

for a subsequence ¢ \, 0. Thus, we can also pass to ¢ \, 0 for a subsequence in (24) by using
Lebesgue’s generalized convergence theorem, growth condition (A5), Corollary 5.17 and (64).
Let £ € L*°(]0,T]) with £ > 0 a.e. on [0,T] be a further test-function. Then, (25) and (27) imply

0> /OT ([ o= zmnar) swar= [ i seasar
— . (¢ — 2)€dzdt = /OT (/Q r(t)(¢ — 2(1)) dx) £(t) dt.
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This shows [, 7(t)(¢ — z(t)) dz < 0 for a.e. ¢t € [0,T].
Tt remains to show that (26) also yields to a limit inequality. First observe that (26) implies:

a2 + [

to
a(zg(tl)—zs(tg))dx—i—/ /ﬁ|8tzg|2+|Vu5|2da:dt—8€(q€(t1))
Q tq Q

to ta
< / / O Wer(e(ue), ce, 22) = €(04b) dzdt + é‘/ / |Vue|*Vue : Vb dadt. (65)
t1 Q t1 Q

To proceed, we need to prove ¢ [, [Vu.(t)[*dz — 0 as e \, 0 for a.e. ¢ € [0,7]. Indeed, testing
(23) with ¢ := ue — b gives

s/ \Vus|4 dodt = {—:/ |Vus|2Vus : Vbdzdt — OeWar(e(ue), ce, 2ze) : e(ue — b) dzdt.
Qr Qr Qr

We immediately see that the first term converges to 0 as € \ 0. The second term also converges
to 0 because of fQT 0cWei(e(u),c,z) : e(u —b)dxdt = 0 (equation (63)). This, together with
Corollary 5.17, proves E.(q:(t)) — E(q(t)) for a.e. t € [0,T]. In conclusion, we can pass to
e\, 0 in (65) for a.e. 0 < t; <ty < T by Corollary 5.17 together with Lebesgue’s generalized
convergence theorem, growth condition (A2), (11a) and (AG) as well as by a sequentially weakly
lower semi-continuity argument for [, 3|9;z.|* dz and for [, [Vp|? da. [ |
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