CONVERGENCE ANALYSIS OF TIME-DISCRETIZATION SCHEMES FOR

RATE-INDEPENDENT SYSTEMS

DOROTHEE KNEES

ABSTRACT. It is well known that rate-independent systems involving nonconvex energy func-
tionals in general do not allow for time-continuous solutions even if the given data are smooth.
In the last years, several solution concepts were proposed that include discontinuities in the
notion of solution, among them the class of global energetic solutions and the class of BV-
solutions. In general, these solution concepts are not equivalent and numerical schemes are
needed that reliably approximate that type of solutions one is interested in. In this paper we
analyze the convergence of solutions of three time-discretization schemes, namely an approach
based on local minimization, a relaxed version of it and an alternate minimization scheme. For
all three cases we show that under suitable conditions on the discretization parameters discrete
solutions converge to limit functions that belong to the class of BV-solutions. The proofs rely

on a reparametrization argument. We illustrate the different schemes with a toy example.
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In recent years, several discretization schemes were proposed and applied in order to approximate

solutions z : [0,7] — Z of doubly nonlinear differential inclusions of the type

0 € OR(0y2(t)) + D,I(t, 2(t)), =2(0) =z, t €[0,T)

(1.1)

for the rate-independent case. In this case, the functional R : X — [0, 00) (with Z C X) is convex

and positively homogeneous of degree one. A variety of material models for complex solids rely
on evolution laws of the type (1.1). There, R describes a dissipation (pseudo) potential while

J:]0,T] xZ — R is a time or load dependent stored energy functional. In many cases, the
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mapping z — J(t,z) is not convex. It is a well known fact that (1.1) with a nonconvex (but
smooth) functional J in general does not allow for solutions that are continuous on the whole
time interval [0,7T]. Several different solution concepts that include discontinuities in the notion
of solution were proposed in the literature. Here, we mention the concepts of (Global) Energetic
Solutions (GES), Balanced Viscosity and vanishing viscosity solutions (BV-solutions) and different
types of local solutions. In the nonconvex case (i.e. J is not convex), GES and BV-solutions imply
substantially different jump criteria and thus the solution concepts are not equivalent. It is a
question of modeling to decide which type of solutions is most appropriate for a given problem.
From a numerical point of view discretization schemes are needed that approximate reliably the
type of solutions one is interested in.

In literature, many different schemes are discussed for the approximation of (1.1). For simplify-
ing the following presentation we assume an equidistant partition of [0, 7] with 0 = ¢} < ... < ¥,
N eN, 7N =T/N, tkN = k7. Moreover, let X be a Banach space and Z,V Hilbert spaces such
that Z € V C X with compact and continuous embeddings, respectively.

Global energetic solutions z : [0,7] — Z are characterized by the following global stability
condition (S) and energy balance (E): for every ¢ € [0,T]

I(t, 2(t) < I(t,v) +R(v — 2(¢t)) forallv € Z, (S)
I(t, 2(t)) + dissx(z, [0,t]) = J(0, z0) + /0 OI(r, z(r)) dr. (E)

Here, dissz(2,[0,]) = SUDpartitions (t:); of [0,¢] Zf\il R(z(t;) — 2(t;—1)) quantifies the dissipation
with respect to R along the curve z. GES can be approximated by a time incremental global
minimization scheme (we omit the index N):

2(0) = 29, 2z € Argmin{I(tx,v) + R(v — 2zk—1);v €2}, 1<k<N, (1.2)

for details we refer to [Mie05, MR15].
BV-solutions and vanishing viscosity solutions can be obtained starting from the viscously reg-
ularized minimization problem

2M(0) := 20, 2z, € Argmin{I(tg,v) + R(v — 2}/_) + 4= [lv — 2|y vez}. (1.3)

The parameter p > 0 plays the role of a viscosity parameter and the choice of the norm in the
quadratic term is a question of modeling. For N — oo, u — 0 and /7 — o0, suitable interpolants
of (zi)o<k<n converge to vanishing viscosity solutions belonging to the class of BV-solutions, see
e.g. [MRS16, Theorem 3.12]. In Section 1.1 we give the definition of parametrized BV-solutions
in the spirit of [MR15, Definition 3.8.2]. This will be the framework we are working in. Let us
remark that for computations it is often difficult to find a good choice for i in dependence of T,
see e.g. [KS13], where this approach is investigated analytically and computationally for a crack
propagation model.

Several alternatives to (1.2) and (1.3) were proposed and applied in literature. However, a
detailed convergence analysis is missing in many cases and it often is even not clear which type
of solutions might be approximated in the limit. In some cases it has been shown that the limit
function is a local solution which means that z : [0,7] — Z satisfies 0 € OR(0) + D,I(¢, z(¢)) for
almost every t together with the energy dissipation estimate

t1

I(t1, 2(t1)) + dissw (2; [to, t1]) < I(to, 2(t0)) + [ 9I(r, 2(r)) dr

to
that is valid for every 0 < tg < t; < T, see for instance [MR15, Chapter 1.8]. The class of local
solutions comprises both, GES and BV-solutions, and it is the most general and weakest notion
of solutions for rate-independent systems of the type (1.1).



In this paper, we focus on three discretization schemes: A local minimization approach originally
proposed in [EMO06], a relaxed version of it that is closely related to a scheme discussed in [ACFS17]
and a modified alternating minimization scheme including a penalty term. These schemes will be
analyzed in an abstract infinite dimensional framework for a semilinear model equation. This
framework is general enough to be applied to basic models from ferroelectrics, see Section 5.3.
However, for more complex models with stronger nonlinearities, like for instance damage models,
the analysis has to be adapted accordingly. In all three cases it turns out that the limit functions
belong to the class of BV-solutions and thus are different from global energetic solutions.

Let us discuss the results in more detail. The precise assumptions on the functionals R and J
are collected in Section 1.1.

Local minimization: The following scheme was first proposed in [EMO06]. Let A > 0. For
k > 1, the quantities z,'Z and tZ are iteratively defined as

2 € Argmin{ I(t}_,,v) + R(v — 28 |); v € 2, l|lv— 2271|‘V <h} (1.4)
tp =min {t{_, +h— ||z — 24|, T} - (1.5)

Observe that the time increment is not fixed a priori but it is a result of the minimization procedure.
Thus, the scheme has a time adaptive character with finer time steps at those points where the
solution might develop a discontinuity. It is proved in [EMO06] in finite dimensions that for h — 0
suitable interpolants converge to (parametrized) BV-solutions. However, it is not shown that the
desired final time 7" is reached after a finite number of minimization steps and that the interpolating
curves have finite arc-length. Thus in that paper it was not clarified whether in the limit h — 0
the original problem (1.1) is solved on the whole time interval [0,T]. A version of this approach
was investigated in [Negl4] in the infinite dimensional setting. Also here, it was not clarified
whether the time T is reached after a finite number of steps. A further variant of (1.4)—(1.5)
was investigated in [NS16] in the context of a cohesive fracture model. However, in contrast to
(1.4)—(1.5) the time increment in [NS16] is fixed a priori and scaled with a (nonexplicit) constant c.
Thus, this version does not have the time adaptive character of the original scheme (1.4)—(1.5). In
Section 2, we provide a full convergence analysis for (1.4)—(1.5) in the infinite dimensional setting.
In particular, we prove that T is reached after a finite number of steps and we derive a uniform
(with respect to h) estimate for the piecewise constant interpolants of the incremental values
(z1)k, in BV([0,T7];2), see Proposition 2.3. This estimate allows us to apply a reparametrization
technique and to identify a limit system that is satisfied by limits of the incremental solutions, see
Theorem 2.5. It turns out that the limits are parametrized BV-solutions.

Relaxed local minimization: The scheme discussed in Section 3.1 can be interpreted as a
relaxed version of (1.4)—(1.5). Given N € N, a time-step size 7 = T/N and a parameter n > 0 we
define for 1 <k < N and ¢ € Ny: t, = kT, 250 := 251 and for i > 1

2k, € Argmin{ (¢, v) + g lv — zk,i,1||§, +R(w—zpi—1);vEZL}, (1.6)
2 1= Zhoo 1= le>rrolo 2k (weak limit in Z). (1.7)

Here, the constraint ||z,’€Z - ZZ—IHV < h from (1.4) is replaced with the term 7 |lv — z;m-,l”i,. The
parameter 1 plays the role of a penalty parameter that should be sent to infinity. It can also be
interpreted as a generalized viscosity parameter, i.e. in comparison with (1.3) it plays the role of
/7. In Section 3.1, we show the convergence of discrete solutions under the assumption 7y — 00
for N — oo and obtain again BV-solutions in the limit. Observe that (1.6)—(1.7) is a modified
version of an algorithm studied in [ACFS17]: instead of the term R(v — zx;—1) the authors in
[ACFS17] use the term R(v — 2i) in (1.6) and they study the convergence of the scheme for fixed
n > 0 and N — oo. For the version (1.6) we show that the sequence (zj;)ien itself converges
to a critical point (i.e. =D, J(tx,2zr) € OR(0)), while such a result is derived in [ACFS17] for a
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subsequence, only. Moreover, the authors from [ACFS17] show that the limit function belongs to
the class of local solutions, the weakest notion of solutions for rate-independent systems of the
type (1.1), while we are able to classify the limit function as a (parametrized) BV-solution. In
order to have a closer comparison with the results from [ACFS17], in Section 3.2, we also study the
limit behavior of (1.6)—(1.7) for N — oo but with fixed n > 0. In this case it is not clear whether
the limits of piecewise constant and piecewise affine interpolating curves coincide. Hence, we
characterize the limiting system by using the individual limits explicitly. In this way we obtain an
energy dissipation balance that slightly differs from the one for the original limit to (1.6)—(1.7). In
comparison to the energy dissipation estimate obtained in [ACFS17] it contains more information
and the behavior at jump points can be characterized more precisely. In this context let us finally
mention [MS16, RS17]. There, the authors consider (1.6) for fixed n > 0 and at each t; they
carry out only one minimization step (i.e. zp := zx,1). They prove the convergence of suitable
interpolants to so-called visco-energetic solutions. Depending on the size of 7 these solutions may
behave more like GES or like BV-solutions or they show some intermediate behavior.

Alternate minimization with penalty term: Finally, in Section 4, we discuss an alternate
minimization scheme with a penalty term and a stopping criterion. The underlying energy & =
&(t,u, z) contains an additional variable u that in the context of material models plays for instance
the role of the displacement field. The scheme is defined as follows: Let 210 := 2x—1, Ug,0 1= Uk—1.
Then for i > 1

up,; = argmin{ E(ty, v, zk,i-1); v € U}, (1.8)
ki € Argmin{ & (tg, up,i, &) + g 1€ = zii-1lly + R(E — 2zri-1); € € 2}, (1.9)
stop if [|zrs — zri—1lly <05 (uk,2k) i = (Uk,is 2k,i) - (1.10)

Again, we show that the criterion (1.10) is satisfied after a finite number of minimization steps.
We further prove that for ny — oo, y — 0 and nydy — 0 the interpolants converge to a
(parametrized) solution triple (Z,4,2) : [0, 5] — [0,7] x U x Z with D,&(i(s),(s), 2(s)) = 0 for
every s and Z is again a BV-type solution. This result is different from the alternate minimization
scheme analyzed in [KN17] (for a damage model and with 1 = 0), where in the limit also visco-
elastic dissipation is present. By defining I(t, z) := min, ey (¢, u, z) we are back in the setting of
Section 3.1 and hence the results of Section 4 can be interpreted as a convergence result for (1.6)
with an additional stopping criterion. Alternate minimization schemes are frequently applied in
simulations since they split the problem into subproblems that usually are easier to solve. In the
context of rate-independent systems we refer to [BFM00, RTP15, KN17] for first results.
The key estimate for all convergence proofs is a BV-type bound for the incremental solutions

N
Z Z 2k, — 2x,i-1lly, < C
k=1 i

that is uniform with respect to the discretization parameters. Estimates of this type lie at the
heart of any vanishing viscosity result. After deriving this estimate for the different schemes we
define interpolating curves (tV,z") : [0,Sy] — [0,T] x Z by introducing an artificial arclength
parameter and formulate discrete energy dissipation identities that are satisfied by these curves.
Passing to the limit in these identities yields the desired results. This general approach is frequently
applied in the context of vanishing viscosity analysis for rate-independent systems, see for example
[EM06, MRS09, MZ14] for abstract settings and [KRZ13] for a damage model.

Finally, Section 5 contains a finite dimensional example for which solutions can be constructed
explicitly. It turns out that even within the same class of solutions (BV-solutions in this case)
the limits related to the local minimization scheme and those related to the schemes with a
penalization parameter may differ. We further illustrate the predictions of the different schemes
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with the help of a finite dimensional toy example for which exact solutions can be constructed
explicitly. Finally, we show that a (simplified) rate-independent version of the ferroelectric model
introduced in [SKT*15] falls into the abstract framework of this paper. Thus the analysis in this
paper in particular guarantees the convergence of the alternate minimization scheme (1.8)—(1.10)
to solutions of BV-type for the ferroelectric model.

1.1. Basic assumptions and estimates. The analysis will be carried out for the semilinear
system introduced in [MZ14] and [MR15, Example 3.8.4]. Let X be a Banach space and Z,V
separable Hilbert spaces that are densely and compactly resp. continuously embedded in the
following way:

ZeVcCX. (1.11)

Let further A € Lin(Z,2*) and V € Lin(V, V*) be linear symmetric, bounded Z- and V-elliptic
operators, i.e. there exist constants a,y > 0 such that

VzeZ,WweV: (Azz) >alzll, (Vo,u)>~]|v3, (1.12)

and (Azy,z0) = (Azs,z1) for all 21,20 € Z (and similar for V). Here, (-,-) denotes the duality
pairings in Z and 'V, respectively. We define ||v||;, := ((Vv, ’U>)%, which is a norm that is equivalent
to the Hilbert space norm ||-[|,,. By rescaling the inner product on Z we may assume that ||z, <
||z]| o for all z € Z. Let further

¢ € CY([0,T];V*) and F € C?*(Z;R) with F > 0. (1.13)
The energy functional J is of the form
T 0T x 2 >R, I(t2) = %(Az, 2+ F(2) — (0(1), 2) . (1.14)
Clearly, 7 € C([0,T] x Z;R) and
Ju, e >0Vt € [0,T], z€ Z: 10,9(t, 2)| < p(It,2) +c). (1.15)

Referring to [MR15, Section 2.1.1], these conditions imply that for all ¢,s € [0,T],z € Z the
estimates

It 2) + e < (U(s,2) + e, (9,38, 2)] < p(I(s, 2) + et (1.16)

are valid. The dissipation functional R : X — [0, 00) is assumed to be convex, lower semicontinuous,
positively homogeneous of degree one and

Je,C>0Ve e X:  c|z|ly < R(x) <Oz - (1.17)

The functional F shall play the role of a possibly nonconvex lower order term (cf. [MR15, Section
3.8]). Hence, we assume that

D.F e C'(Z; V"), [|D2F(2)v|

v SCA+I2[2) vl (1.18)
for some ¢ > 1. From (1.18) and (1.17) we deduce the following interpolation estimate:

Lemma 1.1. Assume (1.11), (1.13), (1.17) and (1.18). For every p > 0 and € > 0 there exists
Cp.e > 0 such that for all z1, 23 € Z with ||z, < p we have

[(DF(21) — DF(22), 21 — 22)| < e |21 — 22ll2 + Cpe min{R(21 — 22), R(22 — 21)} |21 — 22l -
(1.19)

Proof. The proof relies on an abstract Ehrling Lemma, [Wlo87], which adapted to our situation
reads: For every € > 0 there exists C. > 0 such that for all z € Z

I1zlly <ellzllz + Cellz[lx - (1.20)
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Let now &,p > 0, z; € Z with ||2||, < p. Then for e, :=¢/(2C(1 + p?)) and 3 = /2
|(DF(21) — DF(22), 21 — 22)| < [|D:F(21) — DT (22)]|y-
S O+ p9)llz1 — 22llz (e1 21 — 22l + Cey 21 — 22]lx)
3
< (5 +22) o1 = 22 + Coa( Co O+ p))2 |21 — 22l

21 — 22|y

The proof is complete since by (1.17) and (1.11) we have ||z — 22H§C < Cmin{R(z1 — 22), R(z2 —
z21)}lz1 = 22y O

For the proof of the convergence theorems we need a further assumption on JF:
F:2Z—-Rand D,F:2Z — Z* are weak-weak continuous. (1.21)

Finally, we give here the definition of parametrized BV-solutions following [MR15, Definition
3.8.2].

Definition 1.2. A pair (¢,2) : [0,5] — [0,7] x Z is a (normalized) V-parametrized solution
associated with (J,R, V) if (£,2) € W1>([0,S];R x V) and if there exists a measurable function
A :[0,5] = [0,00) such that for almost all s € [0, 5]

£(0) =0, £(S) =T, 2(0) = 2, {'(s) > 0, #'(s) + ||Z'(s)[ly = 1, (1.22a)
A(s) >0, A(s)t'(s) =0, (1.22b)
0 € OR(Z'(s)) + A(s)VZ'(s) + D.I((s), 2(s)) . (1.22¢)

The pair (£, 2) is a degenerate V-parametrized solution associated with (J, R, V) if all of the above
conditions but the last one in (1.22a) are satisfied.

Normalized parametrized BV-solutions can equivalently be characterized by an energy dissipa-
tion identity. The proof of the next proposition is identical to the one of [MRS12a, Corollary
5.4].

Proposition 1.3. Let the pair (t,2) € Wh°([0,S;R x 2) satisfy (1.22a). Then it is a V-
parametrized solution associated with (J,R,V) (i.e. there exists a function X : [0, S] — [0,00) such
that (\,t,2) satisfies (1.22b)~(1.22¢)) if and only if the following complementarity relation and
enerqgy dissipation identity are satisfied:

for almost all s € [0, S]: t'(s) disty« (=D, I(E(s), 2(s)), OR(0)) = 0, (1.23)

for all s €[0,5]: I(i(s), 2(s)) +/OS:R(2’(r)) + 12" (r) ||y, disty= (=D, I(E(r), 2(r)), OR(0)) dr

=9(0,20) + /O "9 (r), 2 (r) dr (1.24)

2. AN APPROXIMATION SCHEME RELYING ON LOCAL MINIMIZATION

In this section we analyze the scheme proposed in [EMO06] for approximating solutions to the
rate-independent model (1.1). It was already shown in [EMO06] (for the finite dimensional case)
that suitable interpolants generated by this scheme converge to solutions that belong to the class
of BV-solutions. However, in [EMO06] it is not shown that a finite number of minimization steps
are sufficient to reach the desired final time 7', and that the interpolating curves have a finite
length that is uniformly bounded with respect to the discretization parameter. The aim of this
section is to fill this gap for the infinite dimensional setting introduced in the previous section, see
Proposition 2.3 ahead.
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Let us describe the local minimization algorithm from [EMO06]. Fix h > 0. Given initial values
to =0 and zy € Z, for k > 1 the quantities z]'; and tZ are iteratively defined as

zp € Avgmin{I(t}_,,2) + R(z — 2p_,); z € Z, |z — Zl}fl—lnv <h} (2.1)
t? = min {tZ_l +h-— ||z,}j - ZZ—luvv T} . (2.2)
The existence of minimizers follows by the direct method in the calculus of variations.

Proposition 2.1 (Basic estimates). Under the above assumptions on J and R, for all h > 0,
k € N and with ¢, from (1.15) we have

te
3tk ) + R~ ) <9k + [ am b, (23
k—1
k
I(tr, 20 + ZfR(zZ — 2l ) < (e +7(0,2))eT (2.4)
i=1
sup Hz HZ < 00. (2.5)
h>0,k€EN

Proof. Estimate (2.3) follows as in [EMO06, Proposition 4.2], estimate (2.4) follows from [MR15,
Theorem 2.1.5] and (2.5) is a consequence of (2.4) and the coercivity of J (uniformly in ¢). O

Proposition 2.2 (Optimality properties). The pairs (2, t})k>1 satisfy the following optimality
properties: There exist Lagrange multipliers )\Z > 0 with

h ||ZI}CL - ZI}CL—lHV - h) = 07 3 (26)

hdisty- (— D.I(t;_y, 21), OR(0)) = A || 21 — z4— 1||V , (2.7)

fR(z,’cZ - z{;,l) + h disty« ( D J(tk 1,zk R0 ) -D.J( tk 1,2,2‘) zZ - 2271% (2.8)
jQ('lecl - Zl}chl) + HZIZL - ZI}chlHVdIStV* ( - Dzj(tkfla ZZ),@R(O)) = <_Dzj(t271’ zl}cl)7 22 - ZI}chl> )

(2.9)

Yo ez Rw)>—ARV(EE —2h )+ DI 2, 0) . (2.10)

We refer to Lemma A.1 for identities relying on convex analysis and for the definition of the
distance function disty« (-, ).

Proof. Let Uj, = R+ I}, be given as in (A.1), where I, is the characteristic function of the set
{v e V;|v|y <h}. Observe that 2 minimizes J(t}_,,-) + ¥, (- — z_,). Hence,

0€ W, (2 — 2 )+ Dah | 20, (2.11)
which is equivalent to
Up(zp = 2p-1) + h (=Dt 1, 21) = (=D2I 1, 20), 2 — 21i-1) -

Taking into account Lemma A.1 we arrive at (2.8). Furthermore, there exists &8 € 9l (2 — 2 |)
such that 0 € OR(z — 2P |) + & + DI, 20) and

R(zp — zp_1) + R (=&p = DIty 1, 20)) = —(&p + DIt 1, 20), 21 — 211 -

Comparing this relation with (2.8) and taking into account Lemma A.1 yields (2.7) and (2.6)
exploiting that &8 = APV(2 — 2! ). Relation (2.10) is a consequence of the one-homogeneity of
R implying that OR(z} — 2zl ;) € OR(0). Finally, relation (2.9) follows from (2.8) combined with
(2.6) and (2.7). O
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Observe that
0 if ||zf — 20 <h
=" o it | £ illy <h (2.12)
disty« ( =D, It 1, 2), 833(0)) if sz — ,zkleV =h

The next proposition is the main result of this section and guarantees that the procedure in
(2.1)—(2.2) leads to t’;,(h) = T after a finite number of iteration steps N (h).

Proposition 2.3. Let zp € Z satisfy D,J(0, z9) € V*. For every h > 0 there exists N(h) € N such
that t};\,(h) = T. Moreover, there exist constants ci,ca,c3 > 0 such that for all h > 0,k < N(h) we
have

k k

)"kl+1 HZIZLH - ZZHV +c Z ||Zzh+1 - ZzhHZ < e (tZ +[ID-3(to, ZO)”V* + ZR(Zz‘hH - Z?)) , (2.13)
=0 i=0

DIt 15 2|y < es. (2.14)

Proof. Inserting (2.7) into (2.8), rewriting this identity for the index k + 1 (instead of k) and
subtracting the resulting equation from (2.10) with v = z,’jH - z,'z yields

2
0> )‘Z-H HZIQL+1 - ZIZLHV - )\Z<V(Z£L - 22—1)7 ZZ+1 - zﬁ} + <Dzj(t27 Zl}cl+1) - Dzj(tZ—lv Zlicl)a Zl}cl+1 - Z@ .
(2.15)

Substituting J and rearranging the terms yields
1 2 1 1
)‘}kl+1 Hzlic+1 - ZIQLHV - )\Z(V(Z]’C - Zl}cll)a Zl};+1 - ZIZL> + <A(Z£L+1 - z,};), (ZlicLJrl - zlic)>
< (DLF (L) = DT (el ) s — 2+ (O ) — Ot 2l — 20 (2.16)
With Lemma 1.1, the assumptions on ¢ and (2.5), the right hand side is estimated by
a 2
r.h.s. < 3 HZZH — ZZHZ +C Hz,ﬁﬁrl — z,’ij ((tg — )+ Rz, — z,’j)), (2.17)
where a > 0 is the constant from (1.12). The left hand side of (2.16) can be estimated as follows:
2 2
s > Mo ot = 2212 = AL~ ally et =l + ol =212 . (219
Joining (2.17) with (2.18) and rearranging the terms, we arrive at
2
N 2 = 2klly = M N1z = 2 lly ke = 22l +en llzion = 22 2k = 22l
S e (:R(Zl’cl-s-l — 2+t — tZ—l) ||ZZ+1 - ZZHVa (2.19)
which implies

)‘ZH ||Zl’cl+1 - z,@”v — A HZI}CL - Zﬁﬂ”y +c HZIQLH - ZZHZ < e (:R(ZII;LH —2p) +tp - titl)'

(2.20)
Summing up this estimate with respect to k finally yields
k k
Mg |2t — ZZHV +c Z (B zf”z <M |2t - zé‘”V +eo(th + ZR(ZZ-h+1 —zM). (2.21)
i=1 i=1

It remains to estimate the term ||z} — z(}}HZ. Starting again from (2.8) for £ = 1 in combination
with (2.7) and inserting a zero we obtain after rearranging the terms

<Dzj(t0, Z1) — Dzj(to, ZQ), 21— Zo> + iR(Zl - Zo) + /\}f ||2’1 — ZOH%} = —<Dzj(t0, Zo), 21 — Zo> .
The first term on the left hand side is treated as above, so that finally
v ) 21 = 20lly (2.22)
which is the analogue to (2.20). Adding this estimate to (2.21) we arrive at (2.13).

cllzr — 2oll3 + A 121 — 201y < ¢(R(21 — 20) + [|D2I(to, 20)]




Since ||z,’§ — 2271HV < h, the identity (2.7) implies that
disty- (=D.I(t;_1, 1), OR(0)) < Ap ||z — 21|y, »

which together with (2.13) and (2.4) leads to (2.14).

Thanks to (2.4) and the assumption on zy, the right hand side of (2.13) is uniformly bounded
with respect to k. Hence, if T' is not reached after a finite number of steps, then the series
Z,;“;O ||z£‘+1 — ZZ‘HV converges and there exists t, < T such that limy_, tZ = t,. In particular,
the sequence (t}:,; — t})xen tends to zero. But this implies that (Hz,};+1 - ZZHV)kGN tends to h for
k — 0o, a contradiction to the convergence of the series > -, HZQH — z,@“v. 0

Similarly to [EMO06] we introduce the piecewise affine and the left and right continuous piecewise
constant interpolants: Let Sy, := T—i—zij\;(lh) |28 — zih_lHV and s} = kh. For s € [s}_,,sh) C [0,5)]

() =z (s—si)h T e =), () =t (s —sko)h TNt —th), (2:23)

Zn(s) =z,  tu(s) =1y, zn(s) = zkoy,  t(s) =th . (2.24)
As a consequence of Proposition 2.1 and Proposition 2.3 we deduce

th(Sh) =th(Sh) =T, (tn, %) € WH°([0, 8], R x V), (2.25)

sup (HlfAhHWl,oo([O,Sh],R) + 12nllwroo(0,5,0:9) + 120l oo 0,87:2) T Sh) < oo (2.26)

for a.a. s € [0,8n]: #,(s) >0, #(s)+ [12,(s)]ly = 1. (2.27)

Proposition 2.4 (Discrete energy-dissipation identity). For all o1 < o9 € [0, Si] we have

3(60(02).02) + [ R4 (9) + 24 ()] sty (<D0 (5), 7(5)). OR(0)

= I(tn(o1), 2n(01)) + /02 04I(tn(s), 2n(s))t),(s) ds +/ rp(s)ds, (2.28)

1
where m4,(s) = (DI(tn(s), 2n(5)) — DI, (5), Zn(8)), 25, (s)). Moreover the complementarity condi-
tion
for a.a. s €[0,S,] 2 ,(s) disty-(—D.I(t,(s), Zn(s), OR(0)) = 0 (2.29)
is fulfilled. There exists a constant C > 0 such that the remainder vy, satisfies for all h > 0 and
all o1 < o2 € [0, Sp]

/U2 rp(s)ds < Ch. (2.30)

1

Proof. Relation (2.29) is an immediate consequence of (2.6)—(2.7). The energy identity follows
from (2.8) by applying the chain rule and integrating with respect to s. In order to estimate
i we proceed as follows: Observe first that 2, (s) — zn(s) = (s — i, 1)} (s) for s € [s}, sl ).
Taking into account the definition of J and of the interpolants, we find by applying Lemma 1.1
with € = a/2 (« as the ellipticity constant of A)

ri(s) < als = str) [34() I3 + (s — ) (IZh ()12 + CREGR() 120l )

+ (sier = )P () 112/ 6) v 1€ll o o, 270 -
Integration with respect to s yields

N(h)

/ rp(s)ds <ch | T + Z R(zP =21 )

0 i=1

Taking into account (2.4) we finally arrive at (2.30). O
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Theorem 2.5. Let zy € Z satisfy D,J(0,z0) € V* and assume that F satisfies (1.13), (1.18)
and (1.21). There exists a sequence (hp)nen with hy, — 0 as n — oo, S € (0,00) and functions
t € W ((0,9);R) and 2 € WH((0,8); V) N L>((0,5);2) such that for n — oo

Sh, =S, (2.31)
th, =1t in WH°((0,8);R), 4, (s) — t(s) for every s € [0, 5], (2.32)
Zh. = 2 weaklyx in W ((0,8); V) N L*°((0, S); 2) (2.33)
Zp, (s) = 2(s) weakly in Z for every s € [0,5]. (2.34)
Moreover, the limit pair (,2) satisfies

t(0) =0, {(S) =T, 2(0) = 2, (2.35)

for a.a. s €00,8]: #(s) >0, #(s)+ |2 (s)|ly <1, (s)disty-(=D,I(E(s), 2(s)),0R(0)) = 0
(2.36)

together with the energy identity

I(t(s1), 2(s1)) + /081 R(Z'(5)) + 12(s) [l disty- (=D.I(i(s), 2(s)), OR(0)) ds

= J(£(0), 2(0)) + 0:3(t(s), 2(s))t'(s)ds  (2.37)

that is valid for all s, € [0,S]. Bvery accumulation point (t,2) (in the sense of (2.31)-(2.34)) of
time incremental sequences (tn, 2n)n>o satisfies (2.35)—(2.37).

Proof. The convergence results in (2.31)—(2.34) are an immediate consequence of the uniform
estimates formulated in (2.26) and in Proposition 2.1. Clearly, the limit pair (£, 2) satisfies the
first two relations in (2.36). In the following we omit the index n. Observe further that for all
s €10,5]

th(8),th(s) = t(s), 2z,(s),zn(s) = 2(s) weakly in Z.
Together with the uniform bound (2.14), this implies that for all s
D.J(t,, (), Zn(s)) — D.I(f(s), 2(s)) weakly in Z* and in V*.
Hence, the following lower semicontinuity estimate is valid for all s:
liinj(r)lf disty (=D, I(t,(s), 2Zn(s)), OR(0)) > disty« (—D,I(#(s), 2(s)), OR(0)) .
For arbitrary @ < 8 we therefore obtain from (2.29) with Lemma B.2

B
0 > liminf / 1 (s) disty- (—D.J(t, (s), Zn(s)), OR(0)) ds

[e3%

B
> / () disty- (—D.I(t(s), (5)), OR(0)) ds > 0,
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whence the last relation in (2.36). Moreover, by Proposition B.1 we arrive at the following estimate:
Vs € [0, S]

I(t(s1), 2(s1)) + /051 R(Z'(3)) + |2/ ()|l disty= (=D, I(%(s), 2(s)), OR(0)) ds

< lim inf <J(fh(51), 2 (s1)) + / " R ($)) + 124 () diste (~D.3(k, (), Z(s)), FR(0)) ds)

h—0 0
(2.28)

< limsup (J(fh(O)7 2n(0)) + /081 0:I(tn(s), 2n(s))t), (s) ds + /051 rr(s) ds)

h—0
< 9(i(0), 2(0)) + / " 0.9(0(5), 2(5))7(s) ds

which is (2.37) with < instead of an equality. Here we also used that 0;J(f,(s), 2 (s)) converges
pointwise to 3;J(£(s), 2(s)) and is uniformly bounded with respect to h and s, which implies strong
L*(0, s1)-convergence of s — 9;J(t(s), 21(s)). Arguing in exactly the same way as for instance
in the proof of [KRZ13, Lemma 5.2] the inequality can be replaced by an equality, and (2.37) is
shown. t

Remark 2.6. The above proof does not guarantee that the limit pair (,2) is nondegenerate
meaning that #(s) + [|#/(s)|ly > 0 for almost all s € [0,5]. We refer to [EM06, MZ14] for a
discussion of nondegeneracy conditions in an abstract setting and to [KN17] for a discussion in
the context of a damage model.

The solution obtained by the local minimization algorithm belongs to the class of parametrized
BV-solutions, see Proposition 1.3 and Definition 1.2. The example in Section 5 reveals that
parametrized BV-solutions obtained by vanishing viscosity approximations may differ from those
obtained by the local minimization algorithm.

3. AN APPROXIMATION SCHEME RELYING ON RELAXED LOCAL MINIMIZATION

3.1. Convergence with an unbounded sequence of penalty parameters. We briefly recall
the setting of Section 1.1:

The spaces X, V, Z satisfy (1.11), (3.1a)
the functional J: [0,T] x Z — R is given by (1.14) with operators A4,V as in (1.12), (3.1b)
£, F satisfy (1.13), (1.18) and (1.21), (3.1c)
R : X — [0,00) is convex, lower semicontinuous, pos. one-homogeneous and satisfies (1.17),
(3.1d)
zo € Z satisfies D,J(0, z) € V*. (3.1¢)

The following variant of a procedure proposed in [ACFS17] will be analyzed:
Given N € N, a time-step size 7 = T'/N, a parameter n > 0 and an initial datum zy € Z we
define for 1 <k < N and ¢ € Ny: t, = kT, 250 := 251 and for i > 1

i € Argmin{ I(ty, v) + g v = 2kia |2+ R(v — 25i1); v € 21, (3.2)
2 1= koo 1= ll;n(;lo 2k (weak limit in Z). (3.3)

Remark 3.1. This approximation scheme can be interpreted as a relaxed version of the scheme
discussed in Section 1.1 where the constraint Hv — 22—1 HV < h is replaced with the additional term
2o — zk’i,1||$,, where 1 plays the role of a penalty parameter. This scheme is a variation of a
procedure suggested in [ACFS17, Section 3.1]. There, instead of R(v—zy ;—1) the term R(v—zx_1)
is used in (3.2). Different from [ACFS17, Section 3.1] we can prove that the sequence (zj;)ien
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itself converges, see Proposition 3.2 here below. For a more detailed comparison with the results
from [ACFS17], we refer to Section 3.2.

In a first step we discuss the behavior of (3.2)—(3.3) for fixed k. Let H(¢,v,w) := I(t,v) +
2 lv— w||§, + R(v —w). For t € [0,T], z0 € Z and i > 1 let

z; € Argmin{ H(t,v,2;-1); v € Z }. (3.4)
Clearly, minimizers exist and we have the following estimates for all ¢ > 1:
H(t, zigr, z0) < H(E, 2, 20) = It 2z0) < H(E 21, 20-1) < I zim1), (3.5)

i.e., the sequences (H(t, z;, z;—1))i>1 and (J(¢, 2;));>0 are non-increasing. Due to the coercivity of
J, they are bounded from below. Hence, there exists I, € R such that

‘lim 5(t,zi) = Ioo = ‘lim J'C(t,zi,zi,l), (36)
1— 00 71— 00
which implies that
lim R(z; — 2z;-1) =0, lim [|z; — 21|y = 0. (3.7
1—> 00 1—> 00

Moreover, summing up the left part of estimate (3.5) with respect to ¢ one arrives at

i—1
n
It z)+ D (Rl = 20) + 2 Iz = 2417) <90 2), (3.8)
j=s

which is valid for all 0 < s <.

Proposition 3.2. Assume (3.1a)—(3.1d).
There exists a constant C > 0 (possibly depending on t and zo but independent of 1) such that

sup ||zl < C, (3.9)
€N
- n
> (R —2) + 3 lzm = 2l3) < € (3.10)
j=0

Moreover, there exists zoo € Z such that the sequence (z;);en converges to zoo weakly in Z. The
limit zo satisfies D,I(t, 200) € V* and

0 € OR(0) + D.I(t, 200). (3.11)

Proof. Estimates (3.9)—(3.10) follow from (3.8) (with s = 0) and the coercivity of J. Since R is
convex and positively homogeneous of degree one and hence satisfies a triangle inequality, together
with (1.17) and (3.8) it follows that for s <1

i—1

cllzi = 2ol < Rz = 26) <Y R(zjpr — 25) < It 25) = It 20).

J=s
Since the sequence (J(t, z;)) jen is converging, this estimate shows that (z;);en is a Cauchy sequence
in the Banach space X. Together with (3.9) we obtain the convergence of the sequence (z;);jen to
some 2o, weakly in Z.

In order to obtain (3.11) observe that for every ¢ > 1 we have

—Dzj(t, Zi) — 7’]%7(,2z — Zifl) € (r“)fR(Zl — 22;1) C BIR(O), (312)

where the last inclusion again follows from the one-homogeneity of R. This inclusion is valid
in both spaces, in Z* and in V*, thanks to the upper estimate for R in (1.17). Since by the
assumptions the operator A and D,JF : Z — Z* are weak-weak-continuous, it follows that

D, I(t,z;) + nV(z; — zi—1) — D,I(t, 200) weakly in Z*. (3.13)
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Moreover, thanks to (1.18) and since OR(0) is a bounded subset of V*, the sequences (D, F(z;))ien
and (D,I(t, z;) +nV(z; — zi—1))ien are bounded in V*. Together with (1.21) and (3.13) this implies
that D,F(z;) = D.F(z00) weakly in V* and ultimately Az; — Az, weakly in V*. Since OR(0) is
weakly closed in V* one finally obtains (3.11). O

The next aim is to derive uniform estimates for the sequences (27 ;)o<r<nN.ieNU{0,00} generated
by the full scheme (3.2)-(3.3). Observe first that with 2] , = 2]_; = 2], ., we have

tr .
J(tk,z,lo) =I(ty, zg—1) = I(tp—1,25_1) — / (€(t), z—q) dt.

th—1
Hence, summing up (3.8) with respect to k and 7 yields

k—1 oo k t
I(tr, 2k i41) +ZR 2k 41— k. JrZZfR Zg 41— 2s.4) < I(to, 20) Z/ t), z[_q)dt,

s=1 j=0
(3.14)

which is valid for all 7 =T/N > 0,7 > 0,1 < k < N, i € NU{0,00}. Here, we use the short-hand
notation R, (v) = R(v) + 2 ||v|[3-

Proposition 3.3. Assume (3.1a)—(3.1d).
There exists a constant C > 0 such that for allp > 0, N € N, 7 = T/N, 0 < k < N,
i € NU{0,00} we have

|2ill, < C, (3.15)

Ny _
( sj+1 Zs j) + 5 ||Zs,j+1 - Zs,j”v) <C. (316)
s=1 5=0
Proof. From (3.14) with i = co and 1 < k < N one obtains similar to [MR15, Section 2.1.2] the
estimate
3t )+ D D Re(eF g = #Ag) < (e 9(0,z0))e”
s=1j5=0

with p, ¢ > 0 independently of 7, k, 7. Together with the coercivity of J this yields (3.15) for i = oo
and (3.16). Exploiting again (3.14) for arbitrary ¢ leads to (3.15) for every i € NU {0, c0}. O

Like in Section 1.1, from the data generated by (3.2)—(3.3) we construct interpolating curves
in an arc-length parametrized setting. However, due to slight differences in the estimates that
we find for the (2] ;), the interpolating curves will be constructed in the spirit of [KN17]. For
that purpose we first derive an analogue of Proposition 2.3 guaranteeing that the lengths of the
interpolating curves will be uniformly bounded.

Proposition 3.4. Assume (3.1a)—(3.1e) and let
Vi = Z HZZ,Z-H - Z.I::—'LHZ
i=0
There ezists a constant C > 0 such that for all N € N, 7 =T/N and n > 0 we have

N N oo
Z’le <C (T 1]l o, 79,9+) T D230, 20) |y + Z ZCR(ZI:J—H - Z;,i)) : (3.17)

k=1 k=1 i=0
Thanks to Proposition 3.3, the right hand side is uniformly bounded. Moreover, there exists a
constant C' > 0 such that for all N € N, >0, 1<k < N,i >0:

— 274y <G, (3.18)
D235, )]y < C. (3.19)
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2()
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Sk—1  Sk,0 Sk,15k,2 Sk,i Sk,i+1 Sk

FIGURE 1. Notation and interpolating curves for (3.24)—(3.28)

Proof. The arguments to prove Proposition 3.4 are similar to those in the proof of Proposition
23. Let 1 <k < Nand 1 < i < oo. In the following we omit the index 7. Exploiting the
one-homogeneity of R, the inclusion (3.12) implies that

0> (—(D2I(tw, 2r,i) + 0V (2,0 — 2k,i—1)) — (DIt 2jit1) + 0V (Zhjit1 — 28,0))s Zhyitl — Zhkyi)s
(3.20)

which can be rewritten as
D zmis1 = 2wl = 10V (20,0 = 20,i1)s Zhis1 — 20) + (AlZrit1 = 20)s (Zris1 — 25,))
< (DT (2k,i) — DT (2k,i41), 2hi01 — 280)- (3.21)

This is exactly (2.16) if one identifies n with A}! and A, . Here, i plays the role of k in (2.16).
Transferring the arguments leading to (2.21) to the present setting results in (k > 1,4 > 1)

i i
«
vtg D Nzkgr = 2rjlly < nllzea = zkolly +ca Y R(zrja1 — 25)- (3.22)
j=1 j=1

N 2k,it1 — 2

It remains to estimate the term |2z — 2x,0lly. Testing the first inclusion of (3.12) written for
1 =1 with 2,1 — 21,0 yields:

R(zk1 — 2,0) = —((D2I(tk, 28,1)5 261 — 28,0) + 0 || 20,10 — Zk,ngz)- (3.23)
If k > 2, then by (3.11) we have (since zx—1,00 = 2k,0) 0 € OR(0) + D, I(tx—1, zk,0), and thus
R(zk,1 — 28,0) = (—D2I(tk—1, 2k,0)5 26,1 — 2k,0)-

Subtracting (3.23) from this estimate leads to (3.20) and we finally obtain (3.22) also with j =
0 and the additional term +c7 [|€]|c1(o 7y, v-) on the right hand side with a constant ¢ that is
independent of n, N, k. If k = 1, then adding —(D,J(t1, 20), 21,1 — #1,0) to both sides of (3.23) and
rearranging the terms results in

R(z1,1 — 20) + (D2I(t1, 21,1) — D.I(t1, 20), 21,1 — 20) + 1 |21,1 — Zo||§,
= —(D.I(t1,20), 21,1 — 20) = —(D2I(to, 20), 21,1 — 20) + (£(to) — £(t1), 20)-
Hence, similar arguments as those leading to (2.22) can be applied. We finally obtain
Mlzkivr — zrilly + D l2kg41 — 2855
§=0

i

< C | 01 ID23(0, 20) 1y + 7 [ll o o .00y + D R(zhga1 — 20) |

7=0

which is valid for all £ > 1, ¢ > 0. Here, 65 ; denotes the Kronecker symbol, and the constant
C' is independent of n, N, k,i. Summing up with respect to k gives (3.17) and (3.18). From the
inclusion (3.12), the uniform estimate (3.18) and the assumptions on D, we deduce that Az] ;
is uniformly bounded in V*, which implies (3.19). O
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Next we construct interpolating curves generated by the data (zgz)kl following the ideas in
[KN17]. Let N € N, 7 =T/N, t = k7, 20,—1 := 2o and s :=tj = 0. For each k > 1, given s}_,
and 7 > 0 we define

Sk—1 = Sk—1s Sgo =S8p_1+tT=8,_1+T, (3.24)
T e— T T T e— T T
Ok,itl = sz,iJrl - Zk,iHV7 Skit1l = Skyi T Ok iy1- (3.25)
Furthermore, s}, := lim; o 57 ;. Proposition 3.4 guarantees that this limit exists and that the

quantities s}, are finite and uniformly bounded with respect to N and 7. In the time update
interval we set
tr(s) =1th_1 + (s—s5_1) for s € [s}_1, 5% 0ls (3.26)
2 (8) := 2z for s € [s}_q, 5% 0] (3.27)

Observe that t,(sf ) = t;. Next, for i > 0 and s € [s] ;, s} ;4] we define the interpolants as

)

follows:

(s—sL ;) .
T i T T T T
Zhit o (el —2na) 2 #F 2,

t-(s) :=1tf, z2r(8) == kritl (3.28)
Zl:z if le,iﬂ = Zl:z
By definition, for almost all s we have
tr(s) + ez (s)lly = L.
Furthermore, we introduce the piecewise constant, left or right continuous interpolants
Z:(8) = 27 (8% i41)s tr(8) := tr(8Fi11); if s € (sf 5 8F,441) for some k > 1,4 > —1,  (3.29)
2,(8) 1= 27(85 ), t.(s) :=tr(s%,) if s € [sf,;,85.441) for some k> 1,4 > —1,  (3.30)
and the increment
Gr(8) =58} ;11— Sk, if 8 € (84, 5k 41 for some k> 1,i > —1. (3.31)

Observe that 7, (s) = 7 for s € (sg,—1, Sk,0] and that 7, (s) > 0 for almost all s € [0, s}/].

Proposition 3.5. Assume (3.1a)—(3.1e) and —D,J(0, zp) € IR(0).
Then t.(s%) = T, and for all T = T/N we have z. € W1>°((0,5%); V) N L>((0,s%); Z) with
l27(s)lly <1, and

P (354 ol @asomy  Iorllag + Il s oagom) <00 (332
Moreover, the interpolating curves satisfy the following energy-dissipation relation for all a < 8 €
[0, s7]:

B
j(tT(ﬂ)v Z-,—(ﬂ)) + / :RET(S)U(Z;—(S)) + ;T(s)n(iDzj(L—(s)v27'(5))) ds
B . B

:J(tT(a),zT(a))f/ (0(t-(5)), zr (8))t(5) ds+/ rr(s)ds. (3.33)

[ 87

where we use the notation R, (v) = R(v) + § ||v||§, The remainder ., is given by
re(s) = (D:I(t:(5), 27 (s)) — D2I(¢ (), 2 (5)), 27.(s))- (3.34)
There exist constants ¢,C > 0 (independently of N, n) such that for all 5 € [0, s/]
B
/ r(s)ds < Cn 1, (3.35)
0

1871 e (0,57,) T 127 = 2rll Loe (0,57, )y < C(T + n Y. (3.36)
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Proof. Estimate (3.32) is an immediate consequence of Proposition 3.4.
In order to derive (3.33) assume first that i > 0, & > 1. Let s € (sf,,s} ;) such that
G:(s) = 0] ;11 # 0. From (3.12) (left inclusion) we deduce that

T T T z;ﬁ—vH‘l B ngi T T T
=D, 25 i41) — 0k ianV — . |E€ OR((2gi11 = 25,4)/ Ok i) (3.37)
kit1

where on the right hand side we have used the one-homogeneity of R. This is equivalent to

DI (5), 54(5)) € DR (0 (21(5)), (3.38)
which in fact is valid for all s € (s, o, s7)\(Uf21{s% ;}) (and not only for those with 7. (s) # 0).
For s € (sk,—1,k,0), relation (3.11) yields —D,J(tx—1, zx—1) € OR(0), which is equivalent to
— (D:I(L,(5), Z7(s)) + T+ (s)V (27 (s5))) € OR(2(5))-

Here, we used that z/.(s) = 0 for s € (sg,—1,8k,0). This shows that (3.38) is valid for all s €
(0,s3)\{ %51 <k <N,i>—1}. By convex analysis, (3.38) can be rewritten as

Rz, () (2 () + Re_(5yn(—D2I(L-(5), 2 () = (=D:I(L, (5), Z+(5)), 27.(s))
= (=D:I(tr(5), 2 (s)), 27(s)) +7+(s)  (3.39)

with 7,(s) as in (3.34). Combining (3.39) with the integrated chain rule identity

I(t-(8), 2 (B)) = I(t- / 9:J( ()7 (s) + (D:I(tr(s), 2(5)), 27 (s)) ds (3.40)

yields (3.33).

It remains to estimate the term r,. Observe first that (£(¢(s)) — £(¢,.(s)),2.(s)) = 0 for almost
all s € (0,sn) since (t,(s) —t,(s)) [|z-(s)[ly = O for almost all s. Let s € (sf,,sf,;4,) for some
k>1andi> —1. Then 2-(s) —Z-(s) = (s — s} ;41)2,(s) and

rr(s) = (A(z(5) = 2-(5)), 2.(5)) + (D=F(2-(s)) — D-F(Z+(5)), 27(s)) (3.41)

) 2
< (s = spap)allzz(s)lz + cllzr(s) = Z(s)lz 127 (s)ly
< (s — s,
2
= (s = star)allZ2 ()7 + clskipr = ) 122 ()l 127 (5)ly

2« 2 2
< (s = shar)allzz ()l + 5 (kv = ) 122 (9)llz + calsiivn = 8) 122 ()lly

@ , 3 ~
< calsh 01— 8) 20 (9)]ly < caCn”!

Estimate (1) is due to the ellipticity of A, assumption (1.18) and the uniform bound for the (27 ;)i
(see (3.15)); (2) follows since the sum of the first two terms in the previous line is nonpositive and
(3) follows from (3.18) and ||2%(s)|y € {0,1}. Together with (3.32) this proves (3.35). For the last
estimate observe that for almost all s € (0, s%) we have

127 (s) = 2+ (s)lly <@~ (5) [l27(s)lly

and we conclude using again (3.18). O

Remark 3.6. In Section 1.1 it follows by construction that sup, Hz,? — z,’j_l HV < h, and hence, for
h — 0 these differences converge to zero uniformly. In the present setting from Proposition 3.4 we

obtain the uniform estimate < Cn~', which, for constant 1, does not imply that

Zl:,z'+1 - Zl‘lc—z
these differences converge. If this (uniform\; convergence is not available, it is not clear whether
piecewise linear and piecewise constant interpolants of the (Z,Zl);“ converge to the same limit
function for 7 — 0. In order to enforce this convergence, we will require ny — oo, cf. Theorem
3.7. In Section 3.2 we will discuss the case with n > 0 fixed.
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The main result in this Section is the following theorem, which is the analogue to Theorem 2.5.

Theorem 3.7. Assume (3.1a)—(3.1e) and that —D,J(0, zp) € OR(0).
For every sequence T \( 0 and n / oo there exists a subsequence (Tp, Nn)nen, S € (0,00) and
functions t € WH>°((0,S8);R) and 2 € W>((0,5); V) N L>=((0,5); Z) such that for n — oo (we
omit the index n in the following)
sy — S,
tr =t in WH((0,8);R), t.(s) — (s) for every s € [0, 5],
2 = 2 weaklyx in WH*°((0,8); V) N L>((0, S); 2)
Z+(8), z-(s) — 2(s) weakly in Z for every s € [0, 5] .
Moreover, the limit pair (,2) satisfies (2.35)—(2.37).

Proof. The proof is nearly identical to the proof of Theorem 2.5, and we highlight the differences,
only. In the following we omit the index n. The convergence results in (3.42)—(3.45) follow from
the uniform estimates formulated in Proposition 3.5. Clearly, the limit pair (£, 2) satisfies the first
two relations in (2.36). We will next discuss the complementarity relation in (2.36). Observe first
that thanks to (3.19) the term —D,J(¢,(s),Z-(s)) is bounded in V* uniformly in 7 and s. Hence,
by the boundedness of OR(0) in V* we obtain

sup  disty«(—=D,I(t,(s),Z-(5)), 0R(0)) < 0. (3.46)

7>0,0<s<s},

Moreover, by (3.45) and the weak Z — Z*-continuity of D, (¢, -) it follows that for every s we have
D.I(t,(s),Z-(s)) — D.I((s), 2(s)) weakly in Z* and in V*. The latter is a consequence of the
uniform V*-bound. By lower semicontinuity, we therefore obtain for all s:

liin_jglf disty- (=D.I(t_(s),Z,(s)), OR(0)) > disty-(—=D.I(E(s), 2(s)), OR(0)),

which in particular shows that D,J(, 2) € L>((0, S); V*). The following discrete complementarity
relation is satisfied for almost all s € [0, s ]:

t’ (s) disty«(—D,I(¢,(s),z-(s)), 0R(0)) = 0.
Indeed, this identity is trivial for s € [0, s3]\ UN_; [sk—1, sk,0] since then ¢’ (s) = 0 (together with
(3.46)). Thanks to (3.11), for s € (sk_1, sk,0) we have disty«(—D,I(t,(s),Z-(s)),0R(0)) = 0. The

same arguments as in the proof of Theorem 2.5 now lead to the last relation in (2.36).
By Young’s inequality, for 4 > 0, v € V and { € V* we have

R, () + R3C) = R(o) + 5 ol + 5 (isto- (C.OR(0))° = R(w) + o] dist- (¢, 2R(0)
which implies

Rz, (510 (27(5)) + Ry (=D=I (L, (5), 2(5)))
> R(27(5)) + |27(s) |l distv- (=D:I(L, (5), Z-(s)), OR(0))

for almost all s. The arguments from the proof of Theorem 2.5 in combination with Proposition
B.1 applied to the energy-dissipation estimate (3.33) finally complete the proof. O

3.2. Convergence for fixed penalty parameter. Let us finally discuss the convergence of the
incremental solutions for N — oo but with fixed penalty parameter n > 0. Again, we will start
from the discrete energy dissipation identity in a parametrized framework. However, as already
mentioned in Remark 3.6, with > 0 fixed we cannot show that the piecewise affine and the
piecewise constant interpolating functions z.,Z,,z, converge to the same limit. Hence, we have
to carry out a more detailed analysis for the remainder term r, in the energy dissipation balance.
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In order to be able to identify the limits of the quadratic part of r, which involves (Az., z!) we
use an arclength parametrization in terms of the Z-norm instead of the V-norm.

The analysis of this section refines the results from [ACFS17] as we can characterize more
precisely the behavior of the solution at jump points by deriving a more detailed energy dissipation
estimate.

For > 0 fixed, N € N and 7 = T/N let the sequence (2] ;)k,; with 0 <k < N, i € NU{0, 00}
be generated by (3.2)—(3.3). The piecewise linear and piecewise constant interpolating functions
are constructed as in (3.24)—(3.31) with the difference that now we define the z-increment with
respect to the Z-norm, i.e. for each £k > 1 and 7 > 0, given sj,_ 1,

Sk—1 = Sk_1s Sk =S8k _1+T=8_1+T, (3.47)
Ofit1 = HZE,Z-H - Zl?,i”gv Skit1 = Ski T Ok it1- (3.48)
Observe that the Z-parametrized interpolants satisfy the discrete energy dissipation identity (3.33).
The proof is identical to the one of Proposition 3.5. Thanks to (3.16) the BV-type estimates
dissx (Z7; [0, si]), dissw(z,; [0, sy]) < C

are valid uniformly in N. Here, for a function v : [0, 5] — X the R-dissipation is defined in the
usual way (cf. [MR15, Section 2.1.1]) as

K
dissx (v; [0, 5]) := sup R(v(sk) —v(sg—1)) -

partitions e
0=s0<...<sg=8""

Moreover, Propositions 3.3 and 3.4 provide the uniform (with respect to N) bounds
N <G,
18211 oo (0,57, )5m)) + 127 | Low (0,57, 12 » 127 Lo (0,67, )52 < €
||ZTHW1’°°((0,STN);Z) <C.

Hence, there exist S > 0, functions 2,z,z : [0,S5] — Z and a (not relabeled) subsequence of
(2r, Zr, 2, )Nen such that for N — oo (and 1 > 0 fixed) the convergences stated in (3.42)—(3.43)
are valid and moreover

z; = 2 weaklyx in W*°((0, S); 2), (3.49)
zr(8) = 2(5), Z-(s) — Z(s), z.(s) = z(s) weakly in Z and strongly in V for all s. (3.50)

Here, we applied the generalized Helly selection principle to the sequences (z;), and (z, ), see e.g.
[MR15, Theorem B.5.13] or [MMO5]. It is not clear whether the limit functions Z, Z, z coincide.
However, the following relation is satisfied: Let 5-(s) := inf{sg;; 5 < sp;, 1 <k < N,i > 0},
s.(s) :=sup{ski; s> ks, 1 <k <N,i e NU{-1,0}}. Clearly, 5; is left continuous, while s
is right continuous. Both functions are nondecreasing and uniformly bounded from above, hence
uniformly bounded in BV([0,s%]). Again by Helly’s principle, they contain a subsequence that
converges pointwise (for all s) to the nondecreasing functions s, s : [0,S] — [0, o], respectively
(w.l.o.g. the same subsequence as the one for (z,),). Moreover, for all s € [0,.5] we have s(s) <
s < 5(s) and s is right continuous, § is left continuous. For almost all s € [0, s%,] the identities

2 (8) = 2(s) = (s = 5:(8)2L(s), 22 (5) = 2(5) = (s — 5,(s))L(s) (3.51)
are valid. Passing to the limit N — oo we obtain
2(s) = 2(s) = (s — 5(5))Z(s), () — z(s) = (s — 5(s))#(s) (3.52)

that is valid for almost all s € (0,S). This can be verified as follows: The sequence (z, — Z;),
converges weakly* in L>°((0,5);2) to the function 2 — 2. Moreover, for every ¢ € L'((0,5);2*)
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the sequence (5,(-) — -)é(-)) converges to (5(-) — -)¢(+) strongly in L'((0,5);Z*). Due to the
weak# convergence of (z.), in L>°((0,.5); Z) we ultimately obtain

s 5
/ (0(s), (5+(5) = 5)27(5)) 2+ 2 ds —>/ (6(s), (5(s) = 5)2'(5)) 2+ 2 ds
0 0
for all ¢ € L'((0,5);2*) and thus weak+ convergence in L°°((0,S5);Z) of the sequence (- —
5:()z()+ to (- = 3(-))2'(+))+. This proves (3.52).

Theorem 3.8. Assume (3.1a)—(3.1e) and that D,F : Z — Z* is weakly-strongly continuous.
The limit functions t and (2,%,z) defined above satisfy (2.35) with Z(0) = zy = z(0), the first
two relations in (2.36), the complementarity condition

for almost all s € (0,5) #'(s)disty- (—D.I((s), Z(s)), 0R(0)) = 0 (3.53)

and the energy dissipation identity
B
I(E(8), 2(8)) +/O R(Z'(s)) + |12 ()|l disty- (=D;I(#(s), 2(s)), OR(0)) ds

B ~ ~
+/ (D23(t(s), 2(s)) — D:I(t(s), 2(s)), £'(s)) ds
0

=90.20) + | 8,9(E(s), 2(s))f' (s)ds  (3.54)

that is valid for all B € [0,S]. If3(s) # s(s), then t is constant on (s(s),3(s)). Moreover, by lower
semicontinuity, 5(s) — s(s) > ||Z(s) — z(s)||5, for all s. Finally, the following relation is valid for
almost all s:

t'(s)((5(s) — 5()) + 12(5) — 2(5)llz + 2(s) = £(5)ll + [[2(s) — 2(s)llz ) = (3.55)

Remark 3.9. Observe that in Theorem 3.8 the assumption on D, ¥ is slightly stronger than what
is required in (1.21).

Proof. The complementarity relation (3.53) follows with the same arguments as in the proof of
Theorem 3.7. Starting again from the discrete energy dissipation identity (3.33) with o = 0 and
B > 0 on the left hand side we may pass to the limit inferior using the same arguments as in the
proof of Theorem 3.7 and obtain

N —oc0

B
lim inf <J(t.,-(,3),27([3)) +/U RET(s)n(Z;—(S)) + ;T(S)n(Dzj(tr(S)va(S)))ds)

8
> I(E(8), 2(8)) +/O R(2'(5)) + 12'(s)ly distv- (= D:I((s), 2(5)), OR(0)) ds .

On the right hand side of (3.33) we have to be more careful with the remainder term foﬂ r.(s)ds.
From (3.41) we obtain

B B B
[ re@ds = [ ~(50(s) = ) (6), ) ds [ DT (9)) — D5 (5)) 24 (5)) ds
0 0 0
=IT+1;.

Thanks to (3.50) and the continuity assumption on D, F, for all s € (0,5) the terms D, F(Z,(s))
and D, F(z(s)) converge strongly in Z* to the limits D,F(Z(s)) and D,F(2(s)), respectively. Since
these terms are uniformly bounded in Z* (uniformly with respect to s and 7) they also converge
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strongly in L'((0,S);2*). Together with the weak* convergence of (2.), in L®((0,S5);2*) it
follows that

B
lim 1] = / (D.F(3(s)) — D.F(3(s)), () ds.

0

N —oo

As for IT thanks to the non-negativity and the pointwise and strong convergence in L' ((0, S); R)
of the sequence (5,(-) — )., the weakx convergence of (z.), in L°°((0,.5); Z) and the convexity of
the mapping v — foﬁ(E(T) —1r)(Av(r),v(r)) dr with [Val90, Theorem 21] we conclude that

B B
lim sup/0 —(5-(s) — 8)(Az.(5), 2.(s)) ds = — lim inf/o (5-(s) — s){AzL(s),2.(s))ds

N —oc0 N —oc0

B B
< /0 —(3(s) — 8)(AZ'(s), #'(s)) ds = /0 (A(3(s) — 2(s)), /() dr . (3.56)

This yields (3.54) with < instead of an equality. By the very same arguments as in Section 2 we
finally obtain (3.54) with an equality.

Relation (3.55) can be verified as follows: By the definition of the interpolating curves, we have
t7.(s) |12+ () — 2,(8)||5, = O for almost all s. Moreover, for every s we obtain

liminf [|2-(s) — 2 (s)llz, > [[2(s) = 2(s)ll -

With Lemma B.2 applied to ft'f(s) Z-(s) — z,(s)|l,, ds with arbitrary o« < 8 € [0, S] we con-
clude. The other terms involving 2, Z, z can be treated similarly.

Assume that 3(s) # s(s) for some s € [0,5]. Let further (ep,€1) C [s(s),3(s)] be an arbitrary
nonempty interval. Then there exists Ny € N such that for all N > Ny we have (eg,€1) C
[s,(5),5-(s)]. It follows that ¢, is constant on [s,(s),S,(s)] for all N > Ny since otherwise these

intervals coincide with the time-update interval and have the width 7 tending to zero for N — oc.
Altogether it follows that the limit function £ is constant on (eg, €;), as well. O

Analogously to Proposition 1.3 we finally obtain the following characterization of the limit curves
(f,2,%) in terms of a differential inclusion: Assume that the limit curve (£, 2,%) is nondegenerate,
i.e. #'(s)+2'(s)||l, > 0 for almost all s. Then there exists a measurable function A : [0, S] — [0, o0)
such that

for almost all s € [0,5] : A(s)t'(s) =0, 0€IR(2(s)) + A(s)VZ(s) +D.I(t(s), 2(s)).
Under the above assumptions, we have A(s) = disty-(—D,J(£(s),Z(s)), OR(0))/ |2 (s) |y if #'(s) #
0 and A(s) = 0 otherwise.

4. AN ALTERNATE MINIMIZATION SCHEME WITH PENALTY TERM

Let U be a further Hilbert space and Q := UxZ. Let Z,V, X satisfy (1.11). With C € Lin(U, U*),
B € Lin(V,U*), A € Lin(Z,Z*) we define A € Lin(Q, Q%) via

(€2 (9)-(202)

It is assumed that A is self adjoint and positive definite with

VaeQ: (Ag.q) > alql (4.2)
for some positive constant . For £ = (£,,£,) € C*([0,T], (U* x V*)), F € C*(Z,R) and q =
(u, z) € Q we define the energy

£(t,0) = 3 (Agq) + () — (£(0),0) (13)
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and use the same dissipation potential R : X — [0, 00) as before, i.e. R is convex, lower semicon-
tinuous, positively homogeneous of degree one and satisfies (1.17). Given zg € Z the aim is to find
solutions ¢ = (u, 2) : [0,T] — Q of the system

0=Cu+Bz—4,(t),
0 € OR(2(t)) + (B u(t) + Az(t)) + D, F(2(¢)) — £.(t)

with 2(0) = zg. In applications, the first equation typically represents the (stationary) balance
of linear momentum while the second inclusion describes the evolution of the internal variable z.
Solving the first equation for u in dependence of z the system can be reduced to a sole evolution
law in z and we are back in the situation discussed in the previous sections. Hence, if in each
incremental step one looks for minimizers simultaneously in (u, z), the analysis of the previous
sections guarantees the convergence of suitable interpolants of the incremental solutions of (3.2)-
(3.3) to a limit function as described in Theorem 3.7. However, from a practical point of view
the iteration in (3.2)—(3.3) will be stopped after a finite number of steps and in addition it is
sometimes more convenient to follow an operator splitting ansatz.

The aim of this section is to analyze the following alternate minimization scheme combined with
iterated viscous minimization (relaxed local minimization):

Given N € N, time-step size 7 = T/N, n,d > 0, an initial datum 2y € Z and ug € U with
D, &(0,ug, 20) = 0 determine recursively wuy; and z;; for 1 <k < N and ¢ > 1 by the following
procedure: Let zj o := zx_1, U0 := ug—1. Then for i > 1

ug,; = argmin{ &(tx, v, 2k —1); v € U}, (4.6)
2k,i € Argmin{ E(ty, upq, &) + g € — Zk,i—1||§, +R(E = 2p,i-1): €2}, (4.7)
stop if [|zrs — zrji—1lly < 05 (uk, 2) = (Un,is Zh,i) - (4.8)

Remark 4.1. Observe that for B = 0 (which is an admissible choice) this approach coincides
with (3.2)—(3.3) with a stopping criterion instead of (3.3).

Clearly, minimizers exist in (4.6)—(4.7). A straightforward adaption of the arguments leading
to Proposition 3.2 results in

Proposition 4.2. Assume (3.1a)—(3.1e) and (4.2).

For every N € N, n,d >0 and 1 < k < N there exists M,iv € N such that the stopping criterion
(4.8) is satisfied after M,iv minimization steps. Moreover, there exists a constant C > 0 such that
forall N €N, 7,6 >0,1<k<N,1<i<M} the corresponding minimizers satisfy the bounds

Jur,illy + llzwilly, < C, (4.9)

MN -1

N
n 2
DY (Rl = 2) + 5 Iz — 2ally) < C. (4.10)

s=1 7=0

Proof. Let § > 0. Note first that as a consequence of coercivity and the assumptions on ¢ the
energy functional € is uniformly bounded from below. This implies that the sequences (e;);>0 :=
(E(tr, uk,is 2k,i))i>0 and (e; + 04)i>0 With 6; := R(2ki — 2r,i—1) + 4 |2k, — Z;m_lﬂi, are uniformly
bounded from below, as well. Moreover, arguing as subsequent to (3.4) we see that these sequences
are nested (i.e. e;+3d; <e;_1 <e;_1+3d;_1 for all ¢ > 1) and nonincreasing. Hence both sequences
converge to the same limit. This in turn implies that ||zj; — 2zx—1]|y tends to zero for i — oco.
Hence, M} = inf{i € N; ||z.; — Zk,i—1|ly < 0} is finite, which proves the first statement of the
Proposition.
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Observe further that relations (4.6)—(4.7) imply that e; + §; < e;—1 for all ¢ > 2 and that
tr

e1+ 01 < E(tk, uk,1,2K0) < E(tk—1,Uk0, 2k,0) = E(tp—1, Uk—1, 2k—1) + OrE(ry u—1, 2p—1)dr.
th—1

Taking the sum with respect to i yields (with R, (v) = R(v) + 2 ||UH§,)

i tr
E(tr, Ukiy 2,i) + ZiRn(Zk,j — 2k, j—1) < E(tp—1,Uk—1, Zk—1) +/ OLE(r, up—1, 2K—1)dr.
th—1

j=1
Now, the uniform bounds (4.9)—(4.10) follow by similar arguments as in [MR15, Chapter 2.1.2]. O

As in the previous sections, the arc length of the linear interpolation curves of the minimizers
generated by (4.6)—(4.8) is uniformly bounded:

Proposition 4.3. Assume (3.1a)—(3.1e), (4.2) and D,&(0, zg,ug) € V*. Let

MY -1 MY -1
Vi = Z |27 141 — ZI:,iHZ , pig, = Z [ uEzHu (4.11)
i=0 1=0

Then there exists a constant C > 0 such that for all N € N and n,§ >0

N N MY -1
ZWZ <C|T ||g||C1([O,T],Q*) + [[D2€(0, uo, 20) [y~ + Z Z R(Zk,i1 = ki) | 5 (4.12)
k=1 k=1 =0
N N
ZMZSC<T+Z%Z)- (4.13)
k=1 k=1
Moreover, for all 0 < i < M,iv -1
|27 i1 = #hilly <€ (4.14)
||uk,i+1 — ukﬂ'”u S C(T + 7771). (415)

Proof. Let ug o = up—1 and 2z, _1 = Zp_ MY 1 Then from the minimality of uy; in (4.6) we

deduce for 0 <1 < M,ﬁv — 1 that

[t i1 — Unyilly < C (szz — 2k,i—1lly + di0T H&Hcl([oﬂ;u*)) , (4.16)

where d; ¢ is the Kronecker-symbol. Summation with respect to k and i yields (4.13). In order to
prove (4.12) we proceed as follows: For ¢ > 1 let & ; := —D.E(tk, Ur,is 2k,i) — NV (2ki — Zki-1)-
Since &k € OR(2k,i — 2k,i—1), by the convexity and one-homogeneity of R we deduce that 0 >
(€ki — Ekit1, Zki+1 — Zk,i), which can be rewritten as

N || 2,541 — Zkz||§, — 0V (2k,i — Zhyi=1), Zhyit1 — Zh,i) + (A(Zhyip1 — 2h,0)s (Zhyit1 — 2hyi))
< (B (uk,i — Uk,iv1), kit — 2k6) + (D2F(2x,0) — D2F(2h,i1), 2hyivr — 2k). (4.17)

This is the analogue of (3.21). Taking into account estimate (4.16) and applying Ehrling’s Lemma
(cf. (1.20)) with € = /4 the first term on the right hand side of (4.17) can be estimated as

«
B (i = i) 2t = 2kl < (12 = 2hamlly + OR(os = 20im)) Dominn = 2wally

while the second term on the right hand side is estimated with Lemma 1.1, again with € = /4,
so that in total we arrive at

D zkie1 — ziille = 0 12 — 2ei-1lly 1201 — 2elly + 22 lzie1 — 2ell2

< (G N2k — 2ri-1lly + C(R(zi — 2hiz1) + R(2h,ie1 — 201))) 1 2ki41 — 2hiilly > (4.18)
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and hence

N llzkit1 — ziilly + 22 (| 2kie1 — 2l
<nllzki = zri-tlly + 5 12k — 2ri-1lly + C(R(2hi — 21,i-1) + R(zkit1 — 2x4)),  (4.19)

which is valid for 1 <i < M} — 1. If k > 2 and i = 0, then arguing as above we find (4.17) with
the additional term (¢, (tx) — €. (tk—1), 2k,1 — 2k,0) on the right hand side. This leads to (4.19) for
i = 0 and with the additional term 7 ||¢|[ o1 (o 77,1 xvy<) on the right hand side.

Fix k > 2. Taking the sum of (4.19) with respect to 1 <i < M} —1 and adding the inequality
for i = 0 we obtain after exploiting several cancellations:

7
2kt = 2rally + 5 l2ri0n = 2zl + D Ik — 2e4ll2
j=0
i+1
< nllzko = zk-1lly + § l1zk0 = 26-1llz + C(7 1l o,y uxzy-) + Z:R(Zk,j — 2k,-1)) s
j=0
(4.20)

which is valid for 0 < i < M,ﬁv — 1.

Let us now discuss the case k = 1 and ¢ = 0. Again we have &1 € 0R(21,1 — #1,0) and thus
:R(Zl,l — 21,0) = <§171, 21,1 — 2’170>. Addlng <7DZ8(O,’LL07 Zo), 21,1 — 2170> on both sides yields after
rearranging the terms and exploiting the positivity of A

:R(Zl,l — 21,0) +n ||Z1,1 — Z1,0||§, + a ||Z1,1 — 2’1,0| QZ
< <_Dz8(0a Ug, Zo), 21,1 — 21,0> + <€(0) - g(T)a 21,1 — Z1,0> + <B*(U0 - U1,1), 21,1 — 21,0>

(4.21)

< C(ID=E(0, uo, 20) ly- + 7 1l e o, 77, uxvy) ) 1211 = 210l -

From this inequality we deduce that

nllz11 = 210lly + allzin = z10lly < C(ID-E0,u0, 20)lys + T 1llor (o uxvy-y ). (4:22)

ll

For k = 1, taking the sum of (4.19) with respect to i and adding (4.22) we obtain

7
nllzrin = zuilly + § 1211 — z00lly + § l2ien — 21illy + § D Nz — 215,
=0

< C(T ||Z||Cl([O,T];(u><V)*) + [[D2€(0, uo, 20) [y~ + Z:R(Zl,jJrl - Zl,j)) ; (4.23)
j=0

which is valid for 0 < i < MlN —1.
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For arbitrary k € {1,...,N} and i € {0,..., M} — 1} the summation of (4.20) and (4.23) up
to (k,i) yields (with 21 _; := 2o and omitting the term § [|21,1 — 21,0/, on the left hand side)

k—1
Nllzkiv1 — zrilly + F l2kit1 — 2nilly + Z (| zs,ma5 = za v lly + G |2sy = 2oy —1])
s=1
k—1 M —1 i
+43 0 ) Mzsgrr = Zeglln 5D kg1 — 2nylly
s=1 j=0 =0

<

k
(nllzs,0 = zs,~1lly + § llzs,0 — zs,—1ll )

—

S

+ C(kT HEHC’l([O,T];(UXV)*) + ||Dz8(07u0a20)|

V*
k-1 M -1 i1
+ Z :R(Zs,j — Zs,j—l) + Z:R(de — Zk,j—l)) . (424)
s=1 j=0 7=0

Observe that zs9 = Ze 1,MN | and zs, 1 = Ze MM 1 and hence

k—1 k
Z ||Zs,M.£V - Zs,MSNleV = Z ||Zt7,0 - Za,flnv .
s=1 o=2

Thus, the previous estimate reduces to

k—1 7
Dllzkivr — zrilly + $ l2kirs — 2rilly + > ¥+ 95D N2kit1 — 2x4ll2
s=1 7=0

S C(k’r ||£||Cl([O,T};('lL><V)*) + HDZE(O,U(),Z()H

v*
b1 MY -1 i+1
+ Z Z fR(ZSJ — Zsﬁjfl) + ZR(Z}CJ — Zk’jfl)) , (425)
s=1 j=0 5=0
which implies (4.12) and (4.14). Finally, (4.15) is a consequence of (4.16) and (4.14). O

Like in the previous section interpolating curves will be defined with respect to an artificial
arclength parameter. For k > 1 let

My

s0= 0, spi= ko1 74+ 3 (ks = wpiotll + 2 = 2raoally ) -
i=1

Thanks to Proposition 4.3 we have sup yen 550,,>0 SN < 00. Let furthermore
Sk,—1 ‘= Sk—1, Sk,0 = Sk—-1+ T (426)
and for 7 > 1
Skyi = Skyi—1 + Uk — i1y + 120 — 2ri-1lly

with s p/x = si. The piecewise affine interpolations are given by (1<k<N,1<i<MY)

for s € [sg—1,Sk,0) : tr(8) =th—1+ (s — Sp—1), ur(s) = up—1, 2r(s) = 2k_1, (4.27a)
S — Sk.i—
for s € [Sk,i—1,Sk,i) ur(8) = upi—1+ #(u;ﬂ — Uk i—1), (4.27Db)
o-(8)
5 = Spyi—1

zr(s) :== Zki—1 T 72 (5) (2k,i — Zk,i—l) (4.27¢)

tr(s) == tp, (4.27d)
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where the increment o, is defined as

- for s € (sg—1, Sk,0)
0r(8) = 4 llu,i — ugi-1lly + 12k — 2xi-1lly  for s € (ski—1,58,0) - (4.28)
0 otherwise

Observe that in (4.27) we do not divide by zero. The piecewise left or right continuous interpolants
are defined as follows for g € {t,u,z}: Let 1 <k < N,0<i< Mév Then

G,(8) = gr(ski)  for s € (sgi-1,5k,l,
=g-

(Sk,i—l) for s € [Sk,i—la Skﬂ)

With this, o-(s) = [-(s) — £, (s)[+[[T-(5) — u,(5)lly +Z-(5) — 2-(5)[ly- By definition, for almost
all s we have t”(s) + ||u,(s)|ly, + [I2-(s)]ly = 1, t-(sy) = T and z, is uniformly bounded in
L>((0,sn);2) NWE((0, sx); V) while u, is uniformly bounded in W1°°((0, sy); U). Moreover,
due to Proposition 4.3 for all s € [0, siy] and uniformly in N, n and 6 we have

ur(s) =7 (5)[ly + Ny (s) = Tr(s)]ly < Clr+171), (4.29)
127(s) = Z-(s)lly + Iz, (s) = Z-(s)lly < Cn~ T, (4.30)
los(s)] < C(r+n71). (4.31)

Let us finally define

Jo(s) = {T]V(szMévl — Zp_1mpy —1) for s € (sp—1,8k0) and k > 2

0 otherwise
Thanks to the stopping criterion (4.8) we have
[0l Loe (0,50 ):0%) < CM6.

Moreover, ||J;(s)|y« ||2-(s)|/y = 0 for almost all s € [0, sy]. The next proposition is the analogue
to Proposition 3.5. We recall the notation R, (v) = R(v) + § Hv||§,

Proposition 4.4 (Discrete energy dissipation estimate).
Assume (3.1a)—(3.1e), (4.2) and that —D,E(0,ug,29) € OR(0). The interpolating curves satisfy
the following relation for every o < 8 € [0, sn] and with ¢.(s) :== (ur(s), z-(s)):

E(t-(8),q-(B tr(a),¢-(a))
_l’_

) - £
B
| R ) 4 R (= D& (8,9, 0:(5), 21 (5) — i (s)) s

B B B8
_ / Ot (5), g ()1 () ds + / (DuE(t(5), o (5)), o (5)) ds + / ro(s)ds, (4.32)
where rr = (D,&(tr,qr) — D,E(L,,Ur, Zr), 2). Moreover,
B8
[ resrds <c-a)r . (4.33)
IDuE(trs @) e (0.8m)a0s) < CT+070), (4.34)

and the constant C independent of n, N and 0.
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Proof. By the chain rule, for every a < g8 € [0, sy] we deduce

g(tT(ﬁ)? QT(/B)) - 8(t7(a)7QT(a))

B B B
— [ Bt (oD () dst [ D o), ()r(o) dst [ DLt 5),a(5)), 2 5)) d.
(4.35)

For the term involving D,€ we proceed as follows: Let first k,i > 1 and s € (Sk,i—1,5k). Then
from the minimality of zx; we obtain —D,&(tk, Uk, 2k:) — NV (2ki — Zki—1) € OR(2k,i — Zki—1)
which can be rewritten as

DL E(t, (), Ty (), 51 (5)) — T (s) € IRy () (24(5)) (4.36)

Next, for k > 2 and s € (sg,—1, Sk,0) we have

—D.&(tk-1, Uk71,M,g[1aZk71,zv1,inl) - nV(Zkfl,Mlé\Ll - Zk71,M,gilf1)
€ OR(zp_1,my | — Zx—1.my | —1) C OR(0).

Since o, (s)nVz.(s) = 0, the previous relation can be rewritten in the form (4.36), as well. Finally
for k =1 and s € (sg,s1,0) thanks to the assumptions we have —D,E(0,ug, z0) € OR(0), which
again can be rewritten in the form (4.36). Thus, (4.36) is valid for almost all s € (0,sy). By
convex analysis, relation (4.36) is equivalent to

Ro, (5)n(27()) + G (5 (=D:E(E(5),Tr (), 2 (s)) = J-(s))
= (=D:&(t (), ur(s),Z ( ), 2:(8)) = (Jr(s), 27(s)) = —(D2€(tr(5), 4 (5)), 27 () + 7 (s)

/

with r(s) as in the proposition and taking into account that (J(s),z.(s)) = 0. Inserting this
identity into (4.35) results in (4.32).

For proving (4.34) observe first that due to the minimality of the u; and the assumption on
ug we have

Du&(tr(s), ¢-(s)) =
D, E(t-(s),q-(s)) E(tr(s),Tr(s),2,(5)) for k,i > 1 and s € (Sk,i—1, Sk.,i)
D, E(t-(s),q-(s)) 8@7(5)’97(3)7Zkfl,M,ﬁ\’,fl) for k> 2 and s € (sg,—1, Sk,0)
Dy &(tr (), ¢r(s)) — Du€(t,(s), (), 2-(5)) for s € (s0,51,0)

Taking into account estimates (4.29)—(4.30) we arrive at (4.34). By similar arguments as those in
the proof of Proposition 3.5 we finally obtain (4.33) applying again Lemma 1.1 and the estimates
(4.29)—(4.30). O

We are now ready to pass to the limit.

Theorem 4.5. Assume (3.1a)—(3.1e), (4.2) and that —D,E(0,ug, z0) € OR(0). Let the sequences
(uf ki C W and (2] ;)k,i with 7 =T/N be generated by (4.6)—(4.8).
For every sequence N,, — 00,n, — 00, 7n, — 0 and 6, — 0 with 1,0, — 0 there exists a

(not relabeled) subsequence (Sn, ,tr, ,Ur, 2z, )nen Of the interpolating curves, a number S > 0 and
functions t € W1((0,S);R), & € WH>°((0,9);U), 2 € WH>((0,8); V) N L>((0,5);2) (with
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G := (1, 2)) such that for n — oo (we omit the index n)

sN — S, (4.37)

tr =t in Wh((0,8);R), L., t.(s) — i(s) for every s € [0,5], (4.38)
ur = 4 weaklyx in W((0,8); W), (4.39)

2y = 2 weaklyx in WH*°((0,5); V) N L>=((0,5); 2), (4.40)

U, (8),u,(8), ur(s) = 4(s) weakly in U for every s € [0, 5], (4.41)
Z+(8), 2,(8), zr(s) = Z2(s) weakly in Z for every s € [0,5]. (4.42)

Moreover, the limit functions satisfy t(0) = 0, £(S) = T, 2(0) = 2, @4(0) = uy and for a.a.
s €10,9]
£'(s) = 0, #(s) + [[@/ (s)llo + 12'(9) Iy <1, (4.43)

#'(s) disty- (—D.E(I(s),4(s)), 0R(0)) =0 (4.44)
together with the energy dissipation identity

E(t(s),4(s)) + /0 R(Z'(r) + [IZ'(r) ]|y dist(—=D:E((r), 4(r)), OR(0)) dr

= 2(0.a0)+ [ D)0 C)dr (445)
for all s € [0,5]. Finally, for all s € [0, 5] we have D,E(t(s),(s), 2(s)) = 0.

Remark 4.6. Observe that the solutions generated by the combined alternate minimization
scheme with viscous regularization are of the same type as the solutions generated by the schemes
discussed in Sections 2 and 3.1 and hence belong to the class of BV-solutions, as well.

Proof. The proof is similar to the proof of Theorem 3.7 and 2.5, and we highlight here the differ-
ences, only. The convergences in (4.37)—(4.42) follow from the bounds provided in Propositions
4.2 and 4.3, compare also (4.29)—(4.30). Moreover, for every sequence (oy,), C [0, sy] with o, = o
in [0, S] we have
tr, (0n) = 1(0), ur, (0,) = G(c0) weakly in U, z,, (0,) = 2(0) weakly in Z. (4.46)
This is an immediate consequence of the uniform Lipschitz bounds for the sequences (t;),, (ur)r
and (z.), and the pointwise (weak) convergences in (4.39)—(4.42).
Let (%VT, Ur, 27 )+ be any triple of interpolating curves. Thanks to the assumptions on € and the
convergences (4.41)—(4.42), for every s we have
DL E(t-(s), Ur(5), Zr(s)) — D, E(E(s), 0(s), 2(s)) weakly in U*, (4.47)
D.&(t(5),Ur(s), Z-(s)) — D.E(E(s), 0(s), 2(s)) weakly in Z*. (4.48)
The relations in (4.43) follow by simple lower semicontinuity arguments. Let us next discuss

the complementarity relation (4.44): Observe first that

sup disty- (=D, E(E(s),a(s), 2(s)), OR(0)) < . (4.49)
s€[0,5]

Indeed, from (4.36) it follows that for almost all s € [0, sy] we have
—(D.E(t(5),Tr(5),Z-(5)) + o7 (s)n2L(s) + J7(s)) € OR(0). (4.50)

Since OR(0) C V* is bounded (due to assumption (1.17)) and since the functions J, and o, (s)n2.(s)
are uniformly bounded in V* with respect to s,n,7 (see (4.14) and (4.30)—(4.31)) we obtain

sup HDZE@T’ET’ZT)”L"C((O,SN);V*) < 00,
Y
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Thus, for this choice of the interpolants in (4.48) we actually have weak convergence in V* and
ultimately D, &(Z, @, 2) € L>°((0, S); V*). Due to the boundedness of R(0) in V* we finally obtain
(4.49). Starting again from (4.50) for almost all s we have

t disty- (=D.E(L,, Ur, Z7), OR(0)) < (o7 |27

v + 17,1

v*) = t/T ||JT||\7* )

where for the latter identity we have used that . (s) ||z.(s)]
(4.8) for all @ < 8 € [0, sn]| we have

v+ = 0. Thus, taking into account

B
0< / t! distys (=D, E(t,, Ur,Z,), OR(0)) ds < ndsn.

Proposition B.2 now yields (4.44).

From (4.33) and the convergences in (4.47) it follows that D,E&(Z(s),(s),2(s)) = 0 for all
s € [0, S] and moreover, ff(Duﬁ(tT(s),qT(s)),u’T(s)> ds tends to zero for N — oco. We recall that
R (v) + R (&) = R(v) + vl disty« (&, OR(0)) for all u > 0, v € V and § € V*. Thus, for « =0
and arbitrary 8 € [0, 5] from the discrete energy dissipation identity (4.32) we obtain in the limit
N — oo the energy dissipation inequality (4.45) with < instead of an equality. Here, we exploit
the lower semicontinuity of & and Proposition B.1. With the same argument as in the proof of
[KRZ13, Lemma 5.2] one obtains

(=D:E(i(s), q(s)), 2'(s)) < R(Z'(s)) + disty- (~D.E(I(s), 4(5)), OR(0)).

Hence, applying again the chain rule to the right hand side of (4.45) we finally obtain the energy
dissipation identity (4.45) with equality. This finishes the proof of Theorem 4.5. O

5. EXAMPLES

5.1. A finite dimensional example. The following finite dimensional example illustrates that
functions satisfying (2.35)—(2.37) with the same data zp and ¢ need not be unique. Moreover, the
approaches discussed in Section 2 (local minimization) and Section 3.1 (relaxed local minimization)
might converge to different solutions of (2.35)—(2.37).

Let Z=V=X=R, k>0, 20 =2, {(t) =0 for t € [0,T] and define

It,z) = —kz+ 22— 82° +102° — 162, R(z):=k|z].

Observe that D,J(t,2) = —k + (2 — 2)?(2 — 4) and OR(0) = [~k, k]. Clearly, —D,IJ(t,2) € OR(0) if
and only if 2 € {2} U[4, 2.], where 2, > 4 is the (unique) solution of (z —2)?(z —4) = 2x. The pair
(foo, 200) & [0, 8] = [0, T] xR with £, (t) = t and 24, (t) = 2 is a solution of (2.35)—(2.37). Moreover,
Let o € [0, 7] be arbitrary. It is straightforward to verify that the pairs (4, 24) : [0, 5] — [0, T] xR
with S =247 and

s ifs<a 2 ifs<a
ta(s) =< « fa<s<a+2, 24(8)=¢24+s5s—a ifa<s<a+2
s—2 ifs>a+2 4 ifs>a+2

satisfy (2.35)—(2.37), as well. Starting with zp = 2 the algorithm (3.2)—(3.3) for every n > 1 and
arbitrary 7 > 0 generates the constant values 2z o, = 2, hence approximating in the limit the
solution (fes, 200) from above. On the other hand, the local minimization algorithm (2.1)-(2.2)
generates the points (9, 20) = (0,2 + kh) if kh < 2 and (!, 20) = (kh + ((k« + 1)h — 2),4) if
k > k., where k, = |2/h]. In the limit (h — 0) these curves converge to the solution (f, 2,) with
a = 0. A similar example was presented in [Minl2, Section 5.3].
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5.2. Comparison of the schemes for a finite dimensional toy example. In order to il-
lustrate the similarities and also differences of the above discussed schemes let us consider the
following finite dimensional example with Z =V =X =R and

2
2(0.1 + 22)’

Note that the energy J is not exactly of the structure (1.14). Clearly, D,J(¢,2) = (10 + my
and hence D,J(t,z) is positive if and only if z is positive. Hence, z(t) > 0 implies 2(¢) < 0.
Moreover, inf{ D2J(¢,2); 0 <t < T,0 < 2 < 1} =inf{D2J(T,2); 0 < 2 < 1} > —46.3.

Figure 2a shows the global energetic solution (dark red) and the BV-solution (blue) associated
with (5.1) on the time interval [0,7]. In this particular example these solutions are unique. The
gray set in Figure 2a refers to points (¢,z) with —D,J(t,z) € OR(0). The following tests were

I(t, 2) == 52% — R():=10lv], z=1 and T =15. (5.1)

carried out:

Vanishing viscosity: Figure 2b shows the results obtained with the vanishing viscosity approach
(1.3), where the discretization parameters are chosen as in Table 1. Observe the rather slow
convergence towards the BV-solution of the discrete solutions for the choice p = 0.14/7.

Local minimization: The purple curve in Figure 3a is obtained by the local minimization algo-
rithm (2.1)-(2.2) with & = 7//90 = 0.016. The total number of minimization steps to reach the
final time T is 150. Figure 3b shows the corresponding time increments.

Relazed local minimization with stopping criterion: Figure 4a shows the discrete solution ob-
tained with the scheme (3.2) combined with the stopping criterion (4.8) for N = 100, n = 100
and § = 1073. The total number of minimization steps is 400. Figure 4b displays the number of
iterations in each time step ¢t = KT/N (with a maximum of 127 minimization steps for k = 86).
Observe that for this choice of 7 for all ¢ € [0,T] the function z +— I(t,2) + R(z —v) + 3 |z — o)?
is uniformly convex on [0,1] (for arbitrary v).

Visco-energetic solutions: Visco-energetic solutions are obtained as limit 7 — 0 in (1.3) for
fixed ratio u/7, [RS17]. Figure 5a shows the convergence for p/7 = 0.5, while Figure 5b shows
the convergence for p/7 = 10. In both cases 7 = T/N with N € {100, 500, 1500, 3000}.

06

04t

0o,

FIGURE 2. Left: Global energetic (dark red) and BV-solution (blue); Right: So-
lutions generated by the viscosity scheme (1.3) with parameters from Table 1.
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0015

0010

bt —tr—1

FIGURE 3. Left: Solution generated with the local minimization scheme (2.1)—
(2.2) for h = T'/90; Right: Time-increment in each minimization step.

FIGURE 4. Left: Solution generated with the relaxed local minimization scheme
(3.2) combined with (4.8) for N = 100, n = 100, § = 10~3; Right: Number of

iterations i,.x in each time step.

Z 104

(a)

Z 10 [

06

041

0o

FIGURE 5. Left: Visco-energetic solutions for p/7 = 0.5 and different values for
7 (for comparison the global energetic solution is plotted in dark red); Right:

Visco-energetic solutions for p/7 = 10.
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N
blue 100 p=+/T1
yellow 100 p=0.1y/7
orange 500 p=0.1y/7

red 1000 p=0.1/7
TABLE 1. Discretization parameters for the scheme (1.3) with 7 = T/N.

5.3. Application to a rate-independent ferroelectric model. Ferroelectric ceramics exhibit
coupled electrical and mechanical responses: mechanical deformations of such a material induce
an electric field and vice versa. Furthermore they show a hysteretic behavior since the polarization
and the spontaneous eigenstrains might change provided the applied electrical or mechanical loads
are large enough. The model discussed in this section is a rate-independent version of the phase
field model from [SKT*15]. General rate-independent models for ferroelectric material behavior
were analyzed in [MTO06] in the global energetic framework.

Let Q C R? d € {2,3}, be a bounded domain with Lipschitz boundary. The following variables
are used for the modeling: The displacement field u : Q@ — R9, the strain field e(u) = sym(Vu),
the electric potential ¢ : Q — R, the electric field E = —V¢, the electric displacement D : Q — R?
and the spontaneous polarization P : Q — R%. In [SKT*15], the free energy density associated
with this system is given as

U(e(u), D, P,VP) := Uy (e(u), D, P) 4+ Weop (P) + U graa(VP), (5.2)
where
elele —eTe ! e(u) — e e(u) — e
Uk (e(u), D, P) = ;<<C te*Te i ) < (Dl}f ) ( (D)i]f >>, (5.3)
Vgrad(VP) = g VP, (5.4)

In [SKT*15], Uy, is a nonconvex sixth order polynomial in P that is bounded from below. In the
case d = 2 this polynomial fits to our assumptions. However, in the three dimensional case, we will
formulate more restrictive assumptions on Weep, see (5.5b) here below. In general, the material
parameters C (elasticity tensor), e (piezoelectric tensor), € (dielectric tensor) and the eigenstrain °
depend on the polarization P and explicit expressions can again be found in [SKT*15]. However,
in order to apply the results from the previous sections directly we here make the simplifying
assumption that these quantities do not depend on P. It is the topic of a forthcoming paper to

include also P-dependent coefficients. To be more precise, we assume that

C € L>®(Q; Lin(REX4 RIXdY)) e € L°°(; Lin(R¥*4, RY)),

sym > “hsym
e € L®(Q; Lin(R%, RY)), € € L2(Q;REXY), k € L= (Q;R)

sym

with k() > ko > 0 almost everywhere in Q. Moreover, the tensor fields C and e shall be uniformly
positive definite, i.e. there exists a constant o > 0 such that for almost all € Q we have

(C(2)¢,€) > a ¢’ for all £ € REXE (e(x)v) - v > a|v|* for all v € RY.

sym »

Finally, we assume that ¥, € C?(R4,R) has the following coercivity and growth properties

30> 0,c0 e RYPeRY: W, (P) >d|P]> = co, (5.5a)
_ 1,00) ifd=2
Jey > 0VP e R?: D3V, (P)| < e (1+|P|""?) withre [t .
1 DB Weep(P)| < er(14|P]"77) 14 ifd—3

(5.5b)
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For simplicity we assume vanishing Dirichlet boundary conditions on 0f2 for u and ¢. This leads
to the following choice for the function spaces:

U= H} (G RY) x L% (Q,RY), 2:= H'(Q,RY), V:=L*Q,RY), X=L"Q;RY

where L3,(Q,RY) := { D € L*(Q,RY); V¢ € Hi (L, R) [, D-Védx =0}, equipped with the L*-
norm. For (u, D) € U, P € Z and £ € C*([0, T], (U* x V*)) the energy functional & : [0, T] xUx Z —
R takes the form

&(t,u, D, P):= /Q Upuk(e(u(z)), D(x), P(x)) + Yeep(P(x)) + Ygraa(VP(x)) dz — (£(t), (u, D, P)T),

while the dissipation potential R : X — [0, 00) is given by
R(2) = ol o
with a constant v > 0. The ferroelectric model reads: Find (u, D) : [0,7] — U and P : [0,T] — Z
with P(0) = Py € Z and
0=D,E(t,u(t),D(t),P(t)), 0=Dpl(t,u(t),D(t),P(t)),
0 € OR(P(t)) + DpE(t, u(t), D(t), P(t)).

Clearly, the assumptions (3.1a) and (3.1d) are satisfied. Moreover, for all (u, D) € U, P € Z, the
quadratic part of € satisfies

2
/Q Vputi(e(w)), D, P) + Uyraa(VP) dz 48 | P20y = B (. DY+ P2~ [|€°]2) (5:6)

with ¢ > 0 from (5.5a) and 8 > 0 is a constant that is independent of (u, D, P). This estimate
follows from the positivity assumption on the material tensors, Korn’s inequality and after applying
Young’s inequality several times. This implies (4.2) (to be more precise, one should interpret terms
involving ¥ as parts of the loads ). Let F(P) := [, Uyep(P) — 4 |P|* dz. Thanks to (5.5a)—(5.5b)
and the embedding theorems for Sobolev spaces, F satisfies (1.13), (1.18), (1.21) and (3.1c).
Hence, discrete solutions of this ferroelectric model generated by any of the schemes presented in
the previous sections converge to solutions of BV-type. In particular, the alternate minimization
scheme discussed in Section 4 can be applied to approximate BV-solutions of the ferroelectric
model.
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APPENDIX A. IDENTITIES RELYING ON CONVEX ANALYSIS
With the assumptions and definitions introduced in Section 1.1 for h > 0, v € V we define
Uy, (v) := R(v) + In(v), (A1)

where I;,(v) = 0 if (Vv,0) < h? and I;(v) = oo otherwise. We denote by 0¥, and ¥};* the
subdifferential and the conjugate functional of W}, with respect to the Z — Z*-duality and by 0V,
and ¥} the subdifferential and the conjugate functional with respect to the V — V*-duality.

Lemma A.1. Assume (1.11), (1.12) and (1.17). For every z € Z, n € V* we have
Wy (2) CV*, 05T (2) = Oy (2), (A.2)
W% (n) = 5 (n) = h¥i(n) = hdisty- (n,0R(0)), (A-3)
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where disty«(n,0R(0)) = inf{|n — o|ly-1 ; o € OR(0)} and ||77||§,,1 = (V=1n,n). Furthermore,
for h >0 0¥ (0) = OR(0) and OR(0) is bounded in V*. Moreover, for v €V, & € V* we have

£e€0l(v) & |vlly £h and 3p >0 with p(|jv|ly —h) =0 and § = pVu. (A.4)

Proof. In order to verify (A.2) observe first that by the sum rule for subdifferentials, [IT79], for
all z € Z we have 0%V, (2) = 0*R(z) + 0%, (z), and we discuss the terms on the right hand
side separately. Since R is positively homogeneous of degree one we have 9*R(z) C 9*R(0) for
all z € Z. The upper bound (1.17) implies the estimate (n,2) < R(z) < Cz|| < C || z||y that
is valid for all n € 9*R(0) and z € Z. Since Z is dense in V this estimate shows that 1 can be
extended in a unique way to an element from V* and thus O*R(0) C V*. Observe that

Y if V*

00 if v € Z*\'V*
with I (§) = hy/(, V1) for £ € V*. This can be seen as follows: The expression for I}
(conjugate functional of Ij, with respect to V — V*) follows by direct calculations. In order to
determine I;;*(£) let first £ € 2% with I;*(£) = sup{ (£, 2); 2 € Z, (Vz,2)v- vy < h?} =: ¢ < 0.
Then for all z € By, := {2 € Z; (Vz,2)y« v < h%?} we have |(¢, z)| < ¢ which due to the density
of Bz in By := {v € V; (Vu,v)y- vy < h?} implies that £ € V* and [}(£) = I;*(£). With the
same argument we obtain that I;*(§) = I;;(§) for arbitrary £ € V* and (A.5) is proved. Since
dom (I;*) C V*, from the generalized Young inequality we conclude that §%I(z) C V* for all
z € Z. This proves the first claim in (A.2). The second claim in (A.2) now is an immediate

(A.5)

consequence. In a similar way the first identity in (A.3) follows. The last identity in (A.3) is a
consequence of the inf-convolution formula and general properties of one-homogeneous functionals,
cf. [IT79)]. O

APPENDIX B. LOWER SEMICONTINUITY PROPERTIES
The following Proposition is a slight variant of [MRS09, Lemma 3.1].

Proposition B.1. Let v,,v € L>(0, S;V) with v, = v in L>(0,S;V) and 6,,6 € L*(0, S; [0, 00))
with iminf,, o 6,,(s) > d(s) for almost all s. Then

S S
hmmf/o an(s)Hv(Sn(s)dsz/o lo(s)]ly 8(s) ds. (B.1)

n—oQ

Proof. The proposition can be proved in exactly the same way as [MRS09, Lemma 3.1]. Indeed,
assume first that §,, — J strongly in L(0, .S). Since for every fixed se Ll (0,.5;[0,00)) the mapping
v = fOS lvlly 6 ds is convex and lower semicontinuous on L> (0, S; V) a generalized version of Ioffe’s
Theorem (see [Val90, Theorem 21]) yields (B.1) for this case. For the general case fix £ > 0 and
define 4, k(s) := min{d,(s),d(s), k}. Observe that 6, — dx := min{4, k} strongly in L'(0,S5).
Hence,

s

S
[[on (8) | 5n,k(8)d82/0 [o(s)llv 0x(s) ds

by the first step. The limit & — oo finally implies (B.1). O

5
hmlnf/o [lon(5)]ly On(s) dszhnrglogf/o

n—oQ

The next lemma that we cite from [MRS12b, Lemma 4.3] is closely related to the previous
proposition:

Lemma B.2. Let I C R be a bounded interval and f, g, fn,gn : I — [0,00), n € N, measurable
functions satisfying liminf, . fn(s) > f(s) for a.a. s € I and g, — g weakly in L*(I). Then

liminf [ f5,(s)gn(s) dsZ/If(s)g(s)ds.

n— 00 I
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