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Abstract

In this paper we study a model for phase separation and damage in thermoviscoelastic materials. The
main novelty of the paper consists in the fact that, in contrast with previous works in the literature (cf., e.g.,
[21, 22]), we encompass in the model thermal processes, nonlinearly coupled with the damage, concentration
and displacement evolutions. More in particular, we prove the existence of “entropic weak solutions”, resorting
to a solvability concept first introduced in [10] in the framework of Fourier-Navier-Stokes systems and then
recently employed in [9, 38] for the study of PDE systems for phase transition and damage. Our global-in-
time existence result is obtained by passing to the limit in a carefully devised time-discretization scheme.

1 Introduction and modeling

In this paper we propose and analyze a model for phase separation and damage in a thermoviscoelastic body,
occupying a spatial domain Q C R, where d € {2,3}. We shall consider here a suitable weak formulation of the
following PDE system

¢ = div(m(c, 2) V), (1.1a)
p=—28(c)+¢'(c) + %(b(c, 2)Cle(u) —£*(c)) : (e(w) —€7(c))) , — I + et (1.1b)
2t + 0L oo 0(2¢) — Ap(2) + 0ljg 00y (2) + 0" (2) 2 —%bJ(C, z)C(e(u) —e*(e)) : (e(u) —e*(c)) + ¥, (1.1c)

9y + 0 + 29 + pd div(uy) — div(K(9)VY) = g + |ee|* + |2])* + ale, 2)e(uy) : Ve(uy) +m(c, 2)|Vul?,  (1.1d)
uy, — div (a(c, 2)Ve(uy) 4 b(c, 2)C(e(u) — £*(c)) — pdl) = f (1.1e)

posed in  x (0,T). The system couples

- the viscous Cahn-Hilliard equation (1.1a)—(1.1b) ruling the evolution of the concentration c¢;
- the damage flow rule (1.1c) for the local proportion of the damage z;
- the internal energy balance (1.1d) for the absolute temperaure 9 ;

- the momentum balance (1.1e) describing the dynamics for the displacement u.

The symbol (-); denotes the partial derivative with respect to time. In the Cahn-Hilliard equation (1.1a) m
denotes the mobility of the system and u the chemical potential, whose expression is given in (1.1b). There,
Ap(+) == div(|V - [P2V:) denotes the p-Laplacian, ¢ is a mixing potential, b is an elastic coefficient function
depending possibly on both ¢ and z, C represents the elasticity tensor, e* a residual strain tensor, and (-) .
the partial derivate with respect to the variable ¢ (with an analogous notation for the other variables). In the
damage flow rule (1.1c) 01(_0) : R = R denotes the subdifferential of the indicator function of the set (—oo, 0],
given by

{0} for v < 0,

[0,400) forv=0

O(—co,0)(v) = {



while 01}y ) : R = R is the subdifferential of the indicator function of the set [0, 00), i.e.

(—00,0] for z=0,
oI =
0.00)(2) {{0} for 2> 0.

The presence of these two maximal monotone graphs, enforcing in particular the irreversibility of the damage
phenomenon, entails the constraint z(t) € [0,1] for ¢ € (0,T) as soon as z(0) € [0,1]. This is physically
meaningful because z denotes the damage parameter which is set to be equal to 0 in case the material is
completely damaged and it is equal to 1 in the completely safe case, while z € (0,1) indicates partial damage.
The function ¢ in (1.1c) represents a smooth function, possibly non-convex, of the damage variable z. In the
temperature equation (1.1d), p denotes a positive thermal expansion coefficient, K the heat conductivity of the
system, g a given heat source and a a viscosity coefficient possibly depending on ¢ and z, while V is the viscosity
tensor. Finally, in the momentum balance (1.1e) f denotes a given volume force.

We will supplement system (1.1) with the initial-boundary conditions
c(0) =  2(0) =2° 9(0) =9°,  u(0) =u’, u;(0) =v ae. in Q, (1.2a)
Veen=0, m(c,z2)Vu-n=0, Vz-n=0, KWHVI-n=h, u=d a.e. on 02 x (0,7), (1.2b)

where n indicates the outer unit normal to 92, while i and d denote, respectively, a given boundary heat source
and displacement.

The PDE system (1.1) may be written in the more compact form

= div(m(c, 2)Vu), (1.3a)

p=—Ap(c) +¢'(c) + Wele.e(u), 2) =V + e, (1.3b)

2t 4 01— oo 01 (2t) — Ap(2 )+8I[Ooo (2)+0'(z) 2 —W.(c,e(n), z) + 9, (1.3¢)

Iy + ¢ + 29 + pd div(uy) — div(K(9) V) = g + |ee|* + |ze)* + ale, 2)e(uy) : Ve(uy) +m(c, 2)|Vul?,  (1.3d)

uy, — div (a(c, 2)Ve(uy) + We(c,e(u), z) — pil) =f, (1.3¢)
with the following choice of the elastic energy density

W(c,e,z) = %b(c, 2)C(e —€*(¢)) : (e — £¥(c)). (1.4)

The expression of W is typically quadratic as a function of the strain tensor e(u), whereas the coefficient b can
depend on ¢ and z. This accounts for possible inhomogeneity of elasticity on the one hand, and is characteristic
for damage on the other hand. Indeed, the natural choice would be that b vanishes for z = 0, i.e. when the
material is completely damaged.

Derivation of the model Let us briefly discuss the thermodynamically consistent derivation of the PDE-
system (1.1).

The state variables that determine the local thermodynamic state of the material and the dissipative variables
whose evolution describes the way along which the system tends to dissipate energy are as follows:
State variables

9, ¢, Ve, g(u), z, Vz

Dissipation variables
VY, ¢, (), 2t

By classical principles of thermodynamics, the evolution of the system is based on the free energy % and the
pseudopotential of dissipation &2, for which we assume the following general form:

ﬁ(c,z,ﬁ,s(u)):/F(c,Vc,z,Vz,ﬂ,s(u))dx and @(Vﬂ,ct,e(ut),zt):/P(Vﬂ,ct,s(ut),zt)dx.
Q Q
(1.5)



Our evolutionary system has been obtained by the principle of virtual power and by balance equations of
micro-forces, a generalization of the approaches by Fremond [15] and Gurtin [20]. In addition, we also include
temperature-dependent effects by means of the balance equation of energy.

The system relies altogether on the balance equations of mass, forces, micro-forces and energy:

FEvolution system

Mass balance

¢t +divd =0, (1.6a)
Force balance
uy —dive =, (1.6b)
Micro-force balance
B —divH =0, (1.6¢)
II—-divE =0, (1.6d)

Energy balance
Ui+divg =g+o:e(u) +diviH)z: + H-Vz + div(€) ey + € Ve, —div(J)p— J -V (1.6e)

where the internal energy density is given by U = F — 90y F.

Note that the system is not closed for the variables. Therefore, constitutive laws have to be imposed for the
mass flux J, the stress tensor o, the internal microforce B for z, the microstress H for z, the internal microforce
II for ¢, the microstress & for ¢ and the heat flux q.

Constitutive relations

Following Frémond’s perspective, we assume that the stress tensor o, the microforce B and the microstress H,
may be additively decomposed into their non-dissipative and dissipative components, i.e.

o =o0"+ o with ol = Ocw) F, ol = - (u) P, (1.7)
B =B" 4 B¢ with ~ B"? € §,F, BYeca,,P, (1.8)
H=H"+H! with  H" = 9y, F, H? = 0y.,P = 0. (1.9)

In a similar way, by choosing Gurtin’s approach, cf. [20] equations (3.19)-(3.23), we get the constitutive relations:
J=—m(c,2)Vy, I=0.F+0,P—upu, &€ = Ov.F. (1.10)
The heat source is given by the standard constitutive relation:

oP

1= oy

In the framework of the formulation of the damage and phase separation theory [15, 20|, we choose for our
system the following free energy and dissipation potential:

F(e,2,0,2(u)) = /Q %ch’ + %\wp LW (e e(),2) + 6(6) + 0(2) + Tip 1om) (=) da

+/ —9log¥ — J(c+ z + pdiv(u)) dz, (1.11)
Q
1 1 1 1
P (VY et e(us), zt) == / §K(19)|V19|2 + §zt2 + 50? + §a(c7 z)e(ug) : Ve(ug) + I(—oo,0)(2¢) d. (1.12)
Q

The first two gradient terms in (1.11) represent the nonlocal interactions in phase separation and damage
processes. The analytical study of gradient theories goes back to [28, 35], where phase separation processes were
investigated. A typical choice for W has been introduced in (1.4). The functions ¢ and o represent the mixing
potentials. The term ¥(c+ z + p divu) models the phase and thermal expansion processes in the system. It may
also be regarded as linear approximation near to the thermodynamical equilibrium. In the following lines we



will get further insight into the choices of these functionals. Exploiting (1.6)-(1.12) results in system (1.1), for
which the Clausius-Duhem inequality is satisfied.

As discussed, our approach is based on a gradient theory of phase separation and damage processes due to
[15, 20, 6]. For a non-gradient approach to damage models we refer to [17, 18, 1]. There, the damage variable z
takes only two distinct values, i.e. {0,1}, in contrast to phase-field models where intermediate values z € [0, 1]
are also allowed. In addition, the mechanical properties of damage phenomena are described in [17, 18, 1]
differently. They choose a z-mixture of a linearly elastic strong and weak material with two different elasticity
tensors. We also refer to [14], where a non-gradient damage model was studied by means of Young measures.

Mathematical difficulties. The main mathematical difficulties attached with the proof of existence of solu-
tions to such a PDE system are related to the presence of the quadratic dissipative terms on the right-hand side
in the internal energy balance (1.3d), as well as the doubly nonlinear and possibly nonsmooth carachter of the
damage relation (1.3c). This is the reason why we shall resort here to a weak solution notion for (1.3) coupled
with (1.2). In this solution concept, partially drawn from [38], the Cahn-Hilliard system (1.3a—1.3b) and the
balance of forces (1.3e) (read a.e. in Q x (0,7)) are coupled with an “entropic” formulation of the heat equation
(1.3d) and a weak formulation of the damage flow rule (1.3¢) taken from [21, 22]. Let us briefly illustrate them.

The “entropic” formulation of the heat equation. It consists of a weak entropy inequality

//log )+ c+ 2)prdadr —p / div(uy) @dxdr—// 9)Vlog(¥) - Vo dz dr
Q s Ja Q

/Q log(9(t)) + e(t) + 2(1) ) p(t) da: — / (log(8(s)) + c(5) + 2(s))p(s) d

// 9)|V log(9) |2 da dr

t
/ / g+ lee)® + [2e)* + ale, 2)e(wy) : Ve(uy) + m(e, )| Vul?) = dxdr—/ hZ 4s dr
s JOQ

(1.13)

required to be valid for almost all 0 < s <¢ < T and for s = 0, and for all sufficiently regular and positive test
functions ¢, coupled with a total energy inequality:

&(c(t), 2(), 9(t), u(t), uy (1)) < &(c(s), 2(s),9(s), u(s), ur(s))

//gdxdr—i—//[mhder (1.14)
+//f~utdxdr+// (on) -d;dSdr,
s Q s o0

valid for almost all 0 < s <t < T, and for s = 0, where the total energy & is the sum of the internal energy
and the kinetic energy, i.e.

E(c,z,0,u,uy) := % (c, z,9,e(u)) +/ %|ut|2 dz, (1.15)
Q
being the internal energy % specified by (cf. also (1.11)):
U(c,z,9,e(n)) := F(c,2z,9,e(u)) — 0 09F(c, z,9,e(u))
1 1
= / ];|Vc|p + 5\Vz|p + Wi(c,e(n), 2) + ¢(c) + 0(2) + Lo 400)(2) + P da. (1.16)
Q

From an analytical viewpoint, observe that the entropy inequality (1.13) has the advantage that all the quadratic
terms on the right-hand side of (1.3d) are multiplied by a negative test function, which, together with the fact



that we are only requiring an inequality and not an equation, will allow us to apply upper semicontinuity
arguments for the limit passage in the time-discrete approximation of system (1.3) set up in Section 4.

The “entropic” formulation, first introduced in [10] in the framework of heat conduction in fluids, and then
applied to a phase separation model derived according to FREMOND’s approach [15] in [9], has been successively
used also in models for different kinds of special materials. Besides the aforementioned work on damage [38],
we may mention the papers [11], [12], and [13] on liquid crystals, and more recently the analysis of a model for
the evolution of non-isothermal binary incompressible immiscible fluids (cf. [7]).

Let us also mention that other approaches to treat PDE systems with an L!'-right-hand side are available in
the literature: among others, we refer to [45], resorting to the notion of renormalized solution, and [40] where
the coupling of rate-independent and thermal processes is considered. The heat equation therein, with an L'-
right-hand side, is tackled by means of Boccardo-Galloiiet type techniques.

The weak formulation of the damage flow rule. Following the lines of [21, 22|, we replace the damage
inclusion (1.3¢) by the damage energy-dissipation inequality

/:/Q|zt2dxdr+/ﬂ (;|Vz(t)|p+a(z(t))> dz

' t (1.17)
g/ﬂ (p|Vz(s)|p+a(z(s))> dx—i—/s /ﬂ 2 (—W . (¢, 2(u), =) + ¥) dedr,

imposed for all ¢ € (0,71, for s = 0, and for almost all 0 < s < ¢ and the one-sided variational inequality for the
damage process

/ (th VP2V - VE 4 €C+ 0 (2(8)C + Wa(c, e(u), 2)C — 19() dz >0 ae in (0,7), (1.18)
Q

required to be valid for all sufficiently regular test functions ¢, where § € 01| ;o0)(2) a.e. in Q, and z(z,t) €
[0,1], z¢(x,t) € (—00,0] a.e. in Q.

Entropic weak solutions. In what follows, we shall refer to the formulation consisting of (1.3a-1.3b), (1.3e),
(1.13), (1.14), (1.17), (1.18), supplemented with the initial and boundary conditions (1.2), as the entropic weak
formulation of (the initial-boundary value problem for) system (1.3). Let us point out that, in case of regular
solutions, it can be seen that the “entropic” formulation is equivalent to the internal energy balance (1.3d) (cf.
Remark 2.5 as well as [38, Rmk. 2.6] for more details). Likewise, the weak formulation of the damage flow rule
would give rise to the damage inclusion (1.3c) for sufficiently regular solutions. In this sense, we can observe
that our formulation is consistent with the PDE system (1.1).

Our results and related literature. In this paper we prove existence of global-in-time entropic weak
solutions under the following assumptions on the data:

- the mixing potential ¢ is the sum of a convex possibly non-smooth part and a regular A-concave part
(cf. Hyp. (I)). Hence, both the sum of a logarithmic potential (e.g. (1+¢)log(1+c¢)+ (1 —c)log(l —¢)) or
an indicator function (e.g. Jj_11j(c)) and a smooth concave perturbation (e.g. —c?) are allowed as choices
of ¢, cf. Remark 2.1 ahead);

- the mobility m is a smooth function bounded from below by a positive constant;
- the function o is regular;

- the heat conductivity K is a continuous function growing like a power of ¢. This choice is motivated by
mathematics, indeed it is needed in order to get suitable estimates on the temperature ¢, but it is also
justified by the physical behavior of certain materials (cf. [25, 44]);



- the function a is bounded away from zero and bounded from above as well as its partial derivatives with
respect to both ¢ and z. These assumptions are mainly made in order to prevent the full degeneracy of the
momentum balance (1.3e) and in order to obtain from it the sufficient regularity on u needed to handle
the nonlinear coupling with the temperature and damage relations. Instead, the coefficient b in the elastic
energy density (1.4) can possibly vanish, and both b and the eigenstrain ¢* are required to be sufficiently
regular functions;

- the thermal expansion coefficient p is assumed to be a positive constant. For more general behavior of
p possibly depending on the damage parameter z the reader can refer to [24], while the fact that p is
chosen to be independent of ¥ is justified by the fact that we assume to have a constant specific heat ¢,
(equal to 1 in (1.3d) for simplicity): indeed they are related (by thermodynamical laws) by the relation
Opcy = 19819,0;

- the initial data are taken in the energy space, except for the initial displacement and velocity which, jointly
with the boundary Dirichlet datum for u, must enjoy the regularity needed in order to perform elliptic
regularity estimates on the momentum balance (1.3e).

Furthermore, we consider a gradient theory for damage. From the physical viewpoint, the term %|Vz|p con-
tributing to (1.11) models nonlocality of the damage process, since the gradient of z accounts for the influence
of damage at a material point, undamaged in its neighborhood. The mathematical advantages attached to the
presence of this term, and of the analogous contribution %|Vc|p , are rather obvious. Let us mention that, in fact,
throughout the paper we shall assume that the exponent p in (1.3b) and (1.3c) fulfills p > d. This assumption
is mainly mathematically motivated by the fact that it ensures that ¢ and z are estimated in WP(Q2) c C°(Q),
and has been adopted for the analysis of other damage models (cf., e.g., [5, 31, 32, 27]).

Regarding the previous results on this type of problems in the literature, let us point out that, by now, several
contributions on systems coupling rate-dependent damage and thermal processes (cf., e.g. [4, 37, 38, 24]) as
well as rate-dependent damage and phase separation (cf., e.g., [21, 22]) are available in the literature. Up
to our knowledge, this is one of the first contributions on the analysis of a model encompassing all of the
three processes (temperature evolution, damage, phase separation) in a thermoviscoelastic material. Recently, a
thermodynamically consistent, quite general model describing diffusion of a solute or a fluid in a solid undergoing
possible phase transformations and rate-independent damage, beside possible visco-inelastic processes, has been
studied in [43]. Let us highlight the main difference to our own model: the evolution of the damage process is
therein considered rate-independent, which clearly affects the weak solution concept adopted in [43]. In particular,
we may point out that dealing with a rate-dependent flow rule for the damage variable is one of the challenges
of our own analysis, due to the presence of the quadratic nonlinearity in (u) on the right-hand side of (1.3c).

Let us conclude by mentioning some open problems which are currently under study, such as uniqueness of
solutions, at least for the isothermal case, and the global-in-time existence analysis for the complete damage
(degenerating) case, in which the coefficient a in the momentum balance (1.3e) is allowed to vanish in some
parts of the domain (cf. [37] for the case without phase separation and [23] for the isothermal case).

Plan of the paper. In Section 2, after listing all the assumptions on the data of the problem, we rigorously
state the entropic weak formulation of the problem and give the main result of the paper, i.e. Theorem 2.6
ensuring the global-in-time existence of entropic weak solutions.

In Section 3 we (formally) derive all the a priori estimates on system (1.3) which will be at the core of our
existence analysis.

As previously mentioned, Thm. 2.6 is proved by passing to the limit in a carefully devised time-discretization
scheme, also coupled with regularization procedures, which could also be of interest in view of possible numerical
simulations on the model. To its analysis, the whole Section 4 is devoted. While postponing more detailed com-
ments on its features, let us mention here that our time-discrete scheme will be thermodynamically consistent,
in that it will ensure the validity of the discrete versions of the entropy and energy inequalities (1.13) and (1.14).
This will play a crucial role in the limit passage, developed in Section 5, where the proof of Theorem 2.6 will
be carried out.



2  Weak formulation and statement of the main result

In this section, first of all we recall some notation and preliminary results that will be used throughout the paper.
Next, we list all of the conditions on the nonlinearities featuring in system (1.3), as well as on the data f, g, h
and on the initial data. We are thus in the position to give our notion of weak solution to the initial-boundary
value problem for system (1.3) and state our main existence result, Theorem 2.6.

2.1 Preliminaries

In what follows, we will suppose that
QCcRY de {23}, isabounded domain with C2-boundary 9. (2.1)

This smoothness requirement will allow us to apply regularity results for elliptic systems, at the basis of a
regularity estimate that we shall perform on the momentum equation and that will have a key role in the proof
of our existence result for system (1.3).

Notation for function spaces, norms, operators Given a Banach space X, we will use the symbol (-,-)
for the duality pairing between X’ and X. Moreover, we shall denote by BV([0,7]; X) (by C°_,, ([0,T]; X),

respectively), the space of functions from [0, 7] with values in X that are defined at every ¢ € [0,7] and have
bounded variation on [0, 7] (and are weakly continuous on [0, T, resp.).

Let © C R? be a bounded domain, d € {2,3}. We set Q := Q x (0,7) and ¥ := 9Q x (0,7). We identify both
L?(Q) and L?(Q;R?) with their dual spaces, and denote by (-,-) the scalar product in R, by (-, ‘)r2(0) both
the scalar product in L2(Q) and in L2(Q;R?), and by H}(;R?), HE, (;RY) and HZ () the spaces

Hy (G RY) = {ve H(QGRY) : v=0 on 09}, endowed with the norm ”VH%I[%(Q:IM) = / e(v): e(v) dz,
’ Q

HR (R = HY (RN N HA(Q;RY) = {ve H* (R : v=0 on 90},
H3(Q) :={ve H*Q) : d,v=0o0n 00N}

Note that by Korn’s inequality || - ||z (o;ra) is @ norm equivalent to the standard one on H L(Q; R?). We denote

by D(Q) the space of the C*°-functions with compact support on Q. For ¢ > 1 we will adopt the notation

Wi Q) == {¢ e Wh(Q) : ((x) >0 foraa.xeQ}, andanalogously for W (). (2.2)

Finally, throughout the paper we shall denote by the symbols ¢, ¢/, C, C’ various positive constants depending
only on known quantities. Furthermore, the symbols I;, © = 0,1, ..., will be used as place-holders for several
integral terms popping in the various estimates: we warn the reader that we will not be self-consistent with the
numbering, so that, for instance, the symbol I; will occur several times with different meanings.

Preliminaries of mathematical elasticity We postpone to Sec. 2.2 the precise statement of all assumptions
on the elastic contribution W .(c,e(u), z) to the elliptic operator in (1.3e). Concerning the stiffness tensor C
(we will take the viscosity tensor to be a multiple of C, cf. (2.20) ahead), we suppose that

C = (cijrn) € CH(Q;RIxdxdxd) (2.3)

with coefficients satisfying the classical symmetry and ellipticity conditions (with the usual summation conven-
tion)
Cijkh = Cjikh = Ckhij, Jvo >0 cijrnii&en > 106585 Vit &ij = i (2.4)



Observe that with (2.4), we also encompass in our analysis the case of an anisotropic and inhomogeneous
material. Thanks to (2.4) and to the C2-regularity of {2 we have the following elliptic regularity result (cf. e.g.
[36, Lemma 3.2, p. 260]) or [29, Chap. 6, p. 318]):

Jer, 2 >0 Yue Hpg (RY) cllullgz(orae) < |1 div(Ce(u))lr2re) < c2llullgz(o;ra) - (2.5)

Under the assumption that u has prescribed boundary values d € H?(£;R?), i.e. u = d a.e. on 952, we obtain
by applying (2.5) to u —d

3¢, >0 VYue H*(Q;R?) with u=d a.e. on 09 :

_ ) _ (2.6)
allull gzgrey < || div(Ce(w))|| 2oy + 1]l z2rey < G (Jull g2y + ] g2 oira)) -

Useful inequalities For later reference, we recall here the Gagliardo-Nirenberg inequality in a particular
case: for all 7, g € [1,+0¢], and for all v € L1(2) such that Vv € L"(Q), there holds

1 1 1 1
0 1-6 : B
[olls ) < Canllvllwrr@llvlla g with = =0 (r - d) +(1- 9); 0<0<1, (2.7)

the positive constant C'gn depending only on d, 7, g, 6.

We will also make use of the following interpolation inequality from [30, Thm. 16.4, p. 102]
Yo>0 3C,>0 VYueX: lully < ollullx + Collul 2, (2.8)
where X CY C Z are Banach spaces with compact embedding X € Y.

Combining this with the compact embedding

oo ifd=2,

for all 7 > 0, 2.9
6 ifd=3, o7 (2.9)

HR (R e Wl’d*_"(Q;Rd), with d* = {

(where for d = 2 we mean that H2. (Q;RY) € WH4(Q;RY) for all 1 < g < o), we have
Vo>0 3C,>0 Vn>0 Yue H%ir(Q;Rd) : HE(U)HLd*—T,(Q;RdXd) < ollull g2(ray + Collull L2 (rey- (2.10)
We also obtain by interpolation
Vo>0 3C,>0 ¥n>0 Vue H(QURY) : |l par—n(ome) < ollull i re) + Collullr2(ara)- (2.11)
We will also resort to the following nonlinear Poincaré-type inequality (proved in, e.g., [19, Lemma 2.2]), with
m(w) the mean value of w:

Vg>0 3C,>0 Ywe HY(Q) :  [[[w]w|m o) < Col[V(w|%w)| 12 + [m(w)[s) . (2.12)

2.2 Assumptions

We now collect all the conditions on the functions ¢, m, o, K, a, W, V in system (1.3).
Hypothesis (I). Concerning the potential ¢ for the concentration variable ¢, we require that
o= 3—1— v with E: R — [0, +00] proper, convex, and Ls.c., with E(O) =0, and

v € CY(R), v Ay-concave for some A\, > 0, and (2.13)
such that 3Cy € R Ve e dom(e) : ¢(c) > Cy.

In what follows, we will denote the convex-analysis subdifferential 83 : R = R by 8, and by dom(3) the set
{ceR : B(c) # 0}. From 0 € Argmin, (), it follows that 0 € 5(0).
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Remark 2.1 (Consequences of Hypothesis (I)). For later use we observe that, since the map c — y(c) — A\, &

is concave, we have the following convex-concave decomposition for ¢:

2 2

¢le)= BlOo+rs + )-M5 . (2.14)
convex concave

Example 2.2. Admissible choices for B are both the physically meaningful potentials B (¢) = (14c)log(l+c)+
(1—c)log(1—c) and 3(c) = I;_ j(c), while 7y can be a general smooth concave perturbation, e.g. y(c) = —Ayc?.

Hypothesis (II). As for the nonlinear functions m and o, we suppose that
meC'RxR) and Img >0V (c,2) ER xR : mc,z) > my, (2.15)
o € C*(R). (2.16)
Hypothesis (III) The heat conductivity function

K:[0,+00) = (0,400) is continuous and

2.17
Jep, 1 >0 Fw>1 VI e[0,+0) 1 co(l+9%) <K(®) <y (1+9%). (217)
We will denote by K the primitive K(z) := Jy K(r)dr of K.
Hypothesis (IV). We require
a€ C'RxR) and Jag,a1 >0 Ve,z€R: ap < a(c,z) < ay, (2.18)
Jas >0 Ve,zeR: lac(e, z)] + |a (e, 2)| < as. '
Hypothesis (V). We suppose that
1
W(z,c,e, z) = ib(c, 2)C(x)(e — () : (e —€"(0)), (2.19)

where we recall that b(c, z) models the influence of the concentration and damage on the stiffness tensor C and
€* models the eigenstrain. We assume

e* € C*(R), beC?’(RxR) and 3Jby>0 Ve,zeR: 0<b(c,2) <by, V=wC, w>0. (2.20)

The tensor function C should satisfy conditions (2.3) and (2.4). Let us mention in advance that the last condition
on V will play a crucial role in the proof of H?(£; R¢)-regularity for the discrete displacements, cf. Lemma 4.16
ahead.

For notational convenience, from now on we shall neglect the z-dependence of W. For later reference, we observe
that 1
Welce,2) = 5be(e,2)Cle —€7(e)) : (€ — €7(€)) = ble, 2)(€7) () C : (e — £7(¢)),

W ee(e, e, 2) :%b’cc(c, 2)C(e —€*(c)) : (e — €™ (c)) = b(c,2)(e*) (c)C : (e — €™(c))

— b)) (AT (£ = (@) + (e, 2)() (T : (7)),
Walee,2) = 3ba(e )T — (@) £ (6 — (@), (2.21)
Weaer6,2) = 5bes(e, 2ICLe — () £ (¢ = £°(0))

W(c,e,2) =b(c,2)C(e — e¥(c)),
Wee(e,e,2) = bc(c,2)C(e — e*(c)) — b(c, 2)(e)'(¢)C,
We.(c,e,2) =b,(c,2)C(e —%(c)) .

)



Finally, we will suppose throughout the work that p > d and that the data d, f, g, and h comply with

d € H'(0,T; H*(;RY)) n Whee(0, T; Wh*° (Q; RY) N H2(0, T; H' (Q; RY)), (2.22a)
f e L*(0,T; L*(Q;RY)), (2.22D)
g€ LY0,T; LY (Q) N L*(0,T; HY(Q)), ¢>0 ae inQ, (2.22¢)
he L'Y(0,T;L*(09), h>0 ae inX, (2.22d)
and that the initial data fulfill
& e Whr(Q), B(CO) € L*(Q), mg:=m(c’) belongs to the interior of dom(}3), (2.23a)
LewhrP(Q), 0<2°<1inQ, (2.23b)
90 e LYQ), log?°’ € L'(Q), 39.>0: 9°>9,>0aec inQ, (2.23¢)
uw’ € H?(Q;RY) with u® = d(0) a.e. on 99, (2.23d)
vl e HY(Q;RY). (2.23e)

Remark 2.3. Let us point out explicitly that, if we choose ¢ as the logarithmic potential from Example 2.2,
or with ¢ given by the sum Ijg ;1 + v, we enforce the (physically meaningful) property that ¢ € (0,1) (c € [0, 1],
respectively) in Q. From (2.23a) we read that this constraint has to be enforced on the initial datum ¢ as well,
in the same was as we require 2° € [0, 1] with (2.23b).

The latter condition, combined with the information that z(-,z) is nonincreasing for almost all z € 2 thanks
to the term OI(_ 0)(2¢) in (1.3c), will yield that the solution component z is in [0, 1] a.e. in Q. This property,
albeit not needed for the analysis of (1.3), is in accordance with the physical meaning of the damage parameter.

Clearly, in the case the concentration variable c¢ is forced to vary between two fixed values, and z is forced to
be in [0, 1], values of the functions m, o, a and b outside these ranges do not affect the PDE system.

2.3 Entropic solutions and main result

Prior to the precise statement of our weak solution notion for the initial-boundary value problem for system
(1.3), we shortly introduce and motivate its main ingredients, namely a suitable weak formulation of the flow
rule (1.3c) for the damage variable and the “entropic” formulation of the heat equation (1.3d). To them, the

standard weak formulation of the Cahn-Hilliard equation, and the pointwise (a.e. in }) momentum equation
will be coupled.

Entropy and total energy inequalities for the heat equation Along the footsteps of [10, 9], cf. also [38]
in the case of a PDE system in thermoviscoelasticity, we will weakly formulate (1.3d) by means of an “entropy
inequality”, and of a “total energy (in)equality”. The former is obtained by testing (1.3d) by ¢/9, with ¢ a
positive smooth test function. Integrating over space and time leads to

/ / (0 log(9) + ¢ + 2 + pdiv(uy)) o da dt + / / $)Vlog(¥) - Veodr dt
/ / Vlog 9) - Vi dadt (2.24)
/ / g+ e + 2 + ale, z)e(uy) : Ve(uy) + m(c, z)|[Vul?) dwdt—i—/ / hZ s dt
for all ¢ € D(Q). Then, the entropy inequality (2.45) below follows.
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The total energy inequality (cf. the forthcoming (2.46)) associated with system (1.3) corresponds to its standard
energy estimate. Formally, it is indeed obtained by testing (1.3a) by p, (1.3b) by ¢, (1.3¢) by z, (1.3d) by 1,
and (1.3e) by u¢, and it features the total energy (1.15) of the system.

Weak flow rule for the damage parameter We will adopt the solution notion from [21, 22|, which can
be motivated by observing that, due to the convexity of I_. o}, the flow rule (1.3c) reformulates as z; <0 a.e.
in @ and

(zt —Ap(2) +E+0'(2) + W(c,e(u), 2) — ﬁ)C >0 a.e. in Q, for all ¢ <0, (2.25a)
(zt —Ap(2) + €+ 0'(2) + Wo(c,e(u), 2z) — 19)2;,5 <0 a.e. in Q, (2.25Db)

with £ € 0l 1o0)(2) in 2 x (0,7T'). Our weak formulation of (1.3c) in fact consists of the condition 2z; < 0, of the
integrated version of (2.25a), with negative test functions from W1?(Q), and of the damage energy-dissipation
inequality obtained by integrating (2.25b).

We are now in the position to give the following notion of weak solution:

Definition 2.4 (Entropic weak formulation). Given data (d,f,g,h) fulfilling (2.22) and initial values
(¥, 29,9°, u°, vO) fulfilling (2.23), we call a quintuple (c, s, 2,19, u) an entropic weak solution to the PDE system
(1.3), supplemented with the initial and boundary conditions (1.2), if

c € L0, T; WHP(Q)) N HY(0,T; L*(Q)), Ay(e) € L*(0,T; L*(Q)), (2.26)
p € L*(0,T; HY (), (2.27)
z € L0, T; WhP(Q)) n H(0,T; L*(Q)), (2.28)
9 € L2(0,T; HY(Q)) N L®(0,T; L' (Q)), 92" € L2(0,T; H'(R)) for all a € (0,1), (2.29)
uc HY(0,T; H*(;RY) n Whee(0,T; H (Q;RY)) N H?(0, T; L (2 RY)), (2.30)
and subgradients (specified in (2.37) and (2.42) below)
n e L*(0,T; L* (%)), (2.31)
£ € L*(0,T; L*(2)), (2.32)

where (¢, z,9,u) comply the initial conditions (note that the initial condition for ¥ is implicitly formulated in
(2.46) below)

c(0) = ¢, 2(0) = 2°, u(0) =u’, u;(0) = v° a.e. in (2.33)

the Dirichlet condition

u=d ae. ondx(0,7) (2.34)
and the following relations:
(i) Cahn-Hilliard system:
¢ = div(m(c, 2)Vp) a.e. in @, (2.35)
p=—2A0p(c) +n+'(c) +Wele,e(u),z) — 9+ e a.e. in Q, (2.36)
n e 3/3’(0) a.e. in Q; (2.37)
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(ii) balance of forces:
uy —dive =f a.e. in Q, (2.38)
o =alc, z)Ve(uy) + We(c,e(u), z) — pvl a.e. in @ (2.39)

(iii) weak formulation of the damage flow rule:
damage energy-dissipation inequality for all t € (0, T, for s = 0, and for almost all 0 < s <t

/: Q\zt|2dxdr+/ﬂ (;Vz(tﬂp—&-a(z(t))) dz

) (2.40)
§/<|Vz( WP +o(z )dx—l—//zt (u),z) +9) dedr
Q \P
and the one-sided variational inequality for the damage process
/ (th F|V2P2V2 - V4 €C + 0 (2(8))C + Wa (e, e(u), 2)C — 19() dz >0 (2.41)
Q .
for all ¢ € W'P(Q), a.e.in (0,7),
where
£e 31[0,4_00)(2) a.e. in @, (2.42)
as well as the constraints
€ [0,1], z € (—00,0] a.e. in Q; (2.43)
(iv) strict positivity and entropy inequality:
39 >0 for a.a. (z,t) €@ : Yz, t) >3 >0 (2.44)
and for almost all 0 < s <t < T, and for s = 0 the entropy inequality holds:
/ / (log(¥) + ¢+ 2)psdadr — p / /le uy apdmdr—/ / $)Vlog(¥) - Ve dz dr
< /Q(log(ﬁ(t)) + c(t) + 2(1))p(t) dw—/(log(ﬁ( )+ c(s) + 2(s))e(s) dz
(2.45)

// 9)|V log(9)[*p dz dr

t t
N / / (9+ leel® + [2e)* + a(e, 2)e(uy) = Ve(uy) + m(c, 2)|Viu|?) %dx dr — / / h% dsdr
s Jo s Joo

for all ¢ € CO([0, T); Whate(Q)) N HY(0, T; L)' (Q)) for some € > 0, with ¢ > 0;

(v) total energy inequality for almost all 0 < s < ¢ < T, and for s = 0:

&(c(t), (), 9(t), u(t), uy (1)) < &(c(s), 2(s),9(s), u(s), ur(s))

t t
+/S /dixdr—k/s /mhder (2.46)
t t
—I—/ /f-utdxdr—l—// (o’n)~dtd5dr,
s Q s o0

where for s = 0 we read 9(0) = 9%, and & is given by (1.15).
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Remark 2.5. A few comments on Definition 2.4 are in order:

— First of all, observe that inequalities (2.41) and (2.40) yield the damage variational inequality (with &
fulfilling (2.42))

t 1 1
//|VZ|P*2vZ-v<dzdr—/ 7|Vz(t)\pda:+/ Liva(s)P da
s Ja Qb Qb

- /: /Q (Zt(C —z) +0'(2)(C — 2) + (¢~ zt)) dz dr (2.47)
> /t/ﬂ ( —W.(e,e(), 2)(C — 2¢) +9(¢ — Zt)) A dr

for all t € (0,77, for s = 0, and for almost all 0 < s < ¢ and for all test functions ¢ € LP(0, T} Wip(Q)) N
L>(0,T; L (Q)).

— Concerning the entropic formulation (=entropy-+total energy inequalities) of the heat equation, we point
out that it is consistent with the classical one. Namely, if the functions ¢, ¢, z are sufficiently smooth, then
inequalities (2.45) and (2.46), combined with (1.3a)—(1.3¢c) and (1.3e) yield the pointwise formulation of
(1.3d), cf. [38, Rmk. 2.6] for all details.

— Observe that the damage energy-dissipation inequality (2.40) is required to hold for all ¢ € (0,7] and for
almost all 0 < s < ¢, and s = 0. Indeed we will not be able to improve it to an equality, or to an inequality
holding on every subinterval [s,t] C [0,7T]. This is due to the fact that we will obtain (2.40) by passing to
the limit in its time-discrete version (cf. Lemma 4.5), exploiting lower semicontinuity arguments to take
the limit of the left-hand side, and pointwise, almost everywhere in (0,7"), convergences to take the limit
of the right-hand side. Analogous considerations apply to the entropy and total energy inequalities (2.45)
and (2.46).

— We remark that the damage energy-dissipation and the total energy inequalities are obtained independently
one of another: while this will be clear from the proof of Theorem 2.6 below, we refer to [38, Rmk. 2.8]
and [37, Sec. 2.4] for further comments.

~ The quasi-linear p-Laplacian operator A, : W?(Q) — W1?(Q)" with homogeneous Neumann conditions
occurring in (2.36) is defined in the distributional sense as

(=Ap(v), wywir(a) = /Q |VolP~2Vu - Vw dz.

However, since Ap(c) € L*(0,T;L?(£2)) due to (2.26), the Cahn-Hilliard system can be interpreted in
a pointwise formulation. In view of the regularity result [41, Thm. 2, Rmk. 3.5], we infer the enhanced
regularity

1
c€ L0, T;W'toP(Q))  foralll <o < —.
p

— All the terms in the total energy inequality (2.46) have a physical interpretation: The second and the
third term on the right-hand side of (2.46) describe energy changes due to external heat sources. The
integrand f - u; in the fourth term on the right-hand side of (2.46) specifies the power expended by the
external volume force f, whereas the integrand (O'n) - d; of the fifth term indicates the power expended
by the time-dependent Dirichlet data d on the boundary 992 (remember that o is the stress tensor given
in (2.39)).

We can now state our existence result for the entropic formulation of system (1.3). Observe that, while the
basic time-regularity for ¥ (in fact for log(«#)) is poor in the general case, under an additional restriction on the
exponent x from Hypothesis (III) we will be able to obtain BV-time regularity for 4.

13



Theorem 2.6. Assume Hypotheses (I)—(V), and let the data (d,f, g, h) comply with (2.22). Then, for any
quintuple (¥, 20,99 u° v0) fulfilling (2.23) there ewists an entropic weak solution (c,p,z,9,u) to the PDE
system (1.3), supplemented with the initial and boundary conditions (1.2), such that

log(9) € L= (0, T; Whate(Q)) for all € > 0. (2.48)
Furthermore, if in addition the exponent k in (2.17) satisfies
k€ (1,5/3) ifd=3and ke (1,2) ifd=2, (2.49)

then we have
¥ € BV([0, T]; W24H<(Q)’) for every e > 0, (2.50)

and the total energy inequality (2.46) holds for all t € [0,T], for s =0, and for almost all s € (0,t).

We will prove Theorem 2.6 throughout Sections 4 & 5 by passing to the limit in a carefully devised time
discretization scheme and several regularizations. Namely, in Section 4 we are going to set up our time dis-
cretization scheme for system (1.3) and perform on it all the a priori estimates allowing us to prove, in Sec. 5,
that (along a suitable subsequence) the approximate solutions converge to an entropic weak solution to (1.3).
However, to enhance the readability of the paper in Section 3 we will (formally) perform all estimates on the
time-continuous level, i.e. on system (1.3) itself.

3 Formal a priori estimates

Let us briefly outline all the estimates that will be formally developed on the time-continuous system (1.3):
— in the First estimate, from the (formally written) total energy identity (cf. (3.6) below) we will derive a
series of bounds on the non-dissipative variables ¢, z, 9, u, as well as on ||u|| e (0,12 (r4))-

— Then, with the Second estimate, we shall adapt some calculations first developed in [9] (see also [38])
to derive a bound for || 120,71 (0)) Via a clever test of the heat equation (1.3d).

— Exploiting the previously obtained estimates, in the Third estimate we will obtain bounds for the
dissipative variables ¢, z;, e(uy), as well as for V.

— The Fourth estimate is an elliptic regularity estimate on the momentum equation, along the footsteps
of [3] where it was developed in the case of a scalar displacement variable. With this, in particular we
gain a (uniform in time) bound on [|ul| g2(ogey which translates into an (uniform in time) L?(2)-bound
for the term W .(c,e(u), z) in (1.3b).

— Using this, in the Fifth estimate we obtain a bound on the L?(0,T; H*(£))-norm of x from a bound on
its mean value fQ dzx, combined with the previously obtained bound for Vi via the Poincaré inequality.
To develop the related calculations, we will momentarily suppose that

B € CY(R) and satisfies the following property:

3.1
VmeR ICn, Cl, >0 |Blc+m)| < CuBc+m)c+ CL . 31

— We are then in the position to obtain a L%(0, T; L?(2;R¢))-estimate for each single term in (1.3b) in the
Sixth estimate.

— With the Seventh and Eighth estimates we gain some information on the (BV-)time regularity of log(¥)
and ¥, respectively (in the latter case, under the further condition (2.49) on the growth exponent x of K).

— Finally, in the Ninth estimate we resort to higher elliptic regularity results to gain a uniform bound on

l1ell 2 0,7;m2(02))-
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In the proof of the forthcoming Proposition 4.18 we will discuss how to make all of the following calculations
rigorous in the context of the time-discretization scheme from Definition 4.1 (let us mention in advance that,
for the Fifth estimate we will need the analogue of (3.1) on the level of the Yosida regularization of 3), with the
exception of the computations related to the ensuing Seventh a priori estimate. Indeed, while in the present
time-continuous context this formal estimate will provide a BV-in-time bound for log(?), on the time-discrete
level it will be possible to render it only in a weaker form, albeit still useful for the compactness arguments
developed in Section 5.

In the following calculations, at several spots we will follow the footsteps of [38], hence we will give the main
ideas, skipping some details and and referring to the latter paper. In comparison to [38], the additional coupling
with the Cahn-Hilliard system (1.3a)—(1.3b) requires new a priori estimates (see the Fifth, Sixth and Ninth
estimates below). Beyond this the remaining system (1.3¢)—(1.3e) also depends on the phase field variable ¢
and the estimation techniques used in [38] need to be adapted to this situation. And, finally, the time-dependent
Dirichlet boundary conditions for u requires substantial modifications especially in the First, but also in the
Third and Fourth estimates below.

Strict positivity of ¥ Along the lines of [9], we rearrange terms in (1.3d) and (formally, disregarding the
-positive- boundary datum h) we obtain

9 — div(K(9)VYI) = g + |es|* + |2¢]* + a(c, 2)e(uy) : Ve(uy) + mie, 2)|Vul? — e — 209 — pddiv(uy)

1 1 3.2

>g+ §|c,5|2 + §|zt|2 + cle(wy)]? + m(c, 2)|Vul> — C9* > —C¥*  ae. in Q. 3.2)

Here, for the first inequality we have used that V is positive definite by (2.20) and (2.4), that a is strictly positive
thanks to (2.18), and that
|div(u)| < e(d)|e(uy)] a.e.in Q (3.3)

with ¢(d) a positive constant only depending on the space dimension d. The second inequality in (3.2) also relies
on the fact that g > 0 a.e. in ). Therefore we conclude that v solving the Cauchy problem
L,

v =507, v(0) =9, >0

is a subsolution of (1.3d), and a comparison argument yields that there exists ¢ > 0 such that

9(-,t) > v(t) >0 >0 forall t € [0,T]. (3.4)

First estimate: We test (1.3a) by p, (1.3b) by ¢, (1.3¢) by 2, (1.3d) by 1, (1.3¢) by us, add the resulting
relations and integrate over the time interval (0,t), ¢ € (0, T7]. Here the second term in the force balance equation
is treated by integration by parts in space as follows (notice that u; = d; a.e. on 9Q x (0,7)):

/ / —div (a(c, 2)Ve(uy) + We(c,e(u), z) — pdl) - u, da ds
0 Ja (3.5)

- / / A, 2)Ve(ug) : () + W o(e e(u), 2) : (uy) — pi div(uy) dz ds — / / (o) - d; dS ds.
0 JQ 0 JoQ

Furthermore, we use that, by the chain rule,

0 /O/QWVC(C,e(u),z)ct+W,Z(c,5(u),z)zt+Wys(c,5(u),z):s(ut)dmds
- / W (e(t), 2(t),(u(t))) dz — / W(c(0), 2(0), £(u(0))) da,
Q Q
(i) / / (n+~'(¢)) e dr ds = / olc(t)) dr - / 6(c(0)) d,

(iii) /0 /Q (0110, +00)(2) + 0" (2)) 2 dwrds = /S)I[O,Jroo)(z(t)) +o(z(t))dx — /QI[O,+oo)(Z(O)) +0(2(0)) dz,
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as well as the identity fg Jo 01— c,0)(2t) 2 dzds = fot Jo I(—o0,0)(2¢) dz ds = 0 due to the positive 1-homogeneity
of 0I(_ ). Also taking into account the cancellation of a series of terms, we arrive at the total energy identity

é"(@(t)7Z(t)719(t),u(t),Ut(t)):5(60,207190,uo,v())+/0 /dixds+/0 /thdes

t t
+/ /f-utdxds—i—// (on)-d;dSds,
o Ja o Jon

which incorporates the initial conditions (2.33).

(3.6)

We estimate the second, third and fourth terms on the right-hand side of (3.6) via (2.22) and obtain

t t
//gda:ds // hdSds
0 JQ 0 Joq
t (2.22b
/ /Qf-utdxds < C+||ut||%2(0,T;L2(Q;Rd))'
0

We now carefully handle the last term on the right-hand side of (3.6). Since no viscous term of the type
e(us) occurs on its left-hand side, to absorb the last term on the right-hand side and close the estimate we
will extensively make use of integration by parts in space, as well as of the force balance equation (1.3e) of
integration by parts in time, and of Young’s inequality (§ > 0 will be chosen later):

¢ ¢ ¢
// (on)-d;dSds = / /div(0)~dtdxds+/ /Use(dt)dxds
o Joa 0 Jo 0o Jo
t t
= / /(—f+utt)~dtdxd8+/ /aza(dt)dxds
0 Ja 0o Ja

t
< ||f||L2(O,T;L2(Q;Rd))||dt||L2(O,T;L2(Q;Rd)) +/ ||ut||L2(Q;]Rd)||dttHL2(Q;]Rd) ds
0

(2.22¢)
< C,

(2.22d)
< C,

+ 6||ut(t)||2L2(Q;Rd) + Cé||dt(t)||2L2(Q;Rd) + ||V0||L2(Q;Rd)Hdt(O)HLQ(Q;Rd)

+ /Ot /Q a(e,z)Ve(uy) : e(dy) dz ds—&-/()t /Q b(c,2)C(e(u) — e*(c)) : e(dy) dz ds

= =I>

t
+ pll div(d) 1~(0) / / 9] de dis.
0 Q

Moreover, by using integration by parts in space again, the properties of the coefficient functions a and b stated
in Hypothesis (IV) and (V), and by using (2.22a) on d, u, = d, a.e. on 99 x (0,T) and the trace theorem we
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obtain

t t
I, = —/ /ut-div (alc, z)Ve(dy)) dxds—|—/ / u; - (a(c, z)Ve(dy)n) dS ds
o0
= / /ut (c,2)Ve+a.(c,z)Vz) - Vs(dt)) dxds—/ /ut (¢, 2)Vdiv(e(dy))) deds
+/ / d; - (a(c,z)Ve(dy)n) dS ds
0 Joo
t t
< CHs(dt)HLoo(Q;RdXd)(/o a7 ey ds + [la,e(e, Z)”%OO(O,T;LOO(Q))/O Vel 22 (o.ma) ds
t
+||a,2(caZ)H%OC(O,T;LOC(Q))/0 ”VZH%?(Q;]Rd)dS>

t
+ C/o ||ut||%2(£2;Rd) ds + Clla(e, Z)”%OC(O,T;LOC(Q)) ||5(dt)H%Z(O,T;Hl(Q;RdXd))
+ Clldell 20,7311 (irep () | L20, 7511 (@sraxayy lale, 2) || Lo (0,12 (202))

t

< C/ ||ut||%2 @ray T IVell 2z qmay + HVZ||2L2(Q;Rd)) ds +C,

I, < C’/ / c,2)? —e"(c)) : (e(u) — *(¢)) + Ce(dy) : e(d¢) dzds
t

< Clb(e. )L~ o1~ / [ W e, 2) dods 4 Clle@lEa o aooinens

All in all, again taking into account (2.22), we gain the estimate
E(c(t), 2(t),9(t), u(t), w(t))
t
< Cs + 6|lu(t)1 72 (e +/0 C (el 72 (0yray + 1) %
[ ([ Weetw. 2o 196l + 19 oz + [ 1710+ ) 0

< O + 0llug (1) |32 (R) /0 (”dttH%Q(Q;Rd) +1)&(c(s), 2(s),9(s),u(s), us(s)) ds.

Choosing 0 = 1/4, using Gronwall Lemma together with (2.22a) and taking the positivity of ¥ into account, we
conclude

1911 zoe 0,521 (52)) + llws.oe 0, 7522 ) + el o, miwrr ) + V2 Lo 0,710 @ima)) < €. (3.7)
Note that we have also used the Poincaré inequality to obtain the boundedness for ¢ in L>(0,T; WP (Q))

because it holds [, ¢(t) dz = const for all t € [0, T] (this follows from (1.3a) and the no-flux condition for x in
(1.2b)).

Second estimate Let F(9) = 9*/a, with a € (0,1). We test (1.3d) by F'(9) := 9>~! | and integrate on
(0,t) with ¢ € (0,77, thus obtaining

/ (o) dx—l—/ /gF dxds—i—// hF'( des+/ / lce? + |22 F' () dw ds
o9

/0/ a(c, 2)e(wy) : Ve(uy) F ’(ﬁ)dxds+//m(c,z)IWFF’(ﬂ)dxds

—/QF(19( dx—i—/ / (ct + z¢)OF (ﬁ)dxds—&-p/ /19d1v (u)F dxds// )V - V(F'(9)) dz ds.
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By the positivity of g and h we can neglect the second and third terms on the left-hand side, whereas, taking
into account the ellipticity condition (2.4) and the positivity (2.15) and (2.18) of m and a, we infer

/ / 9|V (92/2) |2dxds+c/ / le(uy)|? + |Vul>)F'(9) dz ds

(3.5)
+/ /(|ct\2+|zt|2)F’(19)d:cdsg/ \F(o)| dz + I + I + I,
0 Q Q

with ¢ > 0 depending on vy, mg, and ag, where I3 = |p| f(f Jo 19 div(ug) F'(9)| dz ds. We estimate

L= /|F Dlde < /maxw M1} de < & /max{ﬁ M1} de < C

since @ < 1 and taking into account the previously obtained inequality (3.7). Analogously we can estimate
Jo |F(¥0)| dz thanks to (2.23c); moreover,

t 1 t t
b= [ [le+mor@laeds<y [ [ (P +jaP) F@dease [ [ F@odeds
0 JQ 4 0 JQ 0 JQ

Using inequality (3.3) and Young’s inequality, we have that

Ig—|p|/ /|19d1v w)F'(¥)|deds < = //|£ (w1 F'( dxds—i—C/ /F 9)9% dx ds .

All in all, we conclude
/ / 9)|V (572 |2dxds+—/ / ()2 + |V ul2) P (9) dz ds

+ */ /(|ct|2 + 2|2 F'(¥9) dz ds < C—l—C/ /19‘”1 dz ds. .
4Jo Ja 0o Ja
Observe that
/ / 9|V (9272 |2dxds>cl/ /19“|V ﬁa/2)|2dwds—cl/ /|V 9E+)/2) 12z ds
Hence, from (3.9) we infer the estimate
& /Ot/Q|V(19(“+a)/2)|2dxds§00+Co /Ot/ﬂﬂ““dxds. (3.10)

We now repeat the very same calculations as in the Second and Third estimates in [38, Sec. 3|, to which we
refer for all details. Namely, we introduce the auxiliary quantity w := max{ﬁ“*aw 21} and observe that

t t t
/ / [V (9+)/2)12 Az ds 2/ / [V (9+)/2)12 Az ds :/ / |Vw|? dz ds, (3.11)
0o Ja o J{o(s)>1} 0o Ja

gt — (WHW)q <w!  ae in O, (3.12)
for all ¢ > 1 such that
K+« a—+1 k—1
> S qg>2-2 . 3.13
2 T q 1= K+« ( )
Therefore from (3.10) we infer that
t t
61/ / ‘V’deﬁdS < Co-I-CO/ ||w||qu(Q) ds. (314)
0 JQ 0
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We now apply the Gagliardo-Nirenberg inequality for d = 3, yielding

ol zagay < erlI Vel gl oy + c2llewl o (3.15)

with 1 < r < ¢ and 6 satisfying 1/q¢ = 0/6 4+ (1 — 0)/r. Hence 8 = 6(q — r)/q(6 — 7). Observe that 6 € (0,1) if
q < 6. Applying the Young inequality with exponents 2/(6q) and 2/(2 — 0q) we infer

Co / o]l g s / [ 1wl azas+ / o] 20050/ 240 5 1 ¢ / Jollf @y ds. (3.16)
We then plug (3.16) into (3.14), and obtain
t
//|Vw|2dmds<Co+C/ ]34, /<2*q">ds+c'/0 ][, (g ds. (3.17)

Hence, we choose 1 <1 < 2/(k + «) so that for almost all ¢t € (0,T)

[[w(?)

1/r
= ([ maxtor =2 1ya0) <€ (100w +192) <€ (3.18)

where we have used the bound for ||J||ze(o,7;11(0)) from estimate (3.7). Observe that the inequalities

—_r 2
0g<2 & 6= <2 & ¢<2+13r,
r< 2

— Kta

lead to ¢ < 2+ 3(K+a> which is still compatible with (3.13), since :J:i < 1. Inserting (3.18) into (3.17)

we ultimately deduce fo Jo IVw|?dazds < C. Taking also (3.16) and (3.18) into account we then conclude
fot ||w||qu(Q) ds < C. By using this as well as estimates (3.10) and (3.12) we see that

t t
c/ /19”+a*2|w|2dxds :/ / IV(9*E+)/2) 2 dzds < C. (3.19)
0 JQ 0o JQ

From (3.19) and the strict positivity of ¢ (see (3.4)) it follows that fot Jo IV92dads < C, provided that

K+ a —2 > 0. Observe that, since k > 1 we can choose o € (0,1) such that this inequality holds. Hence, in
view of estimate (3.7) and applying Poincaré inequality, we gather

19| 20,7517 (02)) < C. (3.20)

With the very same calculations as in [38, Sec. 3] we also obtain
La(@y <C withq=8/3 ifd=3, ¢=3 ifd=2 (3.21)

interpolating between estimate (3.20) and estimate (3.7) for ||| o (0,711 (0)) and using the Gagliardo-Nirenberg
inequality (2.7). Furthermore, we observe

/ |V =e)/212 g = c/ 902 VY2 dr < %/ 92| vY2 dr < O, (3.22)
Q Q v Ja

thanks to the positivity property (3.4) and estimate (3.19). Resorting to a nonlinear version of the Poincaré
inequality (cf. e.g. (2.12)), we then infer

[0~ L2 o i () 1952 Lo, 7m0 ) < C. (3.23)
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Third estimate: We test (1.3d) by 1, integrate in time, and subtract the resulting relation from the total
energy balance (3.6). We thus obtain

¢ ¢
/0/Q|ct|2dxds+/ﬂ%|Vc(t)\p+¢(c(t))dx+/0 /Qm(c,z)|Vu|2dxds+

- /0 /Q || dz ds + /S2 %|V3(t)|p + I, 4+00) (2(1)) + o (2(t)) dz

1 ¢
+§/Q|ut(t)|2dx+/0 /Qa(c,z)Vs(ut):e(ut)dxds+/§2W(c(t),€(u(t)),z(t))dw 520
:/Q%\Vc(ﬂp+¢(co)dx+/Q%\Vzo|p+f[07+oo)(zo)+o(z0)dx+%/ﬂ|v0|2dx

t t
W(co,e(uo),zo)dx+/ 9 (pdivug + ¢ + 2¢) dxds+/ / f-u,dzds
Q 0 0o Ja

¢
+// (on)-d;dSds.
o Jon

Observe that the first, second, third, and fourth integral terms on the right-hand side are bounded thanks to
conditions (2.23) on (co, 20, Ug, Vo). As in the First estimate we deduce boundedness of the last and the last
but one integral terms on the right-hand side. Since ¢, Ijg 1 «) + 0, and W are bounded from below, exploiting
(2.4), (2.18), and (2.20) to deduce that fo Joale, z)Ve(uy): e(uy) deda > cfot Jo le(uy)[? da ds, and using (2.15)
to deduce that fo Jom(e, 2)|Vu|* deds > mg fo Jo IVul? dz ds, we find that

Q

t t
/ /(|ct|2 + |22 + |Vul? + le(u)?) dzds < C +/ / I (pdivug + ¢ + z) deds. (3.25)
0 Jo 0o Ja

Then, we can estimate the integral term on the right-hand side by

t t
Q/ / (le(ue)]® + |ee|® + [2¢|*) dads + C’Q/ / |9)? dz ds,
0o Jo 0o Jo

for a sufficiently small constant o > 0, in such a way as to absorb the first integral term into the left-hand side
of (3.25). Exploiting (3.20) on ¢, we thus conclude, also with the aid of Korn’s inequality and condition (2.22a)
on the boundary value d,

llctllzzQ) + IVl L2 (@mray + 12ell 2@y + 1aell 220,711 (rayy < C'- (3.26)

Furthermore, taking into account the previously proved bound (3.7), we also gather

121l o< (0, 7swr e (2)) + 10l 20,7511 (ray) < C- (3.27)
Fourth estimate: We test (1.3e) by —div(Ve(u;)) and integrate in time. This leads to
- /t uy - div(Ve(uy)) daz ds —|—/ / div(a(e, z)Ve(uy)) - div(Ve(uy)) dzds

/ / div(W o(c, e(u), 2)) - div(Ve(u,)) dzds + p /0 /Q V0 - div(Ve(uy)) dz ds (3.28)

—/0 /Qf -div(Ve(uy)) da ds.

The following calculations are based on [38, Sec. 5], to which we refer for details. However in the present case we
have to take care of the non-homogeneous Dirichlet boundary condition for u. The first term on the left-hand
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side of (3.28) gives

/Ot/Qutt -div(Ve(uy)) dr ds
= —/Ot /m uy - (Ve(uy)n) d5d8+/ﬂéf(w(t)) :Vf(ut(t))dx—/ %a(ut(o)) : Ve(uy (0)) da.

Q

(3.29)

On the boundary cylinder 9Q x (0,T) we find uy; = dy a.e. (note that not necessarily e(u;) = ¢(d;) a.e. on
09 x (0,T)) which yields by using the trace theorem and Young’s inequality (6 > 0 will be chosen later)

‘/Ot/mutt-(w(m)n) dSds| = ’/Ot/aOdtt'(fo(ut)n) dS ds

< Ol el 0,712 0wy + CslldelZ2 0 7 (-

The last term on the right-hand side can be estimated by using (2.22a).
For the second term on the left-hand side of (3.28) we find

/0 [ div(a(e,)Ve(u) - div(Ve(u) dods
:/ /a(c,z)diV(Vs(ut)) - div(Ve(uy)) dxds—i—/ /(Va(c7 z) - Ve(uy)) - div(Ve(uy)) de ds (3.30)
0o Jo 0 Ja

t
2 C/O HutH%{?(Q;Rd) ds — HdtH%%o,T;m(Q;Rd)) + I,

where the second inequality follows from (2.6). The second term on the right-hand side is bounded due to
(2.22a). We move I; to the right-hand side of (3.28) and estimate

|| = /Ot/Q (Va(c, z)Ve(uy)) - diV(Vs(ut))‘ dx ds

t
Sc/ [Va(e, 2)|| pate uraylle(ue) | Lax —n uraxay||div(Ve(ur))| L2 (ure) ds
0
t t
<5 / e 212 ey ds + Cis / IV ale, 2)2ase gm0 e s ds (3.31)
t t
<5 / 122 g ds + Cs? / (elZrm s + 121300y 12213 g s

t
+ CéCg/O (||C||%/v1$p(n) + ”Z”%/VLP(Q))||ut||%2(Q;Rd) ds.

In the first line, we have chosen ¢ > 0 fulfilling p > d+ (, and n > 0 such that d%—( +& ot % < 1, with d* from
(2.9), in order to apply the Holder inequality. Moreover, we have exploited (2.18), giving ||Va(c, 2)[| La+¢(qra) <
Cllcllwir@) + I2llwire), as well as (2.10) to estimate [e(ut)||pax—¢(q;raxa). Finally, § and ¢ are positive
constants that we will choose later, accordingly determining Cs, C, > 0 via the Young inequality. For the

21



right-hand side of (3.28) we proceed as follows
- /()tAdiV(WE(c,s(u),z)) - div(Ve(uy)) dz ds
- /O t /Q W oo(ese(u), 2)Ve - div(Ve(uy)) da ds — /0 t [ Weeio(u).2) V= - div(Ve(u) dods
—/Ot/ﬂ (Wee(c,e(u), 2) - V(e(u))) - div(Ve(u,))dzds
SC’4/Ot/Q(|Vc|—|—|Vz|)|(|e(u)|+1)|div(V5(ut))|dxds—|—C4 /Ot/ﬂ|V(e(u))||div(Ve(ut))|dxds (3.32)
<Cy /Ot (IVell pareiray + IV 2l Lare@may) (le(@)]| par—n(qraxay + 1) [[div(Ve(up))]l L2 ey ds
+C4 [ Il mo o 0
<o s 45 + C / (1l + 1By + 1) (1o + 1) Nl ) ds.

pr
(2.10) with a constant o that we will choose later, and some C, > 0. Moreover, we have used the structural
assumption (2.19) on W (cf. also (2.21)), and estimates (3.7) and (3.27), yielding ||c[[z~(q) + [|2]lL>=(q) < C,
whence

Here, the positive constants ¢ and n again fulfill p > d+ and ch—l— 1 ; —l—% < 1, and we have exploited inequality

1b(e, 2)ll Lo (@) + Ib.e(c )L (@) + 1b.2(c, D)L (@) + e (@)l (@) + (€7 ()l (q) < C-

Finally, we estimate

t t t
\p | [ vo-divtveuo)deds| <n [l g ds+ Co [ 19012z ds (3.33)
0 Q 0 0

for some positive constant 7 to be fixed later and for some C,, > 0. Combining estimates (3.29)—(3.33) with
(3.28) taking into account the previously proved estimates (3.7), (3.20), and exploiting (2.22b) on f to estimate
the last term on the right-hand side of (3.28), we obtain

t
14
2 [ )P o e [l ds
Q 0
< C/Q |<>5(V0)|2 dz + C”f”%?(O,T;L?(Q;]Rd)) + C”dH?‘Il(07T;H2(Q;Rd))ﬁH2(0,T;H1(Q;Rd))

t t s
C
5 [ Tl s+ 0 (14 1B + [ [ Tl drds)

with By from (2.4) (cf. also (2.20)), where we have used the fact that fot ||u||§12(Q_Rd)ds < ||u0||§{2(Q,Rd) +

b u¢||%,5,0.ay drds and chosen 6, o, o, and 7 sufficiently small. Therefore, using the standard Gronwall
0 Jo H2(Q;R4)
lemma and conditions (2.23d)—(2.23e) on the initial data u® and v", we conclude

sl 20,7152 (:RaY )AL~ (0.1 (uray) < € whence  |[u| Lo 0,712 (0sra)) < C- (3.34)

By comparison in (1.3e) we also get
et 220,752 (2ray) < C. (3.35)

In the end, taking into account the form (2.19) of W, we infer from (3.27) and (3.34), taking into account the
continuous embedding H?(;RY) ¢ W4 (Q; R?), that

[We(e,e(u), 2)|| Lo 0,502 () + IW,2(c,e(0), 2) || 0,1322()) < C. (3.36)
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Fifth estimate: Recall that, for the time being we suppose E € CL(R), and we will use the notation ¢/ = 5++'.
It follows from (1.3a) and the no-flux boundary conditions on ¢ that §, ¢;dz = 0 a.e. in (0,7, hence there
exists mg € R with

][ o(t)de = mo for all £ € [0,T]. (3.37)
Q
Now, from (1.3b) we deduce that
][ pdx :][ ¢ (c) dw —i—][ W (c,e(u), z) dz —][ ddz ae. in (0,7). (3.38)
Q Q Q Q

Thanks to estimates (3.20) and (3.36), we have that
o 9z 20,1) + || fo We(c e(u), 2) dxHLOO(O,T) <C. (3.39)

Therefore, in order to estimate JCQ pdx it is sufficient to gain a bound for fQ @'(c) dz. We shall do so by testing
(1.3b) by ¢ — §, cdz = ¢ — mg. This gives for a.a. t € (0,7T)

l/wcwm+/5 c(t) = m0) + 7/ (el (e(t) ~ mo) d

(9(t) c(t),e(u(t), 2(t)) (c(t) —mo)da + [ (pu(t) — 4 p(t)dz ) (c(t) —mp) dz
g [0 fon)

Ct
Q

C (1920 + [Wele(t),e(u(t), 2(t) [ L2@)) el L20) + V)| 2@ Vel 220
+ el 2@ lle®) || = @)

where for the first equality we have used that ({, u(t) dz)( [, (c(t) —mg) da) = 0 and myg [, ¢;(t) dz = 0, and for
the second one the Poincaré inequality for the second integral. Now, observe that

[ e et) - may e = ~c (3.41)
Q
since, by the L (0, T; WP(Q))-estimate for ¢ and the fact that p > d, we have

17 ()l L) < C. (3.42)

Combining (3.40) and (3.41) with (3.1), yielding

3Cy, Oy, >0 for a.a. t € ( / |B(c(t))] dz < Ch, / B(e(t))(c(t) —mg) dz + Cyy (3.43)
Q

and taking into account estimates (3.20), (3.26), (3.27), and (3.36), we conclude that [|3(c)| 120 r,11(0)) < C)
whence [|¢'(c)|| 27,210y < C- Then, arguing by comparison in (3.38) and taking into account (3.39) we
ultimately conclude ||f, #dz| 20,7y < C. Combining this with (3.27) and using the Poincaré inequality we
infer that

el 20,7511 () < C. (3.44)

Sixth estimate: We now argue by comparison in (1.3b) and take into account estimates (3.20), (3.26), (3.36),
and (3.44), as well as (3.42). Then we conclude that

[18p(c) +nllL20.7:L2(2) < C-
Now, in view of the monotonicity of the function (3, it is not difficult to deduce from the above estimate that

1Ay ()l L2 0,7:22(9)) + 7l 20,7 L2(02)) < C. (3.45)
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Seventh estimate: We test (1.3d) by %, with w a test function in W4+¢(Q) with € > 0, which then ensures
w € L>®(Q). Thus, using the place-holders

H:= —c¢; — 2zt — pdiv(uy),

1
Ji=5(g +ale, 2)e(w) s Ve(uy) + [arf® + |a0f* + mle, )| Val?),

we obtain that

/8,5 log(¥)w dx
Q
- K(9) K(¥) 2 w
= /Q(Hw— 3 VY- Vw — 52 [VI|“w + Jw dx—|—/£,Qh19dS
K K
< /dea:‘—&- /(mVﬂ-dex‘—&- / (129)|V19\2wdx —i—‘/ Jwdz| + hwdS‘
Q o v o v Q oo Y

=L +L+13+1+Is.
From estimate (3.26) we deduce that ||H | z2(0,1;22(q)) < C, therefore
1] < 360wl with IC(E) = | H(,0) | 2oy € 2(0,T).
Analogously, also in view of (2.22¢), of (3.4) and of estimate (3.26), we infer that

1 :
Hal < 530wz with 3(@) = [1T(, )|y € LY0,7).

Moreover, |I5| < £||h(t)|| L2(a0) W] L2 00), with [[2(t)[|r2(s0) € L'(0,T) thanks to (2.22d). In order to estimate
I, and I we develop the very same calculations as in the proof of [38, Sec. 3, Sizth estimate]. Referring to the
latter paper for all details, we mention here that, exploiting the growth condition (2.17) on K, the positivity of
9 (3.4), and the Holder inequality, we have

C _
12| < Co OVl L2 @ray + COM)IVWl| Lare(may

with Q(t) = ||V19(t)||L2(Q,]Rd) € L2(07T) by (320)7
O(t) = [[0(t) = T=2/2V9(1) || 2 ey 19(8) /2| par 0y € LH0,T) by (3.19), (3.20), (3.23),
with die + d*lfn + % < 1. With analogous arguments, we find

C _

I3 < ﬁﬁo(t)2||w|\Lw(Q) + COt)||wl| L= (o)

with O(t) :/19(t)“+“_2|V19(t)|2dx+/ |VY(t)|? dz € L'(0,T) by (3.19) and (3.20).
Q Q

All in all, we infer that there exists a positive function € € L*(0,T) such that
| Jo 0 log(V(t))w dz| < C(t)||wl|yr.ate(q) for a.a. t € (0,T). Hence,

||6t log(ﬁ)||L1(07T;(W1,d+5(9)/)) S C. (346)

Eighth estimate [k€(1,5/3) if d =3 and k€(1,2) if d=2]: We multiply (1.3d) by a test function
w € W (Q) (which e.g. holds if w € W24+¢(Q) for € > 0) and find

/ Yyw dx / Lwdzx
Q Q

< + +

/ K@) V¥ - Vwdz
Q

/ hwds‘ih-f—lz-i-fg,
o0
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where we have set
L= —c9 — 29 — podiv(uy) + g + ale, 2)e(uy) : Ve(uy) + |ee|* + |2:)* + mlc, 2)| V|2
Therefore,
(L] < E)[wllpe(e) with £(t) = [|L(t)l|1(9) € L'0,T),  |Is] < [A(t)]|L2(00) lwll200) with h € L1(0,T)

thanks to (2.22¢), (3.20), and (3.26) for I, and (2.22d) for I5. We estimate I5 by proceeding exactly in the same
way as for [38, Sec. 3, Seventh estimate]. Namely, taking into account once again the growth condition (2.17)
on K, we find

|2 < CW(R_QH)MHL?(Q)||79(H+Q_2)/2V19||L2(Q;R4)||Vw||L°°(Q;JRd) + CIIVI L2 (ire) V0| L2 (R4 - (3.47)

Observe that, since k < g if d=3,and k < 2 if d =2, and « can be chosen arbitrarily close to 1, from estimate
(3.21) we have that ¥(*~2+2)/2 is bounded in L?(0, T; L?(Q2)). Thus, also taking into account (3.20), we conclude
that |Io| < CL*(t)||Vw]|| = (q) for some £* € L*(0,T). Hence,

19¢ll 21 0,75w 100 () < C. (3.48)
Ninth estimate: We test (1.3a) by Ay and integrate in time. It follows

t t
/ /div (m(c,z)Vu)AudmdSZ/ /ctA,ud:cds. (3.49)
0o Ja 0o Jo

The left-hand side is estimated below by exploiting Hypotheses (II) and the boundedness ||c|| o () +I2 L= (q) <
C, viz.

¢ ¢ ¢
/ / div (m(c, 2)Vp)Apdeds > / / (Vm(c,2) - Vi) Apdads + mo/ / |Ap|? de ds
0 Jo 0 Jo 0 Jo

t t
> —c/ /(|Vc|+\Vz|)|Vu\|Au|dxds+mo/ /|Au\2dxds.
0 Q 0 Q

By using the interpolation inequality (2.11) and by using analogous calculations as in the Fourth estimate, we
find by Young’s inequality

/Ot/QOVcI +|V2))| V|| Ap| da ds
< C/Ot (IVell pare@mray + IV 2]l Lot irey) Vil s —n ey 1A L2y ds
< C(IVellzmoaizr@n) + V2= o.1ier@r)) /Ot IVl —n(amay | Al L2(0) ds
<c /Ot (ol Vel @may + Col Vil L2umay ) | Aul| L2 (:may ds

t t t
< 90/05/ IV el ey ds + C’CQC(;/ IVl 72 ey ds + 50// [Au]72 ) ds.
0 0 0

By choosing suitable 6 > 0 and g > 0, we see that

t t t
|09+ 9Dl dads < e [l s+ Co [ I9M g0 .

All in all, we find from the above estimates

t t t t
/0 A2 ds < e / 2]y s + C. / leel2 g ds + C / IV 022 e, d,
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where the second and the third term on the right-hand side are bounded by (3.26) for fixed ¢ > 0. By the
H?-elliptic regularity estimate for homogeneous Neumann problems, i.e.

l1all3r2 ) < CUIABIT2 ) + 11l @)
we conclude by choosing € > 0 sufficiently small and by using the boundedness of || 1|20, 7,11 () in (3.26) that

1l L2 0,712 (02)) < C- (3.50)

O

4 Time discretization and regularizations

In this section we will introduce and motivate a thermodynamically consistent time-discretization scheme for
system (1.3) and devote a large part of Sec. 4.2 to the proof that it admits solutions. Next, in Sec. 4.3 we will
derive the energy and entropy inequalities fulfilled by the discrete solutions, and, starting from them, we will
obtain a series of a priori estimates on the approximate solutions.

4.1 Setup of the time-discrete system

We consider an equidistant partition of [0, 7], with time-step 7 > 0 and nodes
th = kr, (4.1)

k=0,...,K,, and we approximate the data f, g, and h by local means, i.e. setting for all k =1,..., K,

In what follows, for a given K -tuple (v’j)ffl the time-discrete derivative is denoted by

Kk k—1 Kk k—1 k—2
v — v¥ —2v +v
——"— sothat D;y(D;x(v)) =T ) .

T T

D.,-JC(U) =

Before stating the complete time-discrete scheme in Problem 4.1, we are going to introduce its main ingredients
in what follows.

Regularization of the coefficient functions depending on ¢ In the following we will analyze a specially
chosen time-discretization scheme for system (1.3). To ensure suitable coercivity properties in the time-discrete
system needed for existence of solutions we utilize the following w-regularizations which will eventually vanish
as w | 0:

— First of all, we will replace the maximally monotone operator 5 (the derivative of the convex part of the
potential ¢ (see Hypothesis (I)) by its Yosida regularization 3, € C°(R) with Yosida index w € (0, 00).
This will be crucial to render rigorously the Fifth a priori estimate on the time-discrete level, cf. the
calculations in Sec. 4.4. Observe that the Yosida approximation £, € C(R) of 3, fulfilling 8, = S., is

~

still convex, and that §,(0) = 0. For notational consistency we set ¢, := B, + 7.

— Let {Ry}ws0 € C?(R) N W2 (R) be a family of functions (we can think of “smoothed truncations”) such
that:

VM >0 Fwy>0 Yw € (0,wp), c€ (=M, M) : Reo(c) =c. (4.3)
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They have the role to somehow provide for the information that ¢ is bounded, which is not supplied by
the concentration potential ¢, defined on all of R. In turn, this information is crucial in order to make
some of the following calculations rigorous. The limit passage as w | 0 will be possible thanks to an a
priori bound for ¢ in L*(Q), cf. Sec. 5 ahead.

We define the following regularizations for the elastic energy density:
W< (c,e,z) :=W(R,(c),¢, 2).

and observe that for fixed w > 0 and fixed ¢ € R?X4 and z € R (cf. also (2.21)):

sym

W« (c,e,2)| + [WS(c,e,2)| + [Weo(ce,2)| < C uniformly in ¢ € R. (4.4)

Throughout this section we neglect the subscript w on the solutions ¢, u, z, ¥ and u for the sake of readability.

Convex-concave splitting of the coefficient functions Let us mention in advance how all the various
nonlinear terms in (1.3) will be coped with in the discrete system (4.9), which is in fact carefully designed in such
a way as to ensure the validity of the discrete total energy inequality, cf. the forthcoming Lemma 4.5. To this
aim, it will be crucial to employ the convez-concave splitting of the functions ¢ — W% (¢, ¢, 2), z — W% (¢, ¢, 2),
z — o(z), as well as the specific splitting (4.8) below (cf. also (2.14)) for ¢,,. Recall that, a convex-concave
decomposition of some real-valued C?(I)-function 1 with bounded second derivative on an interval I may be

canonically given by ¢ = 12) + 7]1, with

v

D) = v(@) + 5 (max | )], do) = — 5 (max | ()] ) (4.5)

2 yel

Therefore, we will proceed as follows:

— The nonlinear contribution ¢’(z) in (1.3c) will be discretized via the convex-concave splitting (4.5) on
I=10,1]

o'(z) via (5)'(2F) +(8) (=5 71).
— For the time-discrete version of the term W .(c, e(u), z) in (1.3b) and W (¢, e(u), z) in (1.3¢c) we will resort

to partial convex-concave splittings of W*. To denote them, we will use the symbols (4.5), combined with
subscripts to denote the variable with respect to which the splitting is computed. Therefore, we set

9 1 ~

Wi (c,e,z) := W¥(c,e(u),z) + 7<sup W (¢, e, z)|)02, (4.6a)
2\eer

7w 1 w (Y 2

W (e, e, 2) := —f(sup |WCC(C,€,z)|)c , (4.6b)

2\eer

y 1

W§ (c,e,2) := W¥(c,e(u), 2) + 7< sup |Wyzz‘”(c,s,2)|)22, (4.6¢)
2\zep0

1w 1 w 2

W (c,e,2) = —7( sup |W .. (0,5,§)|)z . (4.6d)

z€l0,1]

Note that these functions are well-defined for fixed w > 0 due to (4.4). The splitting of W% with respect
to £(u) is not needed due to the convexity of W* with respect to £(u) by the structural assumption (2.19)
and the non-negativity of b in Hypothesis (V). We easily see that

WY =W + Wy =W + W
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and that

W(- e, z) is convex on R, W (-,e,2) is concave on R } for all fixed ¢, z,
W*(e,, z) is convex on RE <™ } for all fixed ¢, z,
Wg"(c,e, -) is convex on [0, 1], Wg"(c,e, +) is concave on [0, 1] } for all fixed c,e.

We will replace the terms W, W, and W, in system (1.3) by their time-discretized and regularized

versions:
Welee(u)2)  via  Wi(eh,e(ub™h), 5 10 (cE e(ub 1), 250,
W7E(C’.’Z) via W,?(C’:’E(uf)’zf)v
W.lee(u)z)  via  WEL(che(ub), 25) + WL (e e(ub™h), 2670,

By exploiting convexity and concavity estimates this time-discretization scheme leads to the crucial esti-
mate

(Wt(ch o), 2570 4 Wi (e e (a1, 267 ) (e = A1)

+WE(F e(uh), 27) s e(uf —uf™)

(W (e eul ), 28) + Wi (e, e(ub ™), 257 ) (o8 - 267
> W (e e(ub 1), 25 — W (e e(u

T ) AT

), 2E) = W (e, e(ul~

+ W¥(c¥, e(u
+W¥(c¥, e(u
> W ek, 2 (), 2) - W(h e,

T T

R

which will be used later in the proof of the discrete total energy inequality.
— We will discretize the (formally written) term ¢'(¢) = B(c) + v'(¢) in (1.3b) in the following way: As

mentioned above the maximally monotone operator 3 is replaced by its Yosida regularization 3, € C(R).
Hence, in view of the Ay-convexity of v (cf. Remark 2.1), the functions

2 CQ

v -~ C A
0u(0) = Bule) + A, 5 and dle) =) =\ 5 (4.8)
provide a convex-concave decomposition of ¢, := B\w + ~. Thus, we will approximate

¢'(c) via (6,)' () +(@)(5™")  with ¢,,, ¢ given by (4.8).

Statement of the time-discrete problem and existence result In the following we are going to describe
the time-discrete problem formally. Later on the precise spaces and a weak notion of solution will be fixed. The
time-discrete problem (formally) reads as follows:

Problem 4.1. Let w > 0 and 7 > 0 be given. Find functions {(c¥, u¥, 25, 9%)} K7 and {u¥}~ | which satisfy
for all k € {1,..., K.} the following time-discrete version of (1.3):

(i) Cahn-Hilliard system:

Dy y(c) = div (m(cE™t 2E7hywuk), (4.9a)
= = Dp(eh) + (8, (k) + (@) (571) + Wi (ek,e(uf ), 2571
F WA (a1, ) — 0 4 D(e), (4.90)



(ii) damage equation:
Dy (2) = Dp(28) + 05+ ¢F + (5)(2F) + (
= _W?sz (Civ E(U{f—_l)a Z]':) - W?sz (Civ E(U{f—
with
(€0 eo)(27),  (F € OL(—oo)(Dri(2)),
(iii) temperature equation:
D, 1(9) — div(K(9F)VO¥) + D,k (c)9% + D, i (2)0% + po* div(D; 1. (u))
= gy + D)) + | Drge(2) P +m(el™ 277 ) Vi
+a(e;™h 28 e(Drg(w) : Ve(Drp(u)),

T

(iv) balance of forces:

D 1(Drp(w)) = div (e, 2571 )Ve(Dy (W) + W(ch, e(ul), 25) - poin ) = £F,

T

supplemented with the initial data

0 0 0_,0 0 _ 90
CE _ co’ T —Oz 0 or =7 } a.e. in
u) =u’, u; =u’—7v
and the boundary data
Vb -n=0, m(cE=1 2E= )k . n =0, Vzk.n=0,

Remark 4.2. A few comments on Problem 4.1 are in order:

(1) It will turn out that a solution of the time-discrete problem always satisfies the constraints:
2k e o,1], D, k(z) <0, 9% >0 (for some ¥ > 0) a.e. in Q

as long as the initial data satisfy (2.23).

(4.9¢)

(4.9d)

(4.9¢)

(4.10)

(4.11)

(4.12)

(ii) Observe that the scheme is fully implicit and, in particular, the discrete temperature equation (4.9d) is

coupled with (4.9b), (4.9¢), and (4.9e) via the implicit term 9% featuring in D, x(c)9%, D, (2)9

k and

T

p 9% div(D; r(u)). Indeed, having 9% implicit in these terms is crucial for the argument we will develop

later on for proving the positivity of ¥, cf. the proof of Lemma 4.7.

iii e subgradients £7 an: account for non-negativity as well as irreversibility constraints for z. In the
iii) The subgradients £ and ¢* t f tivit 1l as i ibilit traints f In th
pointwise formulation we obtain by the sum rule for 25~ # 0 and by direct calculations for zF=1 =0

6[[0,00) (Z.,’f) + 6[(700_’0] (D-,-’k(z)) = 81[0700) (Z];) + 81(_0072571] (Z],ﬁ) = 31[07/;71](2’:)
and, consequently, the double inclusion in (ii) may be replaced by the single inclusion

Dri(2) = Bp(27) + & + (8)'(27) + (6) (2771

= —Wé‘jz(c’:’g(uifl)vzf) - Wg‘jz(cljag(uiil)v'zfil) + 197]?
with

&k € 0l i1 (2F).
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(iv) By assuming the additional growth assumptions

o(0) < o(2), b(c,0) < b(c,z) for all c € R,z € R with z < 0,
it is possible the prove a maximum principle for equation (4.9¢) which ensures z¥ > 0 as long as z° > 0.
In this case the subdifferential term 9| ) (2%) in equation (4.9c) may be dropped. For details we refer
to [26, Proposition 5.5].

We can now state our existence result for Problem 4.1, where we also fix the concept of weak solution to system
(4.9). With this aim, let us also introduce the nonlinear operator A* : X — H(Q)’, with

X={pen'(©: /

Q

(A¥(0),v) 11 ::AK(@)V&W@—/{M hFv de. (4.13)

K(0)VO - Vo dz is well-defined for all v € Hl(Q)},

Proposition 4.3. Assume Hypotheses (I)—(V), as well as (2.22) on (f,g,h) and (2.23) on (¢, 2°,9°,u° v?).

Then, for every w > 0 and 7 > 0 Problem 4.1 admits a weak solution

[(ck, b, 25, 08 WM, CWIR(Q) x B () x WHP(Q) x H'(Q) x HX(RY) (4.14)

TV T

in the following sense:

~ (4.92) and (4.9¢) are fulfilled a.e. in Q, with the boundary conditions Vck -n =0 and u* = d* a.e. in 0Q
( ’ Y T T T )

— (4.9b) is fulfilled in WP (Q)’,
— (4.94) is fulfilled in H'(Q)', in the form

D, 1(9) + AR (95) + D, 1.(€)9% 4+ Dy 1 (2)9% + p0 div(D, k()
= g% + |Dr k() + |Drge(2) ] + m(cE™t, 257 |Vl ]?
+a(ci!, 25 e(Dr i (u)) : Ve(Dr i (n)),

— (4.9¢) is reformulated as (cf. Remark 4.2 (ii))

Dro(2) = Dp(27) + &+ (5)'(27) + (6)'(271)

v - 4.15
= TRk, (), ) — WL (e, (), ) 1

and fullfilled in WYP(Q) with £F € 8[2571(/;) where
ZEl =z e W'P(Q)]0< 2 < 2F1) (4.16)

— the initial conditions (4.10) and the boundary conditions (4.11) are satisfied,

— the constraints (4.12) are satisfied.

We will prove Proposition 4.3 in the ensuing section by performing a double passage to the limit in a carefully
devised approximation of system (4.9), depending on two additional parameters v and p.
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4.2 Proof of Proposition 4.3
We will split the proof of Prop. 4.3 in several steps and obtain a series of intermediate results. Our argument is
based on a double approximation procedure and two consecutive limit passages. More precisely, we approximate

system (4.9) by

(i) adding the higher order terms

+vdiv (|Vpk|e2vulk) — vk to the right-hand sides of the discrete Cahn-Hilliard equation (4.9a),
+ v|cF|e2ck to the right-hand sides of the discrete Cahn-Hilliard equation (4.9b),
+ |2k k to the left-hand sides of the discrete damage equation (4.9¢),

—vdiv (|e(uf — dF)|272c(uF — dF)) to the left-hand side of the discrete momentum equation (4.9e)

with v > 0 and o > 4. In this way, the quadratic growth of the terms on the right-hand side of the
temperature equation will be compensated and coercivity properties of the elliptic operators involved in
the time-discrete scheme ensured.

(ii) Truncating the heat conduction function K and replacing it with a bounded Kj; with M € N. In this
way the elliptic operator in the discrete heat equation will be defined on H'(Q), with values in H'(Q)’,
but we will of course loose the enhanced estimates on the temperature variable provided by the coercivity
properties of K. That is why, we will have to accordingly truncate all occurrences of ¥ in the quadratic
terms.

Let us mention in advance that this double approximation, leading to system (4.21) later on, shall be devised in
such a way as to allow us to prove the existence of solutions to (4.21), by resorting to a result from the theory
of elliptic systems featuring pseudomonotone operators, cf. [39].

A caveat on notation: the solutions to the approximate discrete system (4.21) at the k-th time step, with
given Sk~ = (¢h1 k=1 k=1 9h=1) and u =2 | will depend on the parameters 7, v and M (and on w which
we omit at the moment). Therefore, we should denote them by SfW’M = (C?MM, wE 2 19}:7V7M, uﬁ,%M).
However, to increase readability, we will simply write c®, p*, 2%, 9% and u* and use the notation c&,, ..., uk,

(ck, ..., u¥, respectively), only upon addressing the limit passage as M — oo (as v | 0, respectively).

v 128}

Outline of the proof of Proposition 4.3: For given 7 > 0, the construction of the solution quintuples
Sfﬁy, u and the limit passages as M — oo and as v | 0 are performed recursively over k = 1,..., K, in the
following order:

k—2 _k—3 Ipseudo—mon. op. theory k—1 M — 00 k—1 vl0 k—1
(ST »Ur ) I Step 1 ST’V’M Step 2 ST"V Step 3 ST

k—1 . k—2 _pseudo-mon. op. theory k M—o0 k vl0 k
(ST »Ur ) I Step 1 8 vM Step 2 ST"D Step 3 ST

_ pseudo-mon. op. theory M—o0 v]0

(Sk uk 1) , Sk+1 Sk+1 Sk+1

o U T,v,M TV T

Step 1 o Step 2 Step 3

The construction of S’;MM will be tackled in Subsection 4.2.1, the limit passage as M — oo to S¥ , in Subsection

4.2.2, and the one as v | 0 to S¥ in Subsection 4.2.3. Throughout all of them, we will work under the assumptions
of Proposition 4.3, and omit to explicitly invoke them in the following statements.
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4.2.1 Step 1: Existence and uniform estimates of the time-discrete system with v- and M-
regularization.

From now on let v > 0, o > 4 and M € N. Let

K(0) ifr <O,
Ku(r):=< K(r) ifo<r<M, (4.17)
K(M) ifr>M

and accordingly we introduce the quasilinear operator .Afw in analogy to (4.13):

Al HY(Q) — H'(Q)' defined by (A5, (6),0) 1 (0 ::/ KM(Q)VQondxf/ hFvds (4.18)
Q o

Observe that, thanks to (2.17) there still holds Ky, (r) > ¢ for all r € R, and therefore by the trace theorem
<A§/I(9)>9>H1(Q) > 50||V9||2L2(Q) - Cl||9||%2(sz) - 01||h’;|\2L2(aQ) for all 0 € H1(9)~ (4.19)

We also introduce the truncation operator T3, : R — R

0 ifr<o,
Ty(r):=<9 r f0<r<M, (4.20)
M ifr> M.

The (v, M )-regularized time-discrete system at time step k reads as follows:

Dy (c) = div (m(ck_l, zk_l)Vuk) + vdiv (|w’“|@—2w’€) —vu®, (4.21a)
W= =B () + (0,)' () + (9) (P + W (M e(uh 1), 257 + W (¢ e(u ), 24
— Tar(9%) + Di(e) + v|c¥ |22k, (4.21b)
Di(2) = Ap(2*) + €5+ (8) (") + (6)' (2" 1) + v]z"|e 722"
= —W;Z(ckﬁ(uk_l), 2Py — Wé"z Fe(ub ), 2 Ty (0%)  with €F € aI[O’Zk—l](Zk), (4.21¢)
D (9) + Ay (0%) + Di(€)Tar (9) + Di(2) T (9) + pTar (9") div (D (w))
=g" + |De(0)* + [Dr(2)* + a1, ¥ e(Dr(w) : Ve(Dr(w)) + m(c" ™, 2571 Vat %, (4.21d)

Dy (Dy(u)) — div (a(ck_l, P Ve(Dg(w) + W (ck, e(uF), 2F) — pierk)ﬂ)
— vdiv (|5(uk —d")|e2e(ub — d’“)) = f*, (4.21e)
supplemented with the previously given boundary conditions. Please note that the functions ¢*, u*, 2¢, 9% and

u® depend on M, v, 7 and w whereas the functions from the previous time steps ¢*=1, k=1 zF=1 k=1 yk-1
and u*~2 only depend on 7 and w and do not depend on M and v.

We are now in the position to prove existence of weak solutions for system (4.21) by resorting to an existence
result for pseudomonotone operators from [39], which is in turn based on a fixed point argument.

Lemma 4.4 (Existence of the time-discrete system for v > 0 and M € N). Letw >0, 7 >0, k € {1,..., K},
v >0 and M €N be given. We assume that

(P ph= b 2R k=l ub ub 2y e WhP(Q) x H2(Q) x WHP(Q) x HY(Q) x H2(Q;RY) x H*(Q;R?).

Then there exists a weak solution
(cF, pF, 2 0% uk) e WhP(Q) x Whe(Q) x WhP(Q) x HY(Q) x Whe(Q;RY)

to system (4.21) at time step k in the following sense:
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(4.21a) is fulfilled in W12 (Q),
— (4.21b) is fulfilled in W1P(Q),
— (4.21c) is fulfilled in WYP(Q)" with &8 € Ol (2),
(4.21d) is fulfilled in H* (),
~ (4.21e) is fulfilled in Wy °(Q;R?Y,
— the initial conditions (4.10) and the boundary condition u* = d* a.e. on 9N are satisfied,

— the constraints (4.12) are satisfied.

Proof. Our approach for finding a solution to (4.21) for a given k is to rewrite the system as
0€ A(ck, uk, 27 0% b — d%) + oW (ck, P, 28 9k ub — db), (4.22)

where A is a (to be specified) pseudomonotone and coercive operator and 9V is the subdifferential of a (to be
specified) proper, convex and l.s.c. potential ¥. Note that both the operator A as well as ¥ will depend on
the discrete functions obtained in previous time step k& — 1, but we choose not to highlight this for notational
simplicity.

To be more precise, we introduce the space
X := WHP(Q) x Whe(Q) x WHP(Q) x HY(Q) x W, (% RY)

and the announced operator
A= A3 X - X/

given component-wise by

Ai(e,p2,0,0) = — = Ay(e) +v|e* e + (4, )( ) + (fb)'(ck*l)+Wﬁc(0,€(uk*1)vzk71)
+WE(F e (@), 2 ) = T (9) + (e — T
As(e, iy 2,0,0) = — div(m(cF1 2F"HVp) — vdiv(|Vu| 2Ve) + vp + (¢ — &7,
Ag(eopy 2,0,0) = = Ap(2) +v|2|722 4 (2 = M7 4+ (6)(T(2) + (6 )( )
+ WL (R, e (@b, T(2)) + Wi (F, e(uh 1), 2471 — T (9),

Agle, p, 2,0,0) = AX (9) + (9 =9 D 4 (e — F )71 T0(0) + (2 — 277 T (0)
+pTu @) diva+d* —u" )t =gk —je—FTHTTI P = (2= 2P
—a( A e(@+db — )T s Ve((@+ dF - o) (2R VP,

A5(C,M,Z,19,ﬁ) - (ﬁ+dk 72uk71 +uk72) 71/d1V (‘5( )|g ? (ll))
— div (a(c’H, A Ve((@+ dF - ub )l 4 W e(@ + dF), T(2)) — p‘J'M(ﬁ)ll)
— £,

33



where we make use of the truncation operator T

0 if z <O,
T(z):=12z f0<z<1,
1 ifz>1.

The potential ¥ : X — (—o0, +00] featuring in (4.22) is given by

0 f0<z<zFlae inQ,

Ule, p,z,9,0) 1= Ize-1(2) = {oo olse

where the set Z¥~1 is defined in (4.16).

We remark that for solutions of (4.22) the truncation operator T will disappear in the resulting system since
dom(97) C {(c, p,2,9,0) € X|0 < z <1 ae. in Q}. It is merely used as an auxiliary construction to ensure
coercivity of the operator A. Furthermore, the boundary values for the displacement variable are shifted to
0 in order to obtain a vector space structure for the domain X of A. As a result, we have to add d* to the
displacement u of the solution afterwards.

In following we are going to verify coercivity of A. To this end, we will estimate (A(x),z)x for every & =
(¢, i, z,9,1) € X from below:
<A($), a:>X = <A(C7 22 197 ﬁ)a (C, Hy 2, 197 ﬁ)>x = <A1(Ca s 2, 19; ﬁ)) C>W1,p(Q) + <A2(C, s 2, 19’ ﬁ)a /J/>W1,g(Q)
+ <A3(Ca 2, ﬁa ﬁ)a Z>W1,p(Q) + <A4(Ca ", 2, 19’ ﬁ)a 19>Hl(Q)
+ <A5(Ca s 2, 193 ﬁ)a ﬁ>

Wie(QRY)
= Il +IQ++I5
5 A 5 . (4.23)
We now estimate the partial derivatives Wi, and W, of Wi” and W} w.r.t. ¢, i.e.
Wi(e,e(u), 2) = We(e.e(u), 2) + (sup W2, (@ e(u), 2)]) <,
ceR
W{"’C(C,E(u), z) = —(sup \W‘;’C(E,E(u), z)|) c.
ceR
Taking into account (4.6) and Hypothesis (V) (cf. also (2.21)), we obtain
Wa(e,e(u),2)| < Cllel + 1)(1+ [e(w) ), (4.24)
Wi(e,2(w), 2)| < Clel(1+ [e(u)?) (4:25)
We can also verify that
(Wl e(u), 2)] < C(1+[e(w)), (4.26)
and
Wi (e 2(w), 2) < COL+ (), (4:27)
Wi (c.e(u), )| < O+ e(w)?). (4.28)

Estimates (4.24)-(4.28) are valid for all ¢ € R, z € [0,1] and u € R? and fixed C > 0. Taking also the
boundedness properties

T(2), 2" €[0,1] a.e. in §, Tm(9) € [0, M] a.e. in
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into account, we obtain

Wie(e,e(™h), 2571 > = C(lel + DA + [e(u" ),
Wi (et e(ub™h), 257 > =l (L + e ),
We(e,e(@+db),7(2)) > — C(1+ [e(@)]* +[e(d™)?),
Wi (e.e(u™™),7(2)) = = C(1+ |e(u*™ ),
Wi (e (@), 2571 > = O+ [e(u* 1))
Together with Young’s inequality and estimates (4.24)—(4.28), a calculation reveals for the terms Iy, ..., I5 from
(4.23) the following bounds (hereafter, we will write || - ||z» in place of || - || Lr(q) for shorter notation and we will

denote by § a positive constant, to be chosen later, and by Cs > 0 a constant depending on 4):
B = [elfy + vlelfe + 7 el =7 [ Hledo [ peds
Q Q
b [ (Bl A7 (1) = AR T ), Jedo
Q

+/Q(ch(ck_l,e(uk_l),zk_l)—‘J’M(ﬂ))cdx
> Vel + vilelg, — dllul3e — Callel2a — Cslle()l|4s — G,
b= [ me = O de Al + vl + 7 [ (o= uda
> IV llge + Vil 3 - dlluls — Collels — Cs

Iy = IV2l, + el + 7 ell2e — 7 / # s da
Q

[ (07T +@)EF) 4 W (e 1),9(2) + Wil ), 257 = T (9) 2o
Q
> [[V21%, + vzl = dll2l13: — Csllea™ Hlita — Cs,

I, = / KM(19)|V19|2dx—/ hF9 da 4+ 771|922 —T_l/ﬁk_lﬁdx
Q o Q

+T_1/ ((c—ck_l)—i—(z—zk_l)—i—pdiv(ﬁ—l—dk—uk_l))TM(ﬁ)ﬁdx—/gkﬁdm
Q Q

S+ dk— ubt 3+ dF — ukl
_/ <|(C— Ck_l)T_1|2 + |(Z _ Zk—l)T—1|2 +a(ck—17zk—1)5(u+—u) Vg(u—I_—u))ﬁdl‘
0 T

T

— [ m(F AN V29 de
Q

> col[VIIIZ: + 77 9NZ2 = 8119113 — Collh® 13200y — Csll* T IIZs — Csllellza — CsllzllLs — Cslle(@)] 74
= Cslle(d")l|7s = Csllc*H|7a = Csll=" s = Colle(@*Y)lIzs = CslIViullzs — Csllg"lI7 — Cs,

Is =v|e(@)|%, + 7 2|uf|7. + 72 / (d* —2u*! +u*?) . wda + 7_1/ a(c" AT Ve@)  e(T) da
Q Q

+T—1/Qa(ck—1,zk—1we(dk—u’f—l):s(ﬁ)dx+/vi;(c,e(mdk),ir(z)) : e(i) do

—/Qp‘J'M(ﬂ)div(ﬁ)dx—/fk~ﬁdx

Q
> vlle@)l|F, + 772 all7: — dllallF — Csllu 7 — Cslld®|3 — Csllu* 2|17, — CslI£*]17> — Cs.
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In conclusion, choosing § > 0 sufficiently small in such a way as to absorb the negative terms multiplied by §
into suitable positive contributions, we obtain constants ¢’, C' > 0 such that

(A@),@)x > ¢ (Ve + llllfe + Va8 + Il + 19208, + 1215 + 199132 + [9]3:)
+ ¢ (le@Ilg. + I§l13:) - ¢

which leads to coercivity of A by using Korn’s inequality. The pseudomonotonicity follows from standard
arguments in the theory of quasilinear elliptic equations, cf. [39, Chapter 2.4].

By virtue of the existence theorem in [39, Theorem 5.15] together with [39, Lemma 5.17], we find an « € X
solving (4.22). Thus a solution of (4.22) proves the claim. O

We now derive the incremental energy inequality satisfied by the solutions to system (4.21). This will be the
starting point for the derivation of all a priori estimates allowing us to pass to the limit, first as M — oo and
then v — 0.

Lemma 4.5 ( Incremental energy inequality for the approximate discrete system). Let (c¥, u*, 2% 9% u*) be
the weak solution to system (4.21) at time step k according to Lemma 4.4. Then, for every M € N and v > 0
the following energy inequality holds:

1% 14 1%
B, 2,05 0 ) + Dy + Sy + )y + w(uw 12 mey + 1¥113:)

_ _ _ _ _ v
<Cg)w(ck 172k 1a19k 17uk 17Vk 1)"’ Q” M 1||L9(Q)+ Q” b 1||L9(Q)+ ||5( 1)”%9(9)

+T(/gkdx+/ hkdﬂc—k/fk-vkdx) (4.29)
99 Q

+’7’/ Dy (v )dx—l—T/Q a(c"1 TN Ve(vh) s e(Dy(d)) da
+T/QW:;(C ,e(u ),zk):5(Dk(d))dx—TApTM(ﬁk)div(Dk(d))dm—T/ka - Dy(d) dz

where we set vF := Dy(u) and denote by &, the approzimation of the total energy & from (1.15) obtained by
replacing ¢ with ¢, = B, +v and W with W«.

Proof. The convex-concave splitting give rise to the following crucial estimates, (cf. also (4.7)):
(625 + B (D) (" = ) = (") — (=), (1.30a)
(@G5 + @Y )R = 271 2 0 (2F) — o(:FY), (4.300)
(Wreler (1), 2570 4 I, (et 24 ) (e — )
W (F euh), ) e(ut — w4 (T (e, (@), ) WL (R e ), 2R ) (R - 25
> WY (cF, e(uP), 2F) — W (k1 g(ubh), 251, (4.30¢)
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Moreover, we will make use of standard convexity estimates:

. 1 1
|VF P2V eh - V(e — 1) > §|Vck\p — 1;|Vck_1|p, (4.31a)
1, . 1
(ko2 ek — K1) > Tjckje — Z|cke, (4.31b)
0 0
1 1
N2 VA v L I | vl L | vl L (4.31¢)
p p
. 1 1
o R e i i (4.31d)
1% 1%
1 1
le(u?)|¢7%e(uh) s e(u® —ufTh) > Sfe(uh)] — —fe(ut T, (4.31e)
1% 1%
1 1
(uk N uk—Z) (uF —uFl) > §|uk w2 o i‘uk—l —uk22 (4.31f)

To obtain the energy estimate, we test the time-discrete system (4.21) as follows:
(4.21a) x (F — 1) + (4.21b) x T 4+ (4.21c) x (2F — 2F71) 4+ (4.21d) x T
+ (4.21e) x (0¥ —uf~t — (d¥ —d* 1))
and exploit estimates (4.30) and (4.31). O

Remark 4.6. We note that in comparison with the calculations in the First estimate in Section 3, where we
assumed spatial H2-regularity for u, we cannot test the weak formulation (4.21e) with u* — u*~! because the
boundary values of u* — u*~! are not necessarily 0.

Lemma 4.7 (Positivity of ¥%). There exists a constant ¥ > 0, independent of w, T, k, M and v, such that
9 > 9 a.e. in Q.

Proof. The proof is carried out in two steps: At first we show non-negativity of ¥* and then, in the second step,
strictly positivity as claimed is shown.

Step 1: Testing the discrete heat equation (4.21d) with — (%)~ := min{9*, 0} shows after integration over

Q:
[ 20509 =20 =097+ (Da(e) + Dule) + pdiv(Du(w) T (09)(~(0) ) o
Q T?(WW T - T

= [ (¢ +IDL@F + 1Dk + aleh™ 2+ )e(Dulw) s Vel Dulw) (<(94)) da

—_———
>0 =0
b [ mle IR (04 ) d
Q ——

>0 <0

Here we have merely used the information that ¥~ > 0 a.e. in . We obtain
[ 1@ pas<o
Q
and thus 9% > 0 a.e. in Q.

Step 2:
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The proof follows the very same lines as the argument developed in [38, Lemma 4.4 - Step 3|, hence we
will just outline it and refer to [38] for all details. Namely, repeating the arguments formally developed in
Sec. 3 (cf. (3.2)), we deduce from (4.21d) that there exists C' > 0 such that

/ Dy (W)wdx +/ K (0%)w dz > fC’/ (%) *w dx for every w € WiQ(Q)
Q Q Q

Then, we compare the functions (9%)57 with the solutions (v*)27, of the finite difference equation
w = —Cv?, with vg = 9., and we conclude that 9* > v;, a.e. in . Finally, with a comparison

argument we prove that

I
0k20k2miﬁ a.e. in € forallk=1,...,K,.
O
Lemma 4.5 and Lemma 4.7 give rise to the following uniform estimates:
Lemma 4.8. The following estimates hold uniformly in v > 0 and M € N:
I*lwre@) + 128 lwir@) + IVF ]| L2 @imey + 9% L1 () < C, (4.32a)
1 1 1
Ve ||| ey + ve 2% | ey + Ve le(uh)| peoupaxay < C, (4.32b)
vr (1982 o + I 32y ) < € (4.320)

Proof. In order to deduce estimates (4.32), it suffices to estimate the terms of the k-th time step on the right-hand
side of the incremental energy inequality (4.29) from Lemma 4.5. The following calculations are an adaption of
the calculations performed First estimate in Section 3.

— At first we observe by Young’s inequality
r [ 5V < 81V R + Ol s
TLDk(V) “Dy(d)dz < 6HVkHiQ(Q;]Rd) + 5\|Vk_1||2L2(Q;Rd) + 5| D (@)1 72 (cmay »
— 7 [ £ Du(d) do < CI o + CIDK [ 00,

By choosing § > 0 sufficiently small, the term 6||vk||2L2(Q_Rd) is absorbed by the left-hand side of (4.29).
The remaining terms are bounded due to (2.22).

— We continue with the next term on the right-hand side of (4.29) by using that v¥ = Dj(d) a.e. on 99,
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the trace theorem and Young’s inequality
T/Qa(ck_l,zk_l)VE(vk) ce(Dy(d)) dz
— _T/QVk ~div (a(c" 1, 2F 1) Ve(Dy(d))) dz + T/asz v (a(cFt 2P Ve(Dy(d))n) dS
=7 [0 (e AT (TR V(D @) o

_T/Szvk,a(ck—l’zk—l)div (Ve(Dy(d))) dz + 7 » De(d) - (alc"=1, F=1)Ve(Dy (d))n) dS
k—1

< 6Hka%2(Q;Rd) +CtsHE(Dk(d))H%OO(Q;RdXd)(| a.(c 7Zk_l)H%oo(Q)||Vck_1||2L2(Q;Rd)

 llas (e R ) V2 2 )
+ Cslla(e ™, A 2 o 7 div(Ve(Dr(@) e ey
+ C| Dy (@) 1312 (e a2 D) [ oo o [I7e (D1 (d))n) |71 (et ay -

Taking Hypothesis (IV) and (2.22a) into account, we ultimately find that
7'/ a(c*1 2R Ve(vh) s e(Dy(d)) de
Q
< 5HVkH%2(Q;Rd) + C&(chk_l||i2(Q;Rd) + ||VZk_1||%2(Q;Rd) + 1).
For small 6 > 0 the first term on the right-hand side can be absorbed into the left-hand side of (4.29).
~ Moreover, we estimate the 7 [ W¥(...) : .. -term on the right-hand side of (4.29) as follows
7’/ W‘;(ck,a(uk),zk) :e(Dg(d)) dz
Q

<A amey [ FHE ) = 7 (0) s ((0) = £°(0) do -+ Collo(DuD) [ nany

=W (ck,e(uk),zk)
which can be absorbed by the left-hand side of (4.29) for small § > 0.

— Finally,
77/ T2 (%) div(Dy(d)) dz < TpHdiV(Dk(d))HLoo(Q)/ |0%| da.
Q Q

In the end, by choosing 7 > 0 small enough depening only on p and the data d, the right-hand side can be
absorbed by the left-hand side of (4.29) (recall that ¥* is positive). O

Remark 4.9. We see that the calculation above takes advantage of the fact that the W(...)-term in the
discrete force balance equation is discretized fully implicit.

4.2.2 Step 2: Limit passage M — oc.

In the following we focus on the limit passage M — oo and keep M as a subscript in cfw, ufw zﬂ, uﬁ/j and 19’]“\4.

By adapting the proof in [38, Proof of Lemma 4.4 - Step 4] to our situation, we obtain enhanced estimates for
(3)ar-
Lemma 4.10. The following estimate holds uniformly in M € N:

9% |1 0y < C. (4.33)
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Proof. In [38, Proof of Lemma 4.4 - Step 4] estimate (4.33) is obtained in two steps which can be both applied
in our case since the additional variable ¢ enjoys the same regularity properties and estimates as z. At first
(4.21d) is tested by T (9%,) leading to the estimates

T2 (O30 1 () + 1 Tar (95) | Lawts ) < C.
Secondly, (4.21d) is tested by 9%, leading to the claimed estimate (4.33). O
Lemma 4.11. For given v > 0 there exist functions

Fewtr(Q), pk e whe(Q), K e WHP(Q) with z € [0,1] a.e. in Q,
9% € HY(Q) with 9" > 9 >0 a.e. in Q, u* € WhHe(Q;RY)

such that for a subsequence M — oo

ek, — & strongly in WHP(Q), (4.34a)
pk, — p¥ strongly in Wh(Q), (4.34b)
2R — 28 strongly in WHP(Q), (4.34c)
Ok — 9% weakly in H(Q), (4.34d)
uh, — uf strongly in Whe(Q;RY). (4.34e)

Proof. First of all, observe that the a priori estimates in Lemma 4.8 and Lemma 4.10 imply (4.34) with weak
instead of strong topologies.

The strong convergence (4.34c) may be shown by rewriting (4.21c) as a variational inequality

- /Q |V, P72V, - V(¢ - 2%,) da

T

ko k-
< / (L’Zl +(8) () + (8) (2" + y|2§4|9—2zjkw>(g — k) de (4.35)
Q
b (e 1), ) T 1), 24 1) = T (0 ) (€ 2hy) o
Q

holding for all ¢ € W1P(Q) with 0 < ¢ < 2! a.e. in Q.
To proceed we can argue by recovery sequences: By now we know the following:
0< zéfv[ < 2kt
+ + weakly in WP (Q) as M — oo.
0< Zk: < Zkfl

Due to the compact embedding W1?(Q) < C%(€2), we find another sequence denoted by z%, such that
=~k k : 1,p ~k k—1
Zy — 2" strongly in WHP(Q) as M — oo and 0<ZzZy <z

We may take, for instance, Zﬁ/[ := max{z¥ — d)s, 0} for suitable values §p; > 0 with 5y — 0 as M — oo.

We test (4.35) with the admissible function ¢ = Eﬁ/[. Taking into account the already proved weak convergences

(4.34) as well as the growth properties of the functions (¢)" and Wg"z (cf. (4.27)), we manage to pass to the
limit on the right-hand side of (4.35) and conclude that

lim sup/ —|V2k [Pk, v (E, - 2h ) de <. (4.36)
Q

M—o0
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By exploiting the uniform p-convexity of the || - [|% , Q) -function and strong W1P(Q)-convergence of the recovery

sequence, from (4.36) we deduce that ||V (25, —2%)|| 1) — 0 as M — oo. Together with ||V (25, —2")||Lr(q) — 0,

property (4.34c) is shown.

To prove the strong convergences (4.34a), (4.34b) and (4.34e), we use a lim sup—argument. We adapt the proof

from [38, Proof of Lemma 4.4 - Step 4] to our situation:

~ Let A € L/(D(Q;R?) be a weak cluster point of |Vuk, |22V uk,. Testing (4.21a) with u%, yields by

exploiting a lower semicontinuity argument

ko k-1
limsupy/ |V k|2 de = limsup/ fu,uﬂ — (L N k)2 = vk, de
Q Q

M—o0 M— o0 T

ok k1
S/f 1 fhmmf/m ,zkfl)\Vu’fw\def/ymFdx
Q Q

T M — 00

E k-1
< / — S (TP = vl e

However, the right-hand side equals v [, A - Vi dz by passing to the limit M — oo in (4.21b) and testing
the limit equation with p. In conclusion, taking into account the previously proved convergences we have

that
limsup/ \Vpk e da < / A-Vpde,
Q Q

M—o0

which results in (4.34b).

— Convergence (4.34a) can be gained with a similar argument as above, whereas (4.34¢) can be shown as in

[38, Proof of Lemma 4.4 - Step 4].

O

We are now in the position to carry out the limit passage as M — oo and conclude the existence of a solution
to an intermediate approximate version of the time-discrete system (4.9), only featuring the higher regularizing

terms and the w-regularizations, i.e. (4.37) below.

Lemma 4.12 (Existence of the time-discrete system for v > 0 and M — o0). Let the assumption from Lemma

4.4 be fulfilled. Then for every v > 0 there exists a weak solution
{(e®, 27, 0% )T, S WRP(Q) x Whe(Q) x WHP(Q) x HY () x WHe(Q;RY)
to the following time-discrete PDE system.:

Dg(c) = div (m(ck L2 hvu ) +vdiv <|Vuk|972Vuk) —vpk in Whe(Q)',
= =B, () (8, () + () () + WP e(uh 1), 25

FWE (P (), 2P — 98 4 Dy(e) + vfek|e 2 in WhHP(Q),
Di(2) = 8p(2") + €5 4 () () + (6) (P 71) + v|2F|e 722"

= Wi (¥ e(ub ), 2%) = Wy (" e(uh 1), 241 + 0F

with €8 € A1 ,1-1(2Y) in WhP(Q),
Dy (9) + A*(9%) 4+ Dy (c)9* + Dy(2)0* + po* div(Dy(u))

= 9" +|D(c)]? + |Dr(2)” + a(c" ", 2" 1)e(Dy(u)) : Ve(Dy(u))

+m(cFL 2P|V ek|? in H'(Q)',

Dy(Dy,(u)) — div (a(ck_l, P Ve(Dyg(w) + W (cF, e(uF), 2F)) — pﬁkl)

— vdiv <|5(uk — d")|e2e(uk — dk)) = fk in Whe(Q; R

41

(4.37a)

(4.37b)

(4.37¢)

(4.37d)

(4.37¢)



satisfying the initial conditions (4.10), the boundary condition u* = d* a.e. on 9Q and the constraints (4.12).

Proof. At the beginning we notice that

T (9%,) — 9F strongly in LP ~¢(Q) for all € € (0,p* — 1] as M — oo, (4.38)
which follows from the pointwise convergence Tas(9%,) — 9% as M — oo a.e. in  and the uniform boundedness
of [ Tar (%)l Lo+ () With respect to M.

We see that with the help of Lemma 4.11 and (4.38), also taking into account the growth properties of W< (cf.
(4.26)), we can pass to M — oo along a subsequence in (4.21a) for ¢ and (4.21e) for u and obtain (4.37a) and
(4.37e), respectively. The limit passages for the remaining equations are carried out as follows:

— It follows from ||, [lw1.0(q) < C and from the Lipschitz continuity of j,, that (0,) (k) = Bulchy) + Ak,
is bounded, uniformly in M and k = 1,..., K., in L°°(£2). This and the growth properties of VVVfJ(, and

Vth“fc (cf. (4.24)—(4.25)), together with Lemma 4.11 and convergence (4.38), enable us to pass to M — oo
in equation (4.21b) for u. We find (4.37Db).

— The limit passage in equation (4.21c¢) for z is managed via the variational formulation (4.35). To this end
we pick an arbitrary test-function ¢ € W1P(Q) with 0 < ¢ < 2¥~! and construct the recovery sequence

Car = max{z""1 — 6)7,0}

for suitable values d5; > 0 with §p; — 0 such that 0 < (jy < 21 is fulfilled for all M € N. Now, testing
(4.35) with ¢ps and passing to M — oo with the help of Lemma 4.11 and (4.38) yields (4.37c).

— By exploiting Lemma 4.11, property (4.38) and a comparison argument as done in [38, Lemma 4.4, Step
3] we find

AR (9% ) — AR (%) weakly in HY(Q) as M — oo.

This allows us to pass to the limit M — oo in equation (4.21d) for ¢ in order to obtain (4.37d).

4.2.3 Step 3: Limit passage v]0.

We now address the limit passage v | 0 and denote by (cF, u¥ 2% u¥), the family of solutions to system (4.37)

found in Lemma 4.11. By lower semicontinuity, estimates (4.32) from Lemma 4.8 are thus inherited by the
functions (&, %, 2k uk),. Furthermore, we obtain a uniform H'(Q)-estimate for (9%),. Indeed, since the higher
order terms

vdiv (|[Vek|e2Vul) —vpl, ... ,—vdiv (Je(uf — d")|e 2e(u) — d*))

vanish as v | 0, we loose the L?(f))-estimate for the right-hand side of the discrete temperature equation
(4.37d). Therefore, to prove this H'-bound for 9¥* we have to resort to the arguments from the proof of the
Second a priori estimate in Sec. 3, and in particular fully exploit the coercivity properties of the function K.

Lemma 4.13. The following estimates holds uniformly in v > 0:

9% 20y < C, [[(95) (5 +/2) o) < C for all a € (0,1). (4.39)
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Proof. We test (4.37d) by (9%)*~!, with o € (0,1). With the very same calculations as for the Second a priori
estimate (cf. (3.9) and also the proof of Prop. 4.18 later on), we conclude

c / K@)V (05)/?? dz + ¢ / (I (Dr@b)|* + 90 12) 95)° " da + / (1Dk(=5)] 2 + [Di(e)]?) (95)° " de
Q Q Q
kya+1 T.
< C+C/Q(19D) d

Then, with the same arguments as in Sec. 3, we arrive at [, |V (9%)(s+)/2|2 4z < C for a constant independent

of v. Ultimately, we conclude (4.39). O

By comparison arguments based on the Third estimate we then obtain uniform estimates for (u”), and for
(uk), with respect to v.

Lemma 4.14. The following estimates hold uniformly in v > 0:
[l s umey + |l @) < C. (4.40)

Proof. We proceed as in the Third estimate in Section 3: Testing the time-discrete heat equation (4.37d) with 7,
and subtracting the resulting equation from the incremental energy inequality (4.29) (the limit version M — c0).
In particular we obtain boundedness with respect to v of

k_ ik—1 k_ k=1
/ a(ck_l,zk_l)g(u” ut) : Vg(u” u) dz —|—/ m(cFt, Y| Vb2 de < C.
Q Q

T T

Hence [le(u})] 2 (o raxa) and |V | 2 (q) are bounded in v. Korn’s inequality applied to uf —d* shows the first
part of the claim, namely boundedness of ||uf|| g1 (o.ra)-

The proof of the second part makes use of the Poincaré inequality. To this end boundedness of the spatial mean
of 1% has to be shown. Testing the time-discrete equation (4.37b) with 1/|Q2| shows

Fbde = @) + @) () + e (), 4 W o), da

p, =t k|o—2 k
+][ -9y + L—— 4 vy |2 %) da.
0 T

By the known boundedness properties of (cf),, (u¥),, (2¥), and (9%),, and the growth of W{fc, Wlwc (cf. (4.24)—

(4.25)), and of (¢,,)" (affine-linear growth in ¢ due to Yosida approximation with parameter 7), we then infer
boundedness of f, u&. Together with boundedness of ||V 1f||12(q) we conclude the second part of the claim by

the Poincaré inequality. O

We then have the following counterpart to Lemma 4.11, which reflects the lesser regularity of the solution
components p* and u* as a result of the limit passage as v | 0. Its proof is a straightforward adaptation of the
argument developed for Lemma 4.11.

Lemma 4.15. There exist (cf, u*, 25, 9% u¥) € WhP(Q) x HY(Q) x WHP(Q) x HY(Q) x H'(Q;RY) and a (not
relabeled) subsequence v | 0 such that convergences (4.34a), (4.34c)—(4.34d) hold, as well as

pk = y* strongly in H(S2), (4.41a)
v|Vpk|e=2V k= 0 strongly in L¢/(@=D(Q; RY), (4.41Db)
uf — u” strongly in H'(Q; RY), (4.41c)
v|e(uF — d¥)|e=2e(uk — d*) — 0 strongly in L/ (@~D(Q; RI*Y), (4.41d)
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We are now in the position to carry out the limit passage as v|0 in system (4.37). The aguments for taking
the limits in (4.37a), (4.37b), (4.37c), and (4.37e) are completely analogous to those developed in the proof of
Lemma 4.12.

Hence we only comment on the limit passage in the discrete heat equation (4.37d). Estimate (4.39) allows us
to conclude that, up to a subsequence, (9%)(+e)/2  (9F)(r+a)/2 iy {1(Q), hence (9F)(F+e)/2 5 (yk)(sta)/2
in L67¢(Q) for all € > 0, whence, taking into account the growth condition on K, that

(6 —€)(rk+ )

K(¥,) — K(9) in L7(Q) with v = for all € > 0.

This allows us to pass to the limit in the term K(9,)V4,, tested against v € W#(Q) for some sufficiently large
s> 0. All in all, we infer that (c, i, 2,19, 1, X) solves system (4.9), with (4.9b) and (4.9¢) in W12 (Q)’, and with
the discrete heat equation (4.9d) understood in W15(Q)’.

In the next step, we will address enhancements of the regularities of u and p.

As a by-product we will obtain the discrete heat equation (4.9d) understood in the H' () -sense.

4.2.4 Step 4: H2-regularity of u* and p¥ and conclusion of the proof of Prop. 4.3

To complete the proof of Proposition 4.3 we have to improve the regularity of u* and p*. This is achieved by
transforming the corresponding equations in a way that enables us to apply standard elliptic regularity results.

Lemma 4.16. We get u* € H%,(Q) and u* € H?(Q;R?) for the functions obtained in Lemma 4.15.

Proof. We will use an iteration argument as in [38, 24] (see also [2]) and sketch the proof for the case d = 3,
since the calculations for d = 2 are completely analogous.

We already know that pu* € H'(Q) satisfies the elliptic equation
/ m(c* YV Vwde = / —Dy(c)wdx for all w € H' ().
Q Q

Substituting w = W € H'(Q) for an arbitrarily chosen test-function ¢ € H'(Q2) yields

—Dx(c) m (k=1 2P 1)Vek=1 fom (P12 )Wkt
v k v _ k , ) , ) v k
/Q e vede = /Q (m(ck—l,zk—l) + m(ck—1 zk=1) VH )Cdx

valid for all ¢ € H'(Q2). Note that, due to Hypothesis (II) and the fact that ¢*~1 2k~ € W1P(Q) and Vu* €
L?(Q;R%), the function in the bracket on the right-hand side is in L?/(?*P)(Q). Applying a higher elliptic regu-
larity result for homogeneous Neumann problems with L%/ (2+P)(Q)-right-hand side proves u* € W22/ (2+p) ()
and thus Vu* € Lﬁp/(6+p)(Q;Rd). Due to p > 3 we end up with p* € HZ%(Q) after repeating this procedure
finitely many times (cf. [24, Proof of Lemma 4.1]).

The proof for obtaining u* € H?(Q;R?) from the elliptic equation (4.21e) in H}(Q; R™)" works as in [38, Proof of
Lemma 4.4 - Step 6] (cf. also [24]), with the exception that one needs to take the Dirichlet data d* € H?({; R9)
into account. This is the very point where we need to assume that V = wC for some w > 0 (cf. (2.20)). O

The enhanced regularity for u* yields, by a comparison argument in (4.9d), that (4.9d) not only holds in
Whs(Q)’ for large s > 1 but even in H(2)".

Finally, we end up with a quintuple {(c¥, %, 25, 9% uk)} 7 C WhP(Q) x HZ (Q) x WP (Q) x H'(Q) x H2(Q; R?)
satisfying the assertion stated in Proposition 4.3.

This concludes the proof. O
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4.3 Discrete energy and entropy inequalities

We introduce the left-continuous and right-continuous piecewise constant, and the piecewise linear interpolants
for a given sequence {bﬁ}f;o on the nodes {tﬁ}f;o (see 4.1) by

b, :(0,T) — B defined by b, (t) :=h*
b, :(0.7) > B defined by b (1) := b7 for ¢ € (¢571,¢£].
b‘l’ : (O,T) — B deﬁned by hr(t) = t— t hk t ‘—t hk 1

Furthermore, we denote by t, and by t, the left-continuous and right-continuous piecewise constant interpolants
associated with the partition, i.e. t,(t) := ¥ if t*=1 < ¢ < ¥ and t (t) := tF~1 if t¢=1 <t < k. Clearly, for
every t € [0,T] we have t,(¢t) L t and t, (¢) Tt as 7] 0.

Proposition 4.17. Let the assumptions of Proposition 4.3 be satisfied. Then the time-discrete solutions
{(ck, b, 25 0% B Y to Problem 4.1 fulfill for all0 <s <t <T

T 7—7

(i) the discrete entropy inequality

t,(t) T (t)
/ / (log(¥,.) + ¢, + z,)0rpr dzdr — / / div(dyu, )@, dzdr
tr tr(s) JQ

t-(t)
/ / )Vlog(d,) - Vg, dzdr
t

< /Q (log(V(t)) + - (t) + Z-(1))P,(t) do — / (log(V-(5)) + 2+ (5) + %7 ()P, (5) dz

t(t)
/ / |V log(9,)*5, dadr
tr

t- (1)
/ [ o 01l 10050+ a2, )e @) V(@yn) + ey 2,) V) 2 o
tr

/tT t)/ Tff as dr,
o0 ‘r

for all ¢ € CO([0, T); White(Q)) N HY(0, T; L) (Q)) for some e > 0, with ¢ > 0;

(4.42)

(ii) the discrete total energy inequality

Eu(Cr (1), 22 (1), 07 (1), W, (1), ¥, (1))
< E,(E:(5),2-(5),0.(s), U, (8),
) £

w(c v-(s))
Bt ®) HON
/ / dzdr + / / o vododr+ / hrdSdr (4.43)
t(s) Q t-(s) JOQ

-

t(t)
/ / 8td dSdr

with the discrete stress tensor

o= alc,,2,)Ve(Opur) + WL(er,e(Uy), zr) — pi, 1.

T ET

Proof.
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To (i): The proof is based on [38, Proof of Proposition 4.8]. Testing the time-discrete heat equation (4.9d) for
k
time step k with £ € H'(Q) shows

[ (55 4+ 102k + Dsta) e AP ) 2
Q
+/ (b1, 2FNe(Drs()) : Ve(Dyp(u ))“’Td +/ 1P g
9 T ' T T, . 19k T 1}k
k 1
< [ (K@hvok- 952 4 (2 (t00(0%) ~ oa(05 ™) + Drs(c) 4 Drale) + paiv(Draf) ) o
Q T

by using the concavity estimate

9F — gkt -
g < log(9%) ~ log(0s™).
Summing over k = @ +1,..., E’@ and using discrete by-part-integration proves (4.42).

To (ii): The total energy inequality is inherited by the incremental energy inequality (4.29) of the (M, v)-regularized

system in Lemma 4.5. Indeed, let 0 < s < ¢ < T. Passing to the limits M — oo and v | 0 in (4.29) by

tT(t)

means of lower semicontinuity arguments and then summing over j = @ +1,.. yields

E(@n (1), 2 (8), 0, (1), 0, (1), 9, (1))

§é”w(cT(s),zT(s),ﬁT(s),uT(s),vT(s))—|—/tT(t) (/SgTdaH— R ds+/Q i dex> dr

t-(s)

T, (t) tr (1)
/ /ath oyd, dxdr—i—/ / ¢, 2.)Ve(v,) 1 e(0id;) da dr
tr(s)

t- (1)
/ W (Cr,e(Ur), zr) : €(0¢d )dxdr—/ /pﬂ div(0:d,) dz dr
i £ (s)

t, t)
/ /f - 0yd- da dr.

Finally, integration by parts in space and using (4.9e) shows

I
~
iy

t,(t) . B
I = / / Opv, —div ( (crr2,.)Ve(Vy) + WE(Cr,e(U;),Z,) — pﬂT]l) . f.r> - Oyd, dzdr
tr

=0

/ / 2,)Ve(Vy) + WE(er,e(Ur), 2r) — p@T]l)n -0yd, dSdr
t(s) Joq

t-(t)
/ / o.n)-0d,dSdr.
t- o0

4.4 A priori estimates
The aim of this section is to customize the a priori estimates which we have developed in Section 3 to the time-

discrete setting described in Problem 4.1, for a time-discrete solution (¢;, ¢, , ¢+, iyy Zry Zpy 27y Uy Oy Oy Ury 0, Vi, V)
(recall that v¥ = Dy (u) for all k € {1,...,K,}. Let us mention in advance that, in this time-discrete setting
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we are only able to estimate (cf. (4.51) below) the supremum of the total variation (log(¥,), @)y 1.a+e over all
test-functions ¢ € Whate(Q) with llollwr.are) < 1, which is a slightly weaker result than the Seventh a
priori estimate in Section 3 however strong enough to apply the compactness result proved in [38, Theorem
A5

Proposition 4.18. Let the assumptions of Proposition 4.3 be satisfied. Then the time-discrete solutions
{(ck, pk, 2k 9F u’j)}ff;l to Problem 4.1 fulfill the following a priori estimates uniformly in w > 0 and 7 > 0:

[C- o 0,71 e () + ezl 0.mwrr @) < C, (4.44)
llerll 10,1522 (@))nLee (0,7;wr e (2)) < O (4.45)
1Ay (@)l 20,7502 (0)) < C, (4.46)
17-ll220,iL20)) <€ with 7, := B (), (4.47)
1Bl 220,312 (0)) < €, (4.48)
127 |o 0, m;wrw () + 27 | Lo 0, 0w () < C (4.49)
27 || 10,7522 ()N (0,3 W rr () < C, (4.50)
1971 2 (0,7:1 (@)L= (0. 7521 (02)) < C (4.51)
H(@T)HTW HLQ(O’T;HI(Q)) < Cy for all a € (0,1), (4.52)
| Jog(9-)| L2 (0,511 02)) < C, (4.53)
17 (| oo (0,752 (2R )y + [0r [ oo (0,712 (R2)) < O (4.54)
|l g1 0,132 (R4 ) AW o0 (0,75 17 (5r4Y) < C, (4.55)
VeIl L2 0,7: 52 (R4 nH 0,1522 (2R ) < C (4.56)
as well as
sup Var ((log(9-), @)wr.a+e;[0,T]) < Ce  for all € > 0. (4.57)
W< (), lplly 1, () <1

Under the additional assumption (2.49) we also have

19+ l8v ([0, 11w 2 a+e()y) < Ce  for all € > 0. (4.58)

Proof. The proof mainly follows the lines in Section 3. Besides this, the estimates for the time-discrete variables
zr, ¥, and u, are based on [38, Proof of Proposition 4.10]. To avoid repetition we will refer to the estimates in
Section 3 when necessary.

(i) The time-discrete total energy inequality from Proposition 4.17 (ii) implies the following estimates (see
First a priori estimate):

1871l Lo (0,m5w12(2)) + V22|l Lo 075w 10 (ire)) + 1071 Lo 0,701 (0)) + Vel oo (0,7:22(0e)) < C.

(ii) The Second a priori estimate is performed by testing the time-discrete heat equation (4.9d) with
F'(9%) = (9%)2~! with o € (0,1) and the concave function F (1) := 9/, we obtain

/ (95 + 1Dk (O)F + [Drp(2) + m(ch ™, 2570 Vb ) P (9%) da
Q

+ / a(cE1, 5 V)e(Dy (W) s Ve(Do (W) F (0 da + [ BEF/ (%) dS
Q o0

; / F(7) - FOFY K(9F)Vok - V(F' (9%)) dz
Q T

n /Q (Dﬂk(c) + Dy(2) + pdiv(DT,k(u)))ﬁ’:F’(ﬂﬁ)dx
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by using the concavity estimate (9% — 9*~1)F/(9%) < F(9¥%) — F(9%~1). Multplication by 7 and summing
over k = 1,...,t,(t)/7 shows for every t € (0,T] the precise time-discrete analogon to (3.8). With the
same calculations as in Section 3 we end up with

(9, ¢+

19+ 20,311 (20)) < C, [z20,7;11(2)) < Cla-

(iii) By testing the time-discrete heat equation (4.9d) with 7, integrating over ), summing over k and sub-
tracting the result from the total energy inequality (4.43) we obtain the Third a priori estimate:

[0terll2@) + VR L2(@iray + [10r27 (| 22(@) + 0¢0r | 20,111 (Ra)) < C
as well as
127l o= (0, 7;wr0()) + [l Los (0,711 (@sraY) < C-

(iv) The Fourth a priori estimate is obtained by testing the time-discrete force balance equation (4.9¢) by
—7div(Ve(vk)). The calculation in Section 3 carry over to the time-discrete setting. However, let us point
out that the discrete analogue of (3.29) is given by the convexity estimate

£ (1) £ (1)
_ / / v - div(Ve(¥,)) deds > — / yvs - (Ve(¥,)n) dS ds
0 Q 0 o0

+ [ 5o 0) Ve ) do = [ Sev) s Ve(vO) .

With analogous calculations we arrive at

el a1 0,132 (R ) + [Tr | Loo 0,7 12 (2sr4Y) < C,

VeIl e 0,752 (R ) AL (0,1 HY (RA)NL2 (0,132 (:R)) + V7| oo (0,757 (R4 L2 (0,1 2 (2sma)) < C.

(v) For the Fifth a priori estimate we test (4.9b) with c® — mg where mg := f, ¢” dz. With exactly the
same calculations as in Section 3 we find

17220111 (0)) < C-
(vi) A comparison in (4.9b) as done in the Sixth a priori estimate gives
18p (@)l L2(0,7522(0)) + 1Tl 200,13 02(0)) < C-

(vii) Estimate (4.51) can be shown by utilizing the calculations in [38, Proof of Proposition 4.10 - Sixth estimate]
and additionally noticing that {¢, },~o is bounded in BV ([0, T]; L?(£2)) due to the Third estimate. We thus
obtain (4.57).

(viii) The Eighth a priori estimate works as in Section 3 and yields (4.58).

(ix) The Ninth a priori estimate works as in Section 3 and yields (4.48).

Remark 4.19. We observe that (4.57) implies the uniform bound
og(97)l| Low (0,7 wr.ate () < Ce-
Moreover, by interpolation we infer from (4.51) that (see (3.21))
WTHLh(Q) <C
with h = 8/3 for d = 3 and h = 3 for d = 2.
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5 Proof of Theorem 2.6

In this last section we are going to perform the limit passages as 7 | 0 and w | 0 in the time-discrete system
(4.9), for which the existence of solutions was proved in Proposition 4.3. This will lead us to prove Theorem 2.6.

5.1 Compactness

We shall adopt the notation from the previous section. In particular for fixed w > 0 we let
(CryCry CryThyy Zry Zpy 20y Ory O, O, W, 1, Vi, V) be a time-discrete solution on an equi-distant partition of [0, T']
with fineness 7 > 0 according to Proposition 4.3.

Lemma 5.1. Let the assumptions from Proposition 4.8 be satisfied and w > 0 be fized. Then there exists
a quintuple (¢, u, z,9,u) satisfying (2.26)—(2.30) such that along a (not relabeled) subsequence, as T | 0, the
following convergences hold:

Croc, e weakly-star in L°°(0,T; WP (Q)), (5.1)
e weakly-star in L°°(0,T; WHP(Q)) N H' (0, T; L*(R2)), (5.2)
A,(Er) = Ay(e) weakly in L*(0,T; L*(2)), (5.3)
Cr,Cr—cC strongly in L*(0, T; WYP(Q)) for all s € [1,00), (5.4)
. =N weakly in L*(0,T; L*(R)) with n = B,(c) a.e. in Q, (5.5)
, —p weakly in L*(0,T; H3(Q)), (5.6)
Zry 2, 2 2 weakly-star in L™ (0, T; WHP(Q)), (5.7)
PN weakly-star in L°°(0,T; WHP(Q)) N H' (0, T; L*(R2)), (5.8)
Zry 2y — 2 strongly in L>(0,T; X) for all X such that W P(Q) € X C L*(Q), (5.9)
Zr = 2 strongly in C°([0,T]; X) for all X such that W*P(Q) € X C L*(Q), (5.10)
N weakly in L*(0,T; H(Q)), (5.11)
log(9,) = log(¥9) weakly-star in L*(0,T; HY(Q)) N L®(0, T; WHaE(Q))  for every e > 0, (5.12)
log(d,) — log(¥) strongly in L*(0,T; L*(Q)) for all s € [1,6) if d =3, and all s € [1,00) if d = 2,
(5.13)
log(V,(t)) — log(9(t))  weakly in H'(Q) for almost all t € (0,T) (5.14)
(the chosen subsequence for T ] 0 does not depend on t),

9, =0 strongly in LY(Q x (0,T)) for all ¢ € [1,8/3) for d =3 and all ¢ € [1,3) if d = 2,
(5.15)
i,u, > u weakly-star in L°°(0,T; H?(Q; RY)), (5.16)
u, > u weakly-star in H*(0,T; H*(Q;RY)) n W (0, T; H*(Q;RY)), (5.17)
-, u —u strongly in L>(0,T; X) for all X such that H*(Q;R?) € X C L?(; RY), (5.18)
u, - u strongly in C°([0,T); X) for all X such that H*(Q;R?) € X C L?(;RY), (5.19)
Ve =Wy weakly in L?(0,T; H*(Q; RY)), (5.20)
v, =Wy weakly in H'(0,T; L*(Q; RY)) N L?(0, T; H*(Q; RY)). (5.21)

Under the additional assumption (2.49) we also have for all € > 0 that ¥ € BV ([0, T]; W2+<(Q)") and

9 =0 strongly in L*(0,T;Y) for all Y such that H'(Q) € Y ¢ W>4T¢(Q)’, (5.22)
9 () — 9(t) strongly in W2<(Q) for all t € [0,T). (5.23)
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Proof. We immediately obtain (5.1), (5.2), (5.6), (5.7), (5.8), (5.11), (5.16), (5.17), (5.20) and (5.21) from the
estimates (4.44)—(4.56) in Proposition 4.18 by standard weak compactness arguments.

From the regularity result [41, Thm. 2, Rmk. 3.5], we infer for every 1 < § < % the enhanced regularity
Cr,c, € L?(0,T; Wt9P(Q)) together with the estimate

[Ex |20, 7w 50 () + ez 220, msw 1450 (0)) < Cs.

In combination with (4.44) and (4.45), the application of the Aubin-Lions compactness theorem yields (5.4).
Now we choose a subsequence 7 | 0 such that A,(¢;) — S in L?*(Q) for an element S € L?*(Q) possible due to
(4.46). Taking ¢, — ¢ in L?(Q) into account, we may identify S = A,(c) by the strong-weak closedness of the
maximal monotone graph of A, : L?(Q) — L?*(Q). We then conclude (5.3). Analogously, (5.5) ensues from the
strong-weak closedness of the graph of the maximal monotone operator (induced by 3,) B : L2(Q) — L*(Q). In
addition, (5.9), (5.10), (5.18) and (5.19) follow from (4.49), (4.50), (4.54) and (4.55) via Aubin-Lions compactness
results (see [42]).

It remains to show the convergences for 9, and log(¥,). Here we proceed as in [38, Proof of Lemma 5.1]. We
use the boundedness properties (4.53) and (4.57), and apply the compactness result [38, Theorem A.5] which
is based on Helly’s selection principle. We obtain a function A € L2(0,T; H*(Q)) N L>(0, T; Whd+<(Q)) for all
e > 0 and a further, (again not relabeled), subsequence such that

log(¥,) = X weakly-star in L?(0,T; H*(Q)) N L>=(0, T; Whit<(Q))),
log(9,(t)) — A(t) weakly in H'(Q) for a.a. t € (0,T).

Here the chosen subsequence for 7 | 0 does not depend on ¢ in the latter convergence. We also infer from above
that

log(¥;(t)) — A(t) strongly in L°(Q) for a.a. t € (0,7) and all s from (5.13).

By also exploiting the boundedness of || log(V-) || 120,711 ()N Lo (0,7;w1.4+¢(q)) and the interpolation inequality
(2.8) with X = HY(Q), Y = L*(Q) and Z = WH4T¢(Q) we infer that the sequence {log(?,)}, is uniformly
integrable in L2(0,T; L*(£2)). Application of Vitali convergence theorem proves

log(9,) — A strongly in L*(0,T; L*(Q)) for all s from (5.13).

Comparison with (5.11) yields A = log(+)) and hence (5.12), (5.13) and (5.14). The uniform bound (4.51) shows
uniform integrability of {9, }, in LY(Q) with ¢ € [1,8/3) for d = 3 and ¢ € [1,3) for d = 2 (cf. (3.21)). Vitali’s
convergence theorem proves the strong convergence (5.15).

In particular we find U, (t) — 9(t) strongly in L*(Q) for a.e. t € (0,T) (where the subsequence of 7 | 0 is
independent of ¢). By the boundedness [V, (t)||z1(q) < C uniformly in ¢ and 7 (see (4.51)) we infer by lower
semicontinuity that ¥ € L>°(0,T; L*(2)). Furthermore, by considering a weak cluster point (5T)K+Ta — Sin
L2(0,T; H()) and identifying S = (9,) "% via a.c. limits from above we also obtain 9"%* € L2(0,T; H(Q)).
Finally, under the additional assumption (2.49) convergences (5.22) and (5.23) follow from an Aubin-Lions type

compactness result for BV-functions (cf. e.g. [39, Chap. 7, Cor. 4.9]), combining estimate (4.51) together with
the BV-bound (4.58). For further details we refer to [38, Proof of Lemma 5.1]. O

5.2 Conclusion of the proof of Theorem 2.6
Here is the outline of the proof:

1 First, for fixed w > 0 we will pass to the limit as 7 | 0, (along the same subsequence for which the
convergences in Lemma 5.1 hold), in the time-discrete system (4.9). We will thus obtain an entropic weak
solution (in the sense of Definition 2.4), to the (initial-boundary value problem for the) PDE system
(1.3), where the maximal monotone operator 8 and the elastic energy density W are replaced by their
regularized versions 3, and W«.
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2 Secondly, we will tackle the limit passage as w | 0.

Observe that the limit passages 7 | 0 and w | 0 cannot be performed simultaneously, because in the time-
discrete system from Problem 4.1 the (partial) derivatives of the convex- and the concave-decompositions (4.6)
may “explode” as w | 0. However, the convex-concave splitting shall disappear in the limit 7 | 0 for fixed w > 0
in the corresponding PDE system.

Limit passage 7 | 0 First of all, we mention that from the time-discrete damage equation (4.9¢c) we derive
the following inequalities (for details we refer to [21, Section 5.2]; see also [38, Proof of Theorem 1] and [37,
Proof of Theorem 4]):

— damage energy-dissipation inequality: for all t € (0,77, for s = 0, and for almost all 0 < s < t:
T (t) 1
/ / |02, |2 da dr +/ (|sz(t)p +(5) (Z,(t)) + (6)'(zT(t))> dz
t(s) JQ Q \P
1
< [ (GIveor + @/ Grlo) + 6) ) da (5.21)
Q

t () y A _
+/ / Orzr (—W&Z(ET,E(QT),ET) -Wg.(ere(u,), z,) + 197) dz dr;
T Q

tr(s)
~ damage variational inequality: for all ¢ € L*(0,T; WHP(Q)) with 0 < ¢ < z.:

/ / (|V§T|p_2VET V(¢ =2:)((0427) + (8) (Z7) + () (2,)) (¢ — ZT)) dadr
0o Jo (5.25)

T
[ ] (Wsteretan) 2 + Wiere(a,).2) = 7)€~ ) dadr 20,
0 Q

The limit passage 7 | 0 in the damage energy-dissipation inequality (5.24), in the damage variational inequality
(5.25), in the entropy inequality (4.42), in the total energy inequality (4.43) and in the equation for the balance of
forces (4.9¢) works exactly as outlined in [38, Proof of Theorem 1] by taking the growth properties (4.24)—(4.28)
into account (for fixed w > 0) and needs no repetition here.

We end up with properties (ii), (iii), (iv) and (v) of Definition 2.4, keeping in mind that W(c,e(u), z),
W.(c,e(u),2) and W(c,e(u), z) are replaced by their w-regularized versions W¢(c,e(u),2), W% (c,e(u), 2)
and W¢%(c,e(u), 2), respectively. Let us comment that in the limit 7 | 0 of (5.25) we are only able to ob-
tain a “one-sided variational inequality” which still suffices to obtain a weak solution in the sense of Defini-
tion 2.4 (see (2.41)). Furthermore, following the approach from [21, Proof of Theorem 4.4], the subgradient
¢ € L*(0,T; L*(Q)) fulfilling £ € 0I}g 150)(2) a.e. in Q can be specified precisely as

+
§=—-1p—0y (0'(2) +W.(c,e(u),z) — 19) a.e. in Q,

where 1.0} : @ — {0,1} denotes the characteristic function of the set {z =0} C Q and (-)* := max{0, -}.

It remains to show the limit passage as 7 | 0 in the Cahn-Hilliard system (4.9a)—(4.9b). This can be achieved
via standard convergence methods by exploiting the convergences shown in Lemma 5.1 and noticing the growth
properties (4.24)-(4.28). This leads to property (i) from Definition 2.4 where W .(c,e(u),z) and § should be
replaced by W% (c,e(u), z) and 3, respectively.

Limit passage wl0 In the subsequent argumentation we let S, = (¢, fhw, 2ws Vw, Uy) be an w-regularized
weak solution, i.e. an entropic weak solution in the sense of Definition 2.4 where the W, W ., W ., W, and
p-terms are replaced by W«, W&, W<, W¢ and B, respectively. We observe that the a priori estimates in
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Proposition 4.18 are inherited by the weak solutions S, via lower semicontinuity arguments. Hence we obtain
the same convergence properties for w | 0 as for 7 | 0 in Lemma 5.1 where (5.5) should be replaced by

M, —n weakly in L*(0,T; L*(Q)) as w | 0 with n € B(c) a.e. in Q. (5.26)

Indeed, to prove (5.26), let 1, = Bu(cw) — S in L?(Q) for w | 0 for some element S € L?(Q). By convexity of
the operator 3, : L?(Q) — R we find

Vw e LAHQ) 1 Bulcw) + (Bulcw),w — co)r2(q) < Bulw). (5.27)

Since {f.} is the Yosida-approximation of 5 we conclude that (cf. [39, Lemma 5.17])
Vw e L2(Q):  By,(w) — B(w) strongly in L2(Q) as w | 0 and lim$i()nf Bu(cw) > Blo). (5.28)

Thus by (5.26) and (5.28) we can pass to the limit w | 0 for a subsequence in (5.27) and obtain 1 € 98(c).

The main feature for the passage w | 0 in the PDE system is the following observation: From (4.44) and (4.45)
we infer via the compact embedding WP (Q) € L>(Q) that for all w > 0

lewllL=(@) < C-

An important consequence is that in combination with the definition of R, in (4.3) we find for all sufficiently
small w > 0 that R, (c,) = ¢, a.e. in Q and thus

W(cw,e(Uw), z0) = W9 (o (W), 20),  Wielew,e(uy), 20) = WE(cw, e(uy), 2), .
Welew,e(Uw), 20) = WE(cw,e(0w), 20), Wa(cw, e(Uw), 20) = W (cw, e(Uw), 20)- a.e. in Q.

Then, the limit passage w | 0 in the w-regularized versions of (i)-(v) in Definition 2.4 works as for 7 | 0.

This concludes the proof of Theorem 2.6. O
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