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2 Christian Meyer, Michael Sievers

1 Introduction

This paper is concerned with the finite element discretization of rate-independent evolutions.
We consider an evolutionary system of the form

0 € IR(2(t)) + D.Z(t,2(t)) ae. in[0,77], (L.

where Z denotes a possibly non-convex energy functional, while R is a positive 1-homogeneous
dissipation functional. The precise assumptions on Z and R will be specified in Section 2
below. The positive homogeneity of R implies that (1.1) is in fact invariant under time rescal-
ings, i.e., the process described by (1.1) is rate-independent. Such a behavior is observed
for physical systems driven by external loads ranging on a time-scale that is much slower
than the internal scale. Thus, for most of the time, solutions follow the external forces, while
forming sudden jumps in between. To be more precise, under appropriate assumptions on the
energy, in particular convexity, the solution is continuous in time, whereas discontinuities
may show up, if Z is not convex w.r.t. z, see [MT04] for details.

There exists a multitude of solution concepts for rate-independent systems accounting
for these potential discontinuities. For an overview, we refer to [Miell, MR15]. In this
paper, we focus on the notion of so called parametrized solutions. The key idea of this
solution concept is that jumps should rather be seen as (infinitely) fast viscous transitions
between two stable regimes. One way to derive the existence of parametrized solutions is
therefore a viscous regularization of (1.1) accompanied by a subsequent limit analysis for
vanishing regularization, cf. e.g. [MZ14, MRS16]. This vanishing viscosity approach leads
to the following limit system w.r.t. to an artificial time s that arises from an arc-length
parametrization of the viscous trajectory:

#0) =0, =2(0)==z0, t'(s)+['(s)ll =1,
0 € OR('(s)) + A(s)2'(s) + D:Z(t(s), z(s)) (1.2)
A(s) 20, M)A =[I(s)])) =0,

This evolutionary system allows to identify three different regimes and ascribe them a
physical meaning (see [MR15]):
— Sticking:
In this case, the potential forces are too small so that z'(s) = 0 and ¢'(s) = 1 and the
state does not change.
— Rate-independent slip:
Here, it holds 0 < ||2'(s)|| < 1 and 0 < #(s) < 1 so that the state indeed changes but in
such a matter that the dissipation is strong enough to compensate the driving forces.
— Viscous-jump:
In this case, we have ||2’(s)|| = 1 and ¢'(s) = 0 which means that the system may switch
into a viscous behavior. Meanwhile the physical time stands still (t'(s) = 0) so that this
viscous transition is seen as a jump.

A chain-rule for Z allows the following equivalent reformulation of (1.2) as energy-equality,
cf. e.g. [MRS12]:

t(0) =0, 2(0)==z, t(s)+]2(s)|=1, (1.3a)
Z(t(s),z(s)) + /0 R(Z (1)) + /\(s)Hz/(r)Her =7Z(0, 20) —I—/O WL (t(r), z(r))dr
(1.3b)

As) >0, M)A —[Z(s)]) = 0. (1.3¢)
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The term A(s)||2(s) ||? can be interpreted as a viscous contribution, since it is a remnant of the
vanishing viscosity approach. This formulation serves as the basis for the precise definition
of a parametrized solution including the regularity of the involved functions, cf. Section 2
below.

A natural question concerns the approximation of solutions by discretization. For the
class of global energetic solutions, there exists multiple paper on this topic. We only refer
to [MR15, MRO09] and the references therein. In contrast, less is known for parameterized
solutions to the best of our knowledge. In [EMO06], a particular time-scheme was introduced
in order to approximate parametrized solutions. To be more precise, the authors proposed a
time-incremental local minimization scheme of the following form:

zp € argmin{Z(tg_1,2) + R(z —25_1) : 2€ Z, ||z — zi_1llv < 7} (1.4a)
ty = min{ty_1 + 7 — ||z — zp—1llv, T} (1.4b)

The motivating background for this scheme is best explained by a comparison with a scheme
for the approximation of global energetic solutions: The latter aims at finding global mini-
mizers for the objective in (1.4a) in every time step so that the iteration reads

2z € argmin{Z(tx_1,2) + R(z —2;_1) : 2 € Z} (1.5a)
th =tp1+T. (1.5b)

Thanks to the positive homogeneity of R, the stationarity conditions of (1.5a) are given by
Rk — Rk—1
0c an(f) + Do Z(ty—1, 2), (1.6)

which, in view of (1.1), motivates the scheme in (1.5). However, in general, the global mini-
mization in (1.5a) may induce unphysical discontinuities. Consider for instance a situation,
where the difference between a local minimum of Z(¢;,_1, -) in the vicinity of z;_; to all
global minima of Z(t,_1, -) is so large that it cannot be compensated by the dissipation. Then
the iteration will jump to a global minimizer which is certainly not physically meaningful
in many applications. This motivates the additional inequality constraint in (1.4a) in order
to mimic the search for local minimizers in the neighborhood of the old iterate. If, however,
there is no such local minimizer so that the inequality constraint in (1.4a) is active (i.e., ful-
filled with equality), then the stationarity condition in (1.6) will (in general) not be fulfilled.
In this case, one therefore interrupts the evolution of the physical time (see the update in
(1.4b)) until the state z fulfills the stationarity condition again. This may be seen as discrete
analogon to the viscous-jump described above.

In [EMO6], a convergence theory for 7 ™\, 0 is developed for the finite dimensional case,
where dim(Z) < oo. The authors prove that a subsequence of discrete solutions (weakly)
converges to a parametrized solution. However, it is not shown that the sequence {t},
generated by (1.4b), reaches the desired final time in a finite number of iterations. The same
holds for a variant of (1.4), which is investigated in [Neg14]. In [NS17], another modification
of (1.4) is considered, which does not account for the adaptive time discretization in (1.4b).
For this variant, the authors show that the final time is reached in after a finite number of
iterations. Recently, the original scheme in (1.4) was investigated in [Knel7] for a certain
class of infinite dimensional problems (i.e., dim(Z) = oo), providing a comprehensive
convergence analysis. In particular, it is shown that the final time is reached in a finite
number of steps and that a subsequence of iterates (weakly) converges to a parametrized
solution.
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Our paper is concerned with a full discretization in time and space of (1.1). The recent
work [Knel7] serves as a starting point for our analysis and we include the additional errors
induced by the discretization of the infinite dimensional state space Z into the convergence
analysis of [Knel7]. This leads to a practically implementable numerical scheme, which we
tested by means of a numerical example highlighting the difference between (1.4) and (1.5).

Let us shortly outline the paper. In Section 2, we introduce our notation and state the
assumptions on the energy and the dissipation functional. Moreover, we introduce the precise
notion of parametrized solutions. Section 3 is then devoted to the convergence analysis. We
derive suitable a-priori estimates for the discrete solution and establish a discrete version of
the energy-equality (1.3b) which is shown to be preserved in the limit yielding in turn our
main convergence result in Theorem 3.9. Thereafter, in Section 4, we describe the algorithmic
realization of the fully discrete local minimization scheme based on a semismooth Newton-
method with particularly chosen Newton-derivative. Moreover, we present an numerical
example illustrating our theoretical findings.

2 Basic notations and standing assumptions

Let us start with some basic notation used throughout the paper. In the following, C' > 0
always is generic constant. Moreover, given two normed linear spaces X, Y, we denote by
(-, -) x*,x dual pairing and suppress the subscript, if there is no risk for ambiguity. By || - || x,
we denote the norm in X and £(X,Y) is the space of linear and bounded operators from X
to Y. Furthermore, Bx (z, r) is the open ball in X around z € X with radius r > 0. Given
a convex functional f : X — R U {co}, we denote the (convex) subdifferential of f at = by
Of(z) C X™ and its conjugate functional by f* : X* — R U {co}. Finally, |£2| stands for
the Lebesgue measure of a set 2 C R?, d € N.

2.1 Assumptions on the data

Let us now introduce the assumptions on the quantities in (1.1). A prototypical example
fulfilling all assumptions is given in Section 4.1 below.

Spaces
Throughout the paper, X' is a Banach space and Z,V are Hilbert spaces such that

c,d
Z=V—=X,

where i) and <5 refer to dense and compact embedding, respectively. We equip V with the
norm [|v|ly := <Vu,v)11}/*2’v, where V € L£(V,V*) is a self-adjoint and coercive operator,
i.e., there exist constants v > 0 such that (Vv,v)y= y > 7|[v[|3 for all v € V, where || - ||y
denotes the natural norm associated with the scalar product in V.

Energy
The energy functional Z is supposed to have the following form:

T:0T)x 25 R, I(t2) = g (A% 2z 2+ FE) — (D), 2y QD)
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Herein, A € L(Z,2") is a self-adjoint and coercive operator, i.e., there is a constant
o > 0 such that (Az,z)z« z > a|z||%. The bilinear form a : Z x Z — R induced by
a(y,z) = (Ay,z) z- z, y,z € Z, is thus bounded and coercive, too. Moreover, we assume
that

¢e C'([0,T];V*) and F € C*(Z;R) with F > 0. (2.2)
such that Z € C([0,T] x Z;R). The restriction of £(-) to a functional on Z is, for conve-

nience, denoted by the same symbol. By setting 3 := (cz ||l ¢ ([0, 17;v+) + 1)%/(4c), where
¢z > 0 denotes the embedding constant of Z — V), we obtain the estimate

I(t,2) > alz|%Z — cz Ilcqomvnlzllz > llzlz =8 Vte[0,T),z€ Z,
which in turn implies that

10:Z(t, 2)| < ez llellcromvllzllz S u(Z(t.2)+8)  vte[0,T],z€ 2,
with y1 := cz ||€]|¢1(jo,7);v+)- Gronwall’s lemma thus gives for all ¢, s € [0, 7], z € Z that

and  |O4Z(t, 2)| < p(Z(s, 2) + B) exp(pult — s]), (24)

Furthermore, we assume that
D.F e CY(Z,V"), |IDIF(2)vlly- <C1+|z|%)lvlz 2.5)

for some ¢ > 1 so that, for every z € Z, D.F(z) can uniquely be extended to a bounded
and linear functional on V, which we denote by the same symbol for convenience. Moreover,
both F : Z — Rand D, F : Z — Z* are supposed to be weak-weak continuous. This in
particular guarantees that Z(¢, -) is weakly lower-semicontinuous.

Dissipation

In the following, we denote by R the dissipation potential and assume R : V — [0, c0) to be
lower semicontinuous (1.s.c.), convex, and positively homogeneous of degree one. Moreover,
we require R to fulfill

3p,p>0: pllvfx <R(v) <plvlly YveV. (2.6)

Since R is convex and l.s.c., it is locally Lipschitz continuous so that its subdifferential is
bounded for every point of the domain.

Initial state
The initial value zq is supposed to satisfy zgp € Z and Azg € V*.
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2.2 Definition of parametrized solutions

We now turn to our notion of solutions and give a rigorous definition thereof. As indicated
in the introduction, the energy identity serves as a basis therefor.

Definition 2.1 Let an initial value zo € Z be given. We call a tuple (i,2) parametrized
solution of (1.1), if there exists an artificial end time S > T such that the following conditions
are satisfied:

(i) Regularity:

e wh>(0,8), 2ew"™(0,5;V)NL>(0,S;2), 2.7
D.Z(t(s),2(s)) € V* faa. s€(0,9). (2.8)

(ii) Initial and end time condition:
t(0) =0, 2(0)=z, i(S)=T. (2.9)
(iii) Complementarity-like relations:

(s) >0, #(s)+Z'(s)llv <1, (2.10a)
t'(s) disty«{—D,Z(i(s), 2(s)),0R(0)} =0 fa.a. s € (0,S), (2.10b)

where disty- {n, dR(0)} = inf{| — wlly1 : w € IR(0)} and [|nl3-, = (n, V"1r).
(iv) Energy identity:

S

T(0(s),2(6) + [ R (0)) + /(o) disty (- D:Z(E(0). (0)), OR(0))do

0 . (2.11)
— 70, 20) + / 0 T(i(0), 2(0)) (0) do Vs [0, 8],

0

If, in addition to the second inequality in (2.10a), there is a constant 6 > 0 such that
t'(s)+12'(s)|lv > 6 fa.a.s € (0,85), then the solution is called non-degenerate parametrized
solution, otherwise we call it degenerate parametrized solution.

‘We point out that, in case of a non-degenerate parametrized solution, it is always possible
to rescale the artificial time in order to obtain a normalized parametrized solution, where
t'(s) + 12" (s)|lv = 1 fa.a. s € (0, 5).

2.3 Assumptions on the discretization

Our assumptions on the (spatial) discretization are as follows: let Z; C Z be a finite
dimensional subspace, where h > 0 indicates the fineness of the approximation, and denote
by II;, : V — Zj, the associated orthogonal projection w.r.t. the V-norm. Then we assume
that ITj, is stable w.r.t. the Z-norm, i.e.,

L (2)|lz <Cllzllz Vz€Z (2.12)

with a constant C' > 0 independent of h. Note that, as an immediate consequence, we obtain
the best approximation property of the orthogonal projection, i.e.,

|z = M(2)llz < inf (14 Oz — 24l 2. 2.13)
Zh€Zn
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The stability assumption in (2.12) is fulfilled in prominent cases such as finite element
discretizations based on shape-regular triangulations, as we will see in Section 4.2 below.
In the following, we will frequently consider Ij as an operator in V and Z, respectively,
denoted for simplicity by the same symbol.

We further introduce the Ritz-projection Py, : Z — Z;, as unique solution of

Pp(u) € 2, a(Pr(u),v) =alu,v) Yv € Zp,,

where « is the bilinear form induced by A. For the inital value of the algorithm, we set
Th _
zg = Py (20) € Zp,.
Furthermore, it is assumed that, for all v € V and all z € Z, respectively, it holds

,(v) v inV and Py(z) >z inZ (2.14)

as h \, 0. Note that the stability property in (2.13) then automatically yields for all z € Z
that

I, (z) >z in Z. (2.15)

In addition, the dissipation functional R is approximated by a functional Ry, : Z5, —

[0, 00) satisfying the following conditions:

(a) Analogously to R, its approximation R, is convex, lower semicontinuous, positively
homogeneous.
(b) Furthermore, it satisfies

0 < Rp(vn) <pllonlly Yoy € 2 (2.16)

with some constant p > 0 independent of h.

(c) There is a dense subset I of V such that, for every v € U, there holds Ry, (ITpv) — R(v)
as h N\, 0.

(d) For every vy, € Zp, it holds R(vy) < Rp(vp)-

Note that the choice R;, = R (i.e., no additional approximation of R) fulfills all these
assumptions. Another example fulfilling all conditions is given in Section 4.2 below.

3 Local minimization algorithm

Given a time-discretization parameter 7 > 0, our fully discrete counterpart of the local
minimization algorithm in (1.4) reads as follows:

Algorithm 1 (Fully discrete local minimization)

I+ Set 20" = Py (20), to = 0, and k = 1
2: while t, < T do
3. Compute z,:’h as solution of

z;’h € argmin{I(tZ’fl,z) +Rp(z— z,:_hl) P2 € Zy, |z — z,:flﬂv <7} 3.1

4:  Time update:
t;’h = min{t;;"fl 47— Hz;’h — zqk'leV,T} 3.2)
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5. Setk=k+ 1.
6: end while

Note that, thanks to our assumptions on Z and Ry, in particular weak lower semicon-
tinuity, the existence of minimizers of (3.1) follows immediately from the direct method in
the calculus of variations.

3.1 Approximate discrete parameterized solution

From the characterization of z,:’h as a minimizer of (3.1), we obtain the following necessary
optimality conditions, which will serve as foundation for the derivation of a discrete analogon
to the energy identity in (2.11):

Lemma 3.1 (Discrete optlmallty System) Let k > 1 and Zk ™" be an arbitrary solution
of (3.1) with associated tk given by (3.2). Then the following optimality properties are
satisfied: There exists a Lagrange multiplier /\T7h > 0 such that

ANzt =2 v =7) =0 (3.3)
wamw{lbﬁbl(klwk)iﬂRhoﬂwﬂD}ZAZﬂbﬂ ] )

R (2" = 20") 4 7 disty {115 DT 20™), 8(Ry, 0 1T,) (0)}

Dzz(tk 15Z]: h) ZT’h - Z;le)Z* zZ

Ru(ITy(v)) = ="V (" — 20" + DI 20 ™) o)pe y Yo €V, (3.6)

(3.5)

Proof To shorten the notation, we suppress the superscripts 7, h throughout the proof. We
first note that the solution sets of the two problems

(P1) zp € argmin{Z(ty_1,2) + Rp(z —2p—1) : 2 € Zp, |2 — 2p—1llv < 7}

(P2) Z € Uh(argmin {Z(th—1, T (2)) + Ru(I (2 = 25—1)) -
€V, |z = mkoallv < 7})

are in fact the same. For this reason, observe that, by conformity Z;, C Z C V, any z € Z},
that is admissible in (P;) is also feasible for (P2). On the other hand, the non-expansivity
of the projection implies that a solution z; of (P2) is also feasible for (P1). Moreover,
since the restriction of IT, to Z; just equals the identity, the objective functionals in (P1)
and (P2) coincide on Z;,, which finally guarantees that the two problems provide the same
solutions sets. With this result at hand, the proof now follows the lines of [Knel7], where
the local minimization algorithm without additional spatial discretization is discussed. For
convenience of the reader, we present the arguments in detail.

Thus, an arbitrary solution z;, of (P1) also satisfies the necessary optimality conditions
of (P2), which read

0e 8R77h(zk — Zk’—l) + H;;DZZ(tk_l, Zk) 3.7

Herein we set R, j, := Ry, 0l + 17, where I : V — [0, co] denotes the indicator functional
associated with the constraints in (P2), i.e.,

. 2
1) = {0, if (Vo,v) < 7 38)

oo, else.
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Note that (3.7) is an equation in V* and not in Z;, which is the essential advantage of
considering (P2) instead of (P1). Now, thanks to a classical result of convex analysis, (3.7)
is equivalent to

Rep(zk — 2k—1) + Rep(—Hp D2Z(ty—1, z))
(=R D2Z(tk—1, 2k), 2k — Zk—1) v+,

3.9)
= (—D2Z(tg—1,2k), Hp(2 — 2g—1)) 2+ 2
= (—D:I(tg—1,2k), 2k — 2k—1) 2+ 2-
Since Iy, (2, — 2;_1) = 2 — 2k_1 and ||z — 2x_1]lv < 7, we obtain
Ron(zk — 2k—1) = Ru(2k — 21—1)- (3.10)

From Lemma C.2 we moreover infer

RE (DTt 20")) = v disty- (T DZ(t7" ), 20"), T70R4(0)}.

Inserting this together with (3.10) in (3.9) gives (3.5).

To prove (3.3), we consider (3.7) again. Since Ry, o II, is continuous, we are allowed to
apply the sum rule for convex subdifferentials giving the existence of a ¢, € O (2 — 2x_1)
such that

0e 8(Rh o Hh)(zk — Zk—l) + (i + HZDZI(tk_l,zk) 3.11)
and thus
R (2 — zx—1) + (Rpp o Iy) " (= — U D2Z(tg—1, 21))
= —(Ck + TR D2Z(tk—1,2k), 2k — 2k—1)V*,V
= —(Ck» 2k — 2k—1)v*,v — (D2Z(tk—1,2k) 2k — 2k—1)2* 2-
by comparing this with (3.5), we arrive at

(Rp o 1) " (—=Cp — Hp DI (ty—1,2))

. . (.12)
= rdisty-{—I, D.I(tp_1, 2x), I ORK(0)} — (C, 2k — Zk—1)v=, V-

Now, since ¢ € dI-(z; — zx_1), Lemma C.3 implies the existence of a multiplier A, € R
so that
Me 20, G = V(2 —21-1), Ae(llzk — zg—allv —7) = 0. (3.13)

which is just (3.3).
Next we verify (3.4). For this purpose, first observe that Lemma C.1 applied to 7 :=
Rp, o ITj, (cf. Remark 4) in combination with (3.11) gives

—C = R D:Z(tg—1,2,) € O(Rp o Iy) (2 — 21—1) C O(Ry, 0 111,)(0) (3.14)
= (Rpoll)"(=Cp — Iy D:Z(tg_1,2)) = 0. (3.15)

Inserting this and the second equation in (3.13) into (3.12) then yields (3.4).
Finally, (3.6) directly follows from (3.14), i.e.,

Ry (I (v)) > —(Ck + I D2I(ty—q, 2),v) Yo €V

and the characterization of (;, in (3.13). ad
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Let us take a further look at (3.11). In combination with the characterization of g,:’h in
(3.13), this yields

0€d(Ryo Hh)(z,?h - z;fl) + A;hV(z;h — z;fl) + H;DzI(t;;hl, z,:’h) .
Since A" > O only if the local stability 0 € d(Rp, o I3 (21" — 2" )+ T D-Z(t7" 21"
is violated, we can interpret this inclusion as a discrete version of (1.2). This observation will

be taken up in Section 3.3 to obtain, similarly to the continuous case (see [MR15, MRS12]),
a discrete version of the energy-equality in (1.3).

3.2 A-priori estimates

In the following, we derive several a-priori estimates that will allow a passage to the limit
in the discrete energy identity in Section 3.3 and 3.4, respectively. Furthermore, we show
that the discrete physical time given the time update in (3.2) reaches the final time 7" in a
finite number of iterations, see Proposition 3.6 below. We start with the following result,
whose proof is completely analogous to the continuous case, cf. e.g. [MR15], and therefore
postponed to Appendix A.

Lemma 3.2 (Boundedness for energy and dissipation) For all h,7 > 0 and all k € N, it
holds

k
(" 20" + )R] = 2 < (B4 (0, 25™)) exp(u), (3.16)
1=1

where (8 and . are the constants from Section 2.

Lemma 3.3 (Uniform a-priori estimate for iterates) The iterates of Algorithm 1 fulfill

sup 27"z < oo (3.17)
h,7>0, kEN

Proof Using F > 0 and the coercivity of A, Young’s inequality implies for every ¢ € [0, T
and every z € Z that

1
« (0%
> §||z|\,2z — (1), 2) > ZIzl1% — callllEo o, 1907

with a constant ¢, depending only on « and the embedding constant of Z — V. Combining
this with (3.16) and using R, > 0, we arrive at

. rh Th _T,h
117 1% < callllEo oy + ZE", 20"
< CaHéH%O([O,T];V*) +(Z(0,25™) + B) exp(uT).

Because of (2.14) and the continuity of Z by assumption, Z(0, z; ) converges to Z(0, zo)
and is thus bounded, which gives the assertion. O

Lemma 3.4 Let zg € Z be such that Azg € V*. Then it holds

15 D.T(0, 20™) = D.Z(0,20) inV*, as h \, 0.
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Proof By assumption, the energy functional is continuously differentiable in Z with
D.T(0,20™) = Al " + DL F(25") — £(0) € 2*.

We moreover assumed that £(0) € V* and D.F € C(Z; V™), cf. (2.2) and (2.5), so that, for
every v € V,

(I (D=F (™) = £(0)), )y ,v
= (DF(z5™) = £(0), I}, (v)) z- = (3.18)
= (D2 F(25") = €(0), I (0))y+ v — (D=F(20) — £(0), v)y v,

where we used that zg’h = P (20) — 20 in Z and IT,(v) — v in V by (2.14). Moreover, the
definition of the Ritz-projection and Azo € V* by assumption imply for every v € V that

(T3 (Az5™), v)ye v = (APy(20), ) 2+ z = (Azo, [Tyv) z- 2
= (Azo, Ipv)y= v = (Az0,v)y= .
Together with (3.18), this yields the assertion. ad

As indicated in the introduction, one major issue in the convergence analysis for param-
eterized solutions concerns the boundedness of the artificial time, even in the continuous
setting. In terms of the local minimization algorithms, this means one has to show that the
physical end time 7 is reached after a finite number of iterations. For this purpose, we need
the following

Lemma 3.5 For every r > 0 and ¢ > 0, there exists Cr,c > 0, independent of h, such that
(D=F(l) = DaF(a2), 21 = 28)ye v| S ellel = 221 + CreRu (e — )12 — 22y
forall 2,28 € 2, N Bz(0,r).

Proof The proof is analogous to the infinite-dimensional case, one just has to employ
Assumption (d) on R, from Section 2.3 at the end. For convenience of the reader, we explain
the arguments in detail. According to Ehrling’s lemma, for every ¢ > 0, there exists a constant
Cj (obviously indepent of k) such that

lzlly <dllzllz + Csllzllx Vze Z (3.19)

Now let z?, zg € Bz(0,r) N Zy, be arbitrary. Using the growth condition on D2F in (2.5)
and the above inequality for § = ¢/(2C(1 4+ r9)) in combination with Young’s inequality
gives

(D2 F(21) — D2F(25), 21 — 28)pe v
< D2F(21) — D2F () v It — 251y
<O+l = Bl z6)128 — 250z + Csll2h — 25 %)

h h ~ h h
< €|z — 22 ||22 + Crellz1’ — 22 HQX

with a constant C. . depending only on & and . Now, (2.6) and Assumption (d) on the
discretization of R result in

1 1
1ot b < SRt -y < Lt - o),

which, together with the embedding V — X, completes the proof. ad
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Now, we are in the position to prove that the final time 7" is reached in a finite number of
itarations.

Proposition 3. 6 (Bound on artificial time) Foreveryh, T > 0, there exists anindex N(7,h) €
N such that t h = T. Moreover, there are constants C1,C2,C3 > 0 such that, for all
h, 7> 0,1t holcgs

N(t,h)
Z B PR (3.20)
Mty = 20"l < G, V=0, N(r,h) — 1, 321
and || D-Z(t]", 57" )= < Cs Vk=0,..,N(r,h) — L (3.22)

Proof The arguments are similar to [Knel7], but, since one has to take account of the
discretization at several points, we depict the proof in detail. Let £ € N be arbitrary. For
convenience, we again suppress the superscript 7, h throughout the proof, except for zg 7 in

order to avoid confusion with the initial data. Testing (3.6) with v = 2341 — 2y, yields
Ri(zh+1 — 2) = —(MeV(zk — 25—1) + Hp D2ZT(tg—1,2k), Zkt1 — 2k)V=,V
(3.23)

—(MeV(zk = 2k—1), 2hg1 — 2k) v,y — (D2Z(tg—1, 2k), 21 — 2k) 2+, 2-

Inserting (3.4) into (3.5) and rewriting this identity for the index & + 1 (instead of k) gives

2
Riu(2k41 — 2k) + Megillzeer — zll” = (= D2Z(tw, 2k41), 2hg1 — 2k) 2+, 2 -

Subtracting this from (3.23) leads to

0> Apsllznrs — 2kl = Ae(V(zk = 2k—1), 2h41 — 20)v=,v
+ (D2Z(tk, zk+1) — DZ(tk—1, k), 2k+1 — 2k) 2,2

With this inequality at hand, we can now follow the lines of [Knel7, Proposition 2.3]: On
account of £(-) € V* and D, F(-) € V* by assumption, inserting the definition of Z into this
inequality gives

(D2F(2k) = DaF(2k41)s 2k1 — 2k)ve v + Ete—1) = L(th), 2141 — 2)vv

> Mrgallzrgr = 2klld = Me(V(zk = 2k-1), 2ke1 — 28)ve,v (324)

+ (A(Zk+1 = 2k), 241 — 2k6) 27,2
> Mgallzrgr — 2kll? — Mellze = 2r—1llvllzesr — 26llv + e llzeen — 22l %,

where we used the coercivity of A for the last estimate. We now estimate the terms on the
left hand side of (3.24) separately. For the first term, we apply Lemma 3.5 with ¢ = «/2.
Note that, by Lemma 3.3, there is an » > 0 so that z;, € Bz(0,r) for all £k € N giving in
turn that Lemma 3.5 is indeed applicable and yields
(D=F(2k) — DF(2k41)s 2ht1 — 2K)v+,v
a 9 (3.25)
< lzker = 2llz + Callzetr — zillv Ri(zr41 = 28),

with a constant C, > 0, which is independent of 7, h, and k. The second term on the left
hand side of (3.24) is estimated by

(C(tp—1) = L(tk)s 241 — 2k) < Wellero,myvey (B = te—1)ll2k1 — zkllv - (3.26)



Finite Element Discretization of Local Minimization Schemes for Rate-Independent Evolutions 13

Inserting (3.25) and (3.26) in (3.24) gives

2 ¢4 2
Metillzo1 — 2klle — Mellze — 2e—1llvllzier — 2kllv + §sz+1 - zllz
< Ollzpt1 — 2kllv Ru(zeg1 — 2&) + el or o, mpove) (B — te—1) 12641 — 2k llvs

which, thanks to the continuous embedding Z < V and the norm equivalence of ||-||}, and
|||, in turn implies

h h
Apillzras = zellv = A" ek — ze—1llv + cllzrgr — zll2
< C(Ru(2ksr — 2k) + (b — te—1)) -

Summing up this estimate with respect to k then yields

k
MNerillzigr = zllv + ¢ llzipr — 2illz
i=1 k 3.27)
< A1||Zl — 2(7)—7hHV + C(tk + ZRh(zH'l — Zz))

i=1

Thanks to (3.16), this inequality already nearly gives (3.21), provided that A1 [|z1 — 2 ’hHV
is bounded independent of 7 and h, which is shown next. For this purpose, we again insert
(3.4) into (3.5) to obtain for k = 1:

Ri(21 — 20) + Mllzr — 25" |[F = (=DT(0,21), 21 — 25 ") 2+ = -
Adding a zero, using R}, > 0, and rearranging terms yield
(D2T(0,21) — DZ(0, 20°™), 21 — 20" 2+ 2 + Mi||l21 — 20712
< (=D:Z(0,25"), 21 = 25" 20,2 = (—ID-T(0,25™), 21 = 25" vy -

The first term on the left hand side is treated completely analogously to above by employing
Lemma 3.5 resulting in

Sl = 25" 1% + Al — 25" 1%
< CRu(21 = 25"z = 25" v + (~ IR DT(0, 25"), 21 = 25" e v -
Using again Z < V and the norm equivalence of ||-||y, and ||||v, it follows
Mllz1 = 20" v + ez = 25"z < C (Ra(a = 20™) + 1T D=2(0, 25" ly- ) (3.28)

From Lemma 3.4, we know that IT, ,*LDZI(O,zg’h) converges weakly in V* and is thus
bounded. Together with (3.16), this gives the desired boundedness of A1||z1 — zg7h||v, ie.,
(3.21) for k£ = 0. By adding (3.28) to (3.27), we obtain
k
MNetallzngs = zellv + ¢ llziva — il 2
=0
< Otk + Y Razin = 20) + IIEDZ(0,25") - )
i=0

< (T +(@(0.25") + B) exp(uT) + 11 D=Z(0, 25 ™) - ),
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where we used (3.2) and (3.16) for the last estimate. As already seen at the end of the proof of
Lemma 3.3, Z(0, z; ’h) is bounded independent of h. Thus, employing again the boundedness

of |11} D.Z(0, zg’h)HV* gives

k
Mesillzeps = 2kllv + ¢ _llzipr —zllz < C, (3.29)
i=0

i.e., (3.21) for k£ > 1. Note that the constant C' is independent of 7, h, and k.
We proceed with showing (3.22). To this end, we first note that, since ||zg11 — zg|lv < 7
by (3.1), the identity (3.4) implies

disty« {115, DI (tk—1, 2k ), O(Rp © ) (0)} < Mg llzp — 21 llv (3.30)
Because of

§€O(RpoMy)(0) = (§v) SRp(IL(v)) < pllvlly YveV

B 331
= [lglv < p,

the subdifferential (R}, o I1},)(0) is bounded by p so that
T, D=Z(t—1, 26) lve < | HpD2Z(tg—1,21) —wlly+ +p Yw € ARy, 0 II1)(0).
Hence, (3.30) yields

HH;;DzI(tk_l, Zk’)HV* < disty*{fH;’;DzI(tk_l, Zk), 8(72;,, o Hh)(O)} +p
< Aellek = zp—1llv + 5

and consequently (3.22) follows from (3.21).

Finally, assume that 7" is not reached after a finite number of steps. Thanks to (3.29),
the series Z;’ioﬂziﬂ — z;||v then converges and, by definition of ¢ in (3.2), there exists
t« < T such that limy,_, o, t, = t«. In particular, the sequence (t;1 — ¢x)ken converges to
zero. But, in view of (3.2), this implies that (]|z; 41 — 2zx||v)ken tends to 7, in contradiction
to the convergence of the series >~ ||zk+1 — 2x|lv. Lastly, since (3.29) holds for every k,
we obtain (3.20). a

In the following we will abbreviate the index N (7, h) simply by N having in mind that
the number N of timesteps always depends on 7 and h.

3.3 Discrete energy-equality

The goal of this section is to derive a discrete analogon to the energy identity (2.11). For
this purpose, we introduce the piecewise affine and the left and right continuous piecewise
constant interpolants associated with the iterates z;’h. As depicted in Sections 1 and 2, in the
setting of parametrized solutions, the potential discontinuities of the solution are resolved
by introducing an artificial time and interpret the physical time as a function thereof. This is
also reflected by the time-incremental local minimization scheme, where the artificial time
is simply defined by means of the time step size 7. To be more precise, we set

N
sZ’h :=min{k7,S; ,}, where S, :=T+ Zszh - z?’ﬁ”v (3.32)
i=1
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From (3.2) and Proposition 3.6, it follows that sZ’h = kr for k < N, while s;\}h = Srh.
Moreover, (3.20) and Z — V immediately give that

o < Cs (3.33)

with a constant C's > 0, independent of 7 and h so that the artificial time interval is indeed
bounded independent of the discretization. Now given the artificial time, we define the
interpolants as follows: For s € [s}’ hl,s; hy < (0,57 4), the continuous and piecewise

affine interpolants are defined through

A h (s Sk 1) h
Ern(s) =20+ (BT - A,
oo (3.34)
> _ (S B 8;; 1) 7,h 7,h
brn(s) =t 1+ﬁ(tk 0
S TSkt
while the piecewise constant interpolants are given by
h - ¥ i ¥
Zrn(s) =2, trp(s) =t 2z (8) =27, top(s) :=1t". (3.35)

Since the artificial final time S, j, depends on the chosen discretization level, we extend all
interpolants constantly onto [0, S] with S := sup, 5, S, , by

—_ 2 h
Zrn(8) = 27,0 (8)= Zrn(s) := 2y

Vs € [Srp, ). 3.36
and %, 5(s) :Lr,h(s) :fr,h(s) =T } s €[50 5] ( )

Observe that § < Cs by (3.33). By construction, we immediately have ( ks 2, n) €
Wh°°([0,5],R x V), but we even obtain pointwise bounds for the time derivatives indepen-
dent of the discretization:

Lemma 3.7 (Properties of affine interpolants) For almost all s € [0, S; 1], the affine in-
terpolants from (3.34) fulfill

fon(s) >0, Fp(s) +2n06)lv=1 (3.37)
A= 12w (9)]v) =0 (3.38)
for almost every s € [0,5; p].

Proof The first statement in (3.37) is a direct consequence of (3.2), which immediately
implies t;’h — t',g’fl > 0. To prove the second one, first consider the case k& < N. Then

sZ’h = kr and therefore, (3.2) implies for every s € [s7" | s7"") that

SE_1> 5k
h 'rh T
» (t;; =1 sz’ _Zk 1HV
fas) = 5 = 1= IS ),
k Sk—1

which is the assertion for k < N.Incaseof s € [sN 1557, 1), We obtain in view of (3.32) and

t;vh L= s;\,h L Zi:l ||ziT’h -z HV, which follows from (3.2) and s]TV'il = (N -1,
that h
N R T—ty" HZJT\} -z 1HV
ten(s) + 127 n(s)llv = e + =L
Srh = SN_1 Srh = SN_1
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Together with the above, this confirms (3.37).
For s € [s;’fl, s;’h) with & < N, the complementarity in (3.38) is a direct consequence
of (3.3), because

Jh Jh h _ h s
0= X" (lzg" = 250 lv = 7) = 7 AT (1 = 127 () lw).-

For s € [s;\’,h_l, S: ), this complementarity follows from )\;}h = 0, which is valid, since
otherwise, by (3.3), HZJTV’h - zJTV}il |lv = 7 so that (3.2) gives tR}h = t?\’,h_l < T in contradic-
tion to the first assertion of Proposition 3.6. ad

Remark I From Lemma 3.7 and Lemma 3.3, we deduce the existence of a constant C' > 0,
independent of 7 and h, so that

|‘£r,h||w1,m((07§)) + Hénhnwl,oo((oys%v) + H'%T,h||LOO((07§);Z) <C.

These a-priori bounds will be essential to pass to the limit in the discrete energy identity,
which is derived next.

We are now in the position to show a discrete version of the energy-equality. Its proof
is based on Lemma 3.7, the a-priori estimates derived in Section 3.2, and Assumtion (a)
on the discretization of R, which essentially ensures that R, has the same properties as R.
Therefore, the proof is completely analogous to the continuous case and thus postponed to
Appendix B.

Lemma 3.8 (Discrete energy-equality) For all 01,02 € |0, Sr,h] with o1 < o2, it holds
Z(trp(02), 27,1 (02))
[ RAGL )  disty (DA (), 7060, 0R, 0 1) (0) s
1
=Z(tr p(01), 2r,n(01))
o2

+ / 0Tl (5), e () () ds / rrn(s) ds,

o1 o1

(3.39)

where
rrn(8) = (DZ(trn(s), 27,0 (5)) = D2Z(tr 1 (5), 2 (), 2 n(s) 2o 2. (340)
Moreover, the complementarity condition
2 (s) distye {1 D2Z(t, (), Z0(5),0R 0 I)(O)} =0 (34D)

is fulfilled f.a.a. s € (0,S; ), and there exists a constant C' > 0 such that the remainder
. p, satisfies for all h, > 0 and all 01 < o3 € [0, S; ]

g2
/ rrp(s) ds < Cr. (3.42)
g1

Remark 2 A comparison of the discrete energy identity in (3.39) and the continuous one in
(2.11) shows that the coefficient || 2, ;, || is missing in front of the distance. It would be possible
to reformulate the optimality conditions in Lemma 3.1 in a way such that this coefficient
would arise in (3.39). This however would complicate the passage to the limit in the next
section. As we will see at the end of the proof of Theorem 3.9, (3.39) is sufficient to obtain
the desired energy identity in (2.11).
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3.4 Main Convergence Theorem

We now have everything at hand to prove our main convergence result.

Theorem 3.9 (Convergence towards parametrized solutions) There exists a sequence
{Tn, hn}nen C Ry x Ry converging to zero so that the affine interpolants generated by
the fully discrete local minimization algorithm 1 and the artificial end time defined in (3.32)

satisfy

Stphn =5, (3.43)
tron, =t in WH((0,5);R), (3.44)
27 Ny in Wl’oo((O,S);V)ﬂLOO((O,S);Z), (3.45)
Zr, o (s) = 2(s) in Z forevery s € [0, 5] (3.46)

and the limit (£, 2) is a parametrized solution in the sense of Definition 2.1.
Moreover, every accumulation point (t, 2) of time incremental sequences in the sense of
(3.43)—(3.46) is a parametrized solution.

Proof The arguments are similar to the semi-discrete case without a spatial discretization,
which is discussed in [Knel7]. However, as we have to include the passage to limit A ™\ 0,
we present the proof in detail.

The existence of a (sub-)sequence satisfying (3.43)—(3.45) is an immediate consequence
of the uniform estimates in Lemma 3.3, Lemma 3.7, and (3.33), cf. also Remark 1. By the
Aubin-Lions lemma W1°°((0, 5); V) N L>°((0, S); Z) compactly embeds in C([0, S]; V)
so that Z,. 5, uniformly convergesinV to 2. However, Lemma 3.3 tells us that, for every s €
[0, 5], {2+, n, (s)}is bounded in Z and therefore there is a weakly convergent subsequence.
Due to the uniform convergence in V, the pointwise limit equals Z(s), which implies (3.46).

It remains to show that every (weak) limit is a parametrized solution. For this purpose,
let {Tn,hn} be an arbitrary null sequence and assume that the convergence in (3.43)—
(3.46) holds. In order to simplify the notation, we indicate by {-}» the sequence of {-},
corresponding to {7, hn }. Analogously, we abbreviate the index h,, simply by n. We proceed
in several steps and start with the following:

Convergence of piecewise constant interpolants First we show that the piecewise constant
interpolants converge pointwisely to the same limit. We exemplarily consider Z, j,. Because
of (3.17), there is a subsequence, for convenience also denoted by Z,,, converging in every
s € [0, 5] weakly in Z to some Z(s). Hence, the compact embedding of Z in V implies
Zn(s) — Z(s) in V for all s € [0,S]. Moreover, by (3.34) and (3.35), we have for all
ke{l,.,N}andall s € [s}_q,s}) that

120(s) = Zn(s)llv = |5 = s 12 (s)]lv < 7 = 0,

where we used (3.37) and (3.33) for the last estimate. Hence, we obtain z(s) = z(s) for
all s € [0,5] and the uniqueness of the weak limit implies the weak convergence of the
whole sequence {Zn }. For the other piecewise constant interpolants, one argues completely
analogously so that

t,(8),En(s) — £(s), 2,(8),Zn(s) = 2(s) inZ Vse|0,9] (3.47)

is obtained, as desired.
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Initial and end time conditions Since the Ritz projection trivially fulfills
20(0) = 22" = Pa(20) = 20 in Z, (3.48)

the pointwise convergence in (3.46) implies 2(0) = zo as desired. Moreover, thanks to (3.44),
tn, converges uniformly to £ so that

0=1in(0) = #(0) and T =in(Sn) — i(S),

where we also used (3.43).

Complementarity relations We continue with the complementarity-like relations in (2.10).
First, the set

{(7,¢) € L*((0,8)) x L*((0; 8); V) : 7(s) > 0, 7(s) + [[¢(s)|lv < 1 f.aa. s € (0,9)}

is clearly convex and closed, thus weakly closed and consequently, we obtain that the weak
limit (£, 2) satisfies the inequalities in (2.10a).

Next we turn to (2.10b), whose derivation is by far more involved. Since D F is supposed
to be weakly continuous as a mapping from Z to Z*, it follows from (3.47) that

D.Z(t,(s),Zn(s)) = D.ZI(f(s),2(s)) in 2* Vs e]0,85].
Thanks to (2.15), i.e., I[In(z) — z in Z for every z € Z, this gives

(TD-T(t,(5),2(): 2Dy v 10
= (D.Z(t,(5),Zn(s)), Mn2)z+ z = (D2I(in(s),2(s)),2)z+z Vz€Z

i.e., weak convergence of IT;; D.Z(t,,(s), Zn(s)) to D-Z(t(s), 2(s)) in Z*. Since, by (3.22),
I3 D.I(t, (s),Zn(s)) is uniformly bounded in V*, there exists a subsequence converging
weakly to a g € V*. From (3.49), we infer that g = D,Z(i(s), 2(s)) holds in Z* and by
density also in V*. Thus the weak limit in V* is unique and we deduce weak convergence of
3 D2Z(t,(s),Zn(s)) to D2Z(f(s),2(s)) in V* of the whole sequence.

Now we can take a closer look at the distance in (2.10b). Since Ry, : Z;, — R is assumed
to be l.s.c. and convex and I}, : V — Z, is linear and continuous, the subdifferential of
Ry, o I}, is convex, closed, and bounded. Therefore,

disty« {—11;; D> Z(t,,(s), Zn(s)), O(Rn o I1,)(0)
= —I:D.T . _1
EO(RnOHn)(O)H (t,(9),Zn(s)) — wlly

admits a solution 7, € O(Ry, o I1,)(0). Because of (3.31), there exists a subsequence, again
denoted by 7y, converging weakly to a 77 in V*. Now, 1, € (Rn o IT,)(0) is equivalent to

Rn(IInv) > {(n,v) Vv e V.

By weak convergence, the right hand side converges to (n, v). The left hand side converges
to R(v) on a dense subset & by Assumption (c) on the approximation of the dissipation
potential. By density of &/ C V and continuity of R, we thus obtain R(v) > (n,v) for all
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v € V so that 7 € OR(0). Together with the weak lower semicontinuity of the norm and the
weak convergence of I, D, Z(t,,(s),Zn(s)) established above, this implies

lirginf disty«{—I1;,D.Z(t,,(s),Zn(s)), 0(Rn o ) (0)}
— timinf 1175 D=2t (5). 70 ()) ~

> [|=D=Z(i(s), 2(s)) = illy-1 = disty-{=D-Z(i(s), 2(s)), OR(0)}.
As this is the case for all weakly converging subsequences of 7, we obtain

lim inf dist,- {~II3D.Z(t,(8),Zn(s)), 0(Rn o II5,)(0)}

. (3.50)
> disty«{—D.Z(t(s),2(s)),0R(0)}
for the whole sequence. To show (2.10b), let us abbreviate
&n(s) i=disty« {11} D>Z(t,,(5),Zn(s)),0(Rn o I1,,)(0)},
£(s) = disty- {—D:Z(i(s), £(5)), OR(0)}
so that (3.50) reads
lilniio%ffn(s) >£(s) >0 Vsel0,5]. (3.51)

We next address the measurability of ¢. By (3.22), II;D.Z(t,(-),Zn()) is uniformly
bounded in time with values in V* and therefore weakly- converging in L°°(0, S; V*). Since
weak and pointwise limit coincide almost everywhere, we find that D, Z(£(-), 2(-)) is an ele-
ment of L°°(0,.5; V") and thus Bochner-measurable. Since V* 5 g — disty«{g,0R(0)} €
R is continuous, this implies the desired measurability of &.

Now, consider an arbitrary x > 0 and define &p,x(s) := min{&n(s),£&(s),x} such
that &, < (s) converges to £x(s) := min{&(s), x} almost everywhere in (0, S). Since & is
measurable (as £ is s0) and x > &y« (s), Lebesgue’s dominated convergence theorem gives

€n — & in L'(0,S).

Thus, thanks to &,(s) > &nx(s) and the weak-+ convergence of ', we obtain from (3.41)
that

S

S S
0= liminf/ tn(s)én(s) ds > lirninf/ tn(8)én,k(s) d5:/ '(s)€x(s) ds.
0 n—oo 0 0

n—oo

Since x > 0 was arbitrary, this inequality holds for every « so that Fatou’s lemma yields

S S
0> liminf [ #(s)€u(s) ds > / #(s)é(s) ds > 0.
0

K—00 0

Because of £ > 0 and ' > 0 a.e. in (0, S), cf. (2.10a), this gives (2.10b).
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Energy identity Let s € [0, 5] be arbitrary. Thanks to the weak lower semicontinuity of
Z(t,-) and the continuity of £ by assumption, (3.44) and (3.46) yield

Z(i(s), 2(s) < himinf T(fu(s), 2a(s).

Moreover, the lower semicontinuity and convexity of R and Assumption (d) on the dis-
cretization thereof imply in view of (3.45) that

/ R(%'(0)) do < liminf / R(%n(0)) do < lim inf / Rn(2n(0)) do.
These estimates in combination with ||2’(s)|lv < 1, (3.50), and Lemma 3.8 yield
T(i(s),2() + [ R(/(0) + 12 ()]l disty (-D:Z({(o), (), OR(0) o
0

< lim inf (I(in(s), Zn(s))

n—oo

+ /S R (20 (0)) + disty« { =115y D Z(tn(0), 2n(0)), d(Rn o Hn)(O)}da)
0

S

— liminf <z(£n(0),zn(0))+ /O O T(in(0), 2n(0)) (o) dor + /O (o) da).

n— oo

Due to the continuous differentiability of ¢, the strong convergence of 2, in L*((0, S); Z)
(by (3.45) and (3.46)), the weak-* convergence of £, in L (0,5), (3.42), and (3.48), the last
bracket converges to Z(0, z0) + [ 9:Z(t(0), 2(c))t' (o) do so that

S
I(#(s), 2(s)) + / R(2'(0)) + 12 (o) |lv disty«{~D-Z({(0), 2(0)), OR(0) }do
0
s
< 7(0,20) + / 0T(i(), 2(0)) (0) do
0
is obtained. The reverse inequality can be shown completely analogously to [KRZ13,
Lemma 5.2] by using the chain rule and the characterization of 9R(0) in Lemma C.1.
‘We point out that the arguments in [KRZ13] do not rely on any regularization or discretiza-
tion and can therefore directly be applied to the limit (£, 2). All in all, we have verified the
energy identity in (2.11), which completes the proof. ad
4 Algorithmic realization and numerical tests

4.1 Test problem

To test the fully discrete local minimization algorithm numerically, we choose the following
setting for the problem data in Section 2:

In the following, 2 C R%, d = 2,3, is a bounded domain.

The spaces are chosen to be Z = H} (), V = L?(2),and X = L*(12).

For the operator V : L?(£2) — L?(£2)*, we just choose the Riesz isomorphism.

The operator A within the energy functional is set to A = —A : H3(2) — H ()
such that the coercivity constant « equals Poincaré’s constant.
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— The nonlinearity F in the energy is defined as the well-known double well potential
2\ 2
F(z):= 48/ (1—2(x)*) dz,
Q

which is non-negative and twice Fréchet-differentiable as a functional in L*(£2) and, via
Sobolev embeddings, also in Hg (£2) with D, F(z)h = =192 [, (1—z(x)?)z(z) h(z)dz.
Due to Hg (£2) < L®(£2), the derivative can be extended to a linear functional on L2 (£2)
and is continuous in these spaces. Moreover, using once again Sobolev embeddings and
Holder’s inequality, one finds

|D2F(2)[v, h]| < C (1427 o)) 10l 5 () IRllz2(0y V20 € Hy(2),h € L(£2),

which is (2.5) with ¢ = 2.
— The external loads are only depending on ¢ and given by

Lt,x) = £(t) := —48 sin(27t), (¢t,z) €[0,T] x 2

and thus satisfies the regularity requirements in (2.2).
— The dissipation functional is given by the L*-norm, i.e., R(v) = lvllz1 (o) so that (2.6)
is fulfilled with p = 1 and p = |2[*/2.

Hence, all assumptions on the data are fulfilled by this concrete setting and we can turn to
the spatial discretization of the problem under consideration.

4.2 Finite Element discretization

We employ classical linear finite elements (FE) to discretize the energy and the dissipation
functional. For this purpose, assume that a family {7}, }, - of shape-regular triangulations of
the domain {2 be given. Herein, h denotes the mesh size defined by h := maxpe7;, diam(7T').
To keep the discussion concise, we assume that {2 is a polygon and polyhedron, respectively,
and that the triangulations exactly fit the boundary. For the discrete space, we choose the
space of piecewise linear and continuous test functions, i.e.,

Zp={veC(Q)NH(2):v|lp e PLVT € Ty}

By classical results on Lagrange and quasi-interpolation, respectively, the best approximation
properties of the orthogonal and the Ritz projection show that the approximation assump-
tions in (2.14) are fulfilled. Moreover, as shown in [GHS16], the shape-regularity of the
triangulation guarantees that the stability assumption in (2.12) is satisfied.

The discretization of the dissipation potential in form of the L'-norm is performed by a
mass lumping scheme, which turns out to be advantageous for the numerical solution of the
local minimization problems in (3.1), as we will see in Section 4.3. Let us denote the nodes
of the triangulation 7, and the associated nodal basis by x; and ¢;, ¢ = 1, ..., Nj,. Moreover,
given a function z;, € Zj, we denote the coefficient vector of z; w.r.t. the nodal basis
by z = (21,...,2n,) € RN e, zp(x) = Z;V:}H 2; i(x). Then, the discrete dissipation
potential Ry, : Z;, — R is defined by

Np,
Rn(zn) = /Q > lzilei(@)da. (4.1)
h i=1

It remains to verify the Assumptions (a)-(d) on Ry, which is done next.
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Proposition 4.1 The discrete dissipation potential defined in (4.1) satisfies the conditions
(a)—(d) from Section 2.3.

Proof Due to the positivity of the nodal basis, R, is only a scaled version of the |-|;-norm
on RY and consequently, it fulfills assumption (a). Moreover, the first inequality in (2.16) is
obvious. For the second one, we use the affine transformation F : T — T to the reference
element 7' = conv((0,0), (1,0), (0, 1)) to obtain

Ra(en) = 30 [ 3 Il (o1 Fr)(@) et )] di

TETh T; €T

Let us denote the transformed basis functions by ¢;, j = 1, ..., d. Due to the non-negativity
of the nodal basis, each of the mappings

dz

d d
R (1)j=1 / D lujlpi(#)dé and R 5 (v)5y / PREC
T T
Jj=1 Jj=1

forms a norm on R?, Thus, by the norm-equivalence in finite dimensions, there exists a
constant ¢ > 0, only dependening on d = dim(42), such that

Ri(zn) < Y C/T‘ > zi(pio Fr)(#) |[det(DFp(2))]|dé = cllznllpi o), 42)

TEeTh x; €T

which is (2.16).
For the convergence in (c), we set I/ = C2°(£2) and estimate for all u € U:
IRa(ITpu) — R(u)|

[Ra Ik (u) = R (In(w))| + [Ra(In(u) = R(In(w)] + [R(Ipu) — R(u)|

=:e1 t+e2 + ez,

A

where Ij, : C(2) — Zj, denotes the Lagrange interpolation operator. Using the reverse
triangle inequality in combination with (4.2), the first difference can be estimated by

Nh
er=| [ 3 (1t @] = 10 ) eu(a)de |
1=1
< Ry (Ip(u) = In(u))
<c|y(u) = In(u)llpr o) < ClHnllcr2(2),0r (@) lv = In(w)llp2(@) = 0, as h ™\, 0.

Thanks to the partition-of-unity property of the nodal basis, we obtain for the second differ-
ence by applying the reverse triangle inequality once again

Ny,
ey [ > I(1)(e?) ~ (1) o) o) o

TETh

Np,
<> h ”[huHWl‘OO(T)/ > pi(@)de < Chllullwre() =0, ash 0.
TET Ti=1
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Using the reverse triangle inequality a third time, we estimate the last difference by
es < R(Ipu —u) < pl[Ipu —ullp2(2) = 0, ash ™\, 0.

Overall, we thus obtain Assumption (c) with &/ = C2°(£2), which is clearly dense in L?(£2).
Finally, the non-negativity of the nodal basis directly implies for every v;, € Zj, that

Np, Np,
Ren) = [ | vieio)|do < [ 3 puleia) do = Ra(on),
2= 2=
which is the last Assumption (d). a

4.3 Numerical solution of the local minimization problems

The essential advantage of the discretization of R = || - ||z1() in (4.1) is that its subd-
ifferential admits a component-wise characterization. This allows to rewrite the first-order
optimality conditions associated with (3.1) as a system of non-smooth equations, which is
amenable to semi-smooth Newton methods. To see this, note that the discrete dissipation
potential can equivalently be rewritten as

Rp(zp) = R(z) :==m'|z| with m = (mi,...,mp, ) == M1, 4.3)
where M;; = [, pip;de € RNt XNn s the mass matrix, T = (1,...,1) € RV, and
|z| = (|=1],-..,|zn,|). Therefore, the convex subdifferential of R, can be expressed as
follows:

q=(q1,-,9n,) €OR(zn) = |ai| <my, qizi =milzi| Yi=1,... Ny,
which can equivalently be formulated as
max{|g;| — mi, m4|zi| — ¢z} =0 Vi=1,.. Np.

To reformulate the optimality conditions of (3.1) as non-smooth equation, let us abbreviate
the coefficient vector associated with z;’h by z*. Moreover, we denote the energy functional
considered as mapping acting on the coefficient vector by I : RV» — R. Then, (3.1) is
equivalent to the following minimization problem for the coefficient vector z*:

min  I(ty_q,2) + R(z—2""1)
4.4) zE€RNh
st. G(z) <0,

with G(z) = 1((z — 2" 1) TM(z — 2"71) — 72). Here and for the rest of this section, we
abbreviate tZ’fl simply by ;1. Based on the above description of the convex subdifferential
of R, standard arguments, such as e.g. Fenchel duality subsequent to linearization, can be
applied to establish the following first-order necessary optimality conditions for this finite
dimensional problem:

Lemma 4.2 [If zF € RN" is a local solution of (4.4), then there exists multipliers q € RN»
and \ € R such that

D.I(ty_1,2")+AG'(z") +q=0, (4.5a)

max{|qi| — mi,milzy — 2 =gz — 2T} =0 Vi=1.,N,,  (4.5b)

max{—\,G(z)} = 0. (4.5¢)
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Remark 3 Denoting (with a little abuse of notation) the stiffness matrix associated with the
FE discretization of the Laplacian by A € RV >N (4.5a) is equivalent to

i=

Azl — 192( /(z(l - z,:’h(x)z)z;’h(x) gpi(w)dx) e

k71)+q:0'

+0(tg_1) M+ AM(Z* — 2
Thus, by employing an appropriate quadrature rule, equation (4.5a) can be evaluated without
any additional discretization error.

The optimality system in (4.5) is solved numerically by a semismooth Newton-algorithm,
see e.g. [HPUUOS]. To describe this in detail, let us denote the left hand side of (4.5) by
F o R2VeFL _y R2Ne+L g6 that (4.5) becomes F(z,q, ) = 0. Of course, F' depends on
time discretization level k, but we suppress this dependency for the time being to shorten the
notation. Now, given an iterate " = (2", ¢"*, \"), we compute the next one by solving the
following semi-smooth Newton equation

Hp (2" —2") = —F(z") with H, € 0N F(z"),
where &V F denotes the Newton-derivative according to [IKO8]. As a composition of
Newton-differentiable functions, I itself is Newton-differentiable, see [HPUUOS, Thm. 2.10].

For our implementation, we choose

D2 I(t)_1,2") + M Ty, xn, M(z"—2F71)

Hy = diag(a™) diag(8™) On, (4.6)
xn(z" — 2P TM Oxh —1+ xn
with
k— k—
a — 0, m1|zzn_zz 1|_Q?(Z;L_Zi 1)_|qin|+mi§07
1 - — — — —
misgn(z — 2z 1) =gl malel =2 T =gl (2 = 2T = laf ]+ ma > 0,
__ h— f—
gr = S5, il =5 =gl (& =) — ]+ ma <0,
' R I AR i B CAE i A VA R (3
and

1, G(z")> A", _ 1, >0,
Xn = and sgn(z) :=
0, G(z") < -7 -1, z<0.

According to [IK08], sgn constitutes an element of the Newton-derivative of the absolute
value function. We choose this particular element instead of the sgn-function satisfying
sgn(0) = 0 in order to avoid the appearance of zero rows in H,. With this choice, all
matrices H, appearing in our numerical test have shown to be invertible and the semi-
smooth Newton method performed well with respect to both, robustness and efficiency.
In particular, no globalization efforts are needed to ensure convergence of the method. A
rigorous convergence analysis of the method however would go beyond the scope of this
paper and is subject to future research.



Finite Element Discretization of Local Minimization Schemes for Rate-Independent Evolutions 25

4.4 Numerical results

For our numerical test, we choose the unit square 2 = (0,1)? as computational domain.
Moreover, the initial state is set to zg = 0 and the final time is 7" = 1.0. Note that the initial
state thus satisfies Azg = 0 € L? (£2) as required by our standing assumptions in Section 2.1.
The domain is discretized by a Friedrich-Keller triangulation with mesh size h = +/2/50.
For the time step size, we choose 7 = 0.01. The numerical computations are performed with
MaTtLaB® and the linear systems of equations arising in each semi-smooth Newton step are
solved by MaTLAB’s inbuilt direct solver based on UMFPACK.

We compare the local minimization algorithm with the global minimization scheme from
(1.5), which is discretized in the same way as (3.1) by using piecewise linear finite elements.
The minimization problem in (1.5a) is also solved by means of the semi-smooth Newton
method. In order to ensure the convergence to global minimizers, we choose the two global
minimizers of the nonlinear function F (i.e., z = 1 and z = —1) as starting points for the
semi-smooth Newton method.

Let us first comment on the results of the local minimization iteration from Algorithm 1.
Since £(0) = 0, the initial state zo = Pjzo is locally stable, meaning —D.Z(0,z0) €
OR1,(0). Consequently, the state does not change in the first iteration and, thanks to the time
update in (3.2), the physical time proceeds by 7 = 0.01. However, zp = 0 is only a local
maximum of the non-linearity F and therefore, the external load enforces the state to jump
immediately after the first time step into a local minimum in the subsequent iterations. In
case of the local minimization algorithm, this jumps evolves as a viscous transition, while
the physical time stagnates, see Figure 4.2. The state after this viscous transition is shown in
Figure 4.1b. Afterwards the system evolves in a time continuous manner until ¢ ~ 0.6724.
At this time, a second jump occurs and the system switches into a viscous behaviour, which
can be observed in Figures 4.1d-4.1h, finally yielding the state in Figure 4.1i. Meanwhile
the physical time again stands still (see Figure 4.2), so that the solution in fact changes in a
jump-like fashion. The end state is shown in Figure 4.1j.

Let us now turn to the results of the global minimization scheme from (1.5). Just as in
case of Algorithm 1, the state jumps to a global minimum immediately after the first time step
and evolves continuously afterwards. However, as the time evolves, both solutions show a
quite different behaviour. While the second discontinuity of the parametrized solution shows
up at t =~ 0.6724, as depiced above, the global energetic solution already jumps at ¢ ~ 0.51.
In view of the global minimization in (1.5a), it is intuitively expected that the global energetic
solution jumps as soon as possible (cf. also [MRS12, Mie03] and the references therein). The
difference between the global energetic and the parametrized solution can even be further
enhanced. For instance, by choosing £(t) = —32sin(2t), the global energetic solution still
provides a discontinuity at ¢t ~ 0.51, while the parameterized one remains continuous until
the end time is reached.

5 Conclusions

We presented a full space-time discretization scheme of a rate-independent evolution in-
cluding a non-convex energy functional. The time discretization is based on the local mini-
mization scheme introduced in [EMO06], whereas we employ standard piecewise linear finite
elements for the spatial discretization. By adapting the analysis of the recent contribution
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Fig. 4.1: Computed parameterized solution to the problem described in Section 4. Fig-
ures 4.1c—4.1i show the viscous transition corresponding to the discontinuity at time

t~ 0.6724.
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Fig. 4.2: Evolution of the physical time as function of the artificial time. The physical time
stands still during the viscous transitions at time ¢ ~ 0.01 and ¢ ~ 0.6724

[Knel7], we proved that (weak) accumulation points of the sequence of discrete solutions
for mesh size tending to zero exist and are so-called parametrized solutions of the original
evolutionary system. For the discretization of the dissipation functional, we employed a mass
lumping scheme, which on the one hand turned out to be advantageous for the numerical
realization of the algorithm and on the other hand can be incorporated into the (abstract)
convergence analysis. This mass lumping allows a reformulation of the discrete optimality
system arising in each step of the local minimization scheme as non-smooth equation, which
is amenable for semi-smooth Newton methods. By choosing a particular Newton derivative,
the arising algorithm behaves robust and efficient in our numerical test. For the case of a
double-well potential, we compared the local minimization scheme with another time dis-
cretization scheme known to converge to global energetic solutions. We observe that both
schemes indeed provide different solutions, which jump at different points in time.

There are various future research questions arising in the context of a fully discrete local
minimization scheme. This especially concerns the derivation of a priori and a posteriori
error estimates. In our opinion, there is no hope to derive a priori error estimates without
further assumptions, since the solutions are in general not unique and there may be a whole
continuum of solutions. In case of uniform convex energies, error estimates for global
minimization schemes of the form (1.5) have been derived in [MPPS10], and we expect that
parts of the analysis can be adapted to the local minimization scheme, although an estimation
of the discrete physical time as function of the artificial time will certainly be an issue in
this context. A further question addresses the convergence behavior of the semi-smooth
Newton method introduced in Section 4.3. As the method proved to be fairly robust in our
numerical computations, it seems that the Newton-matrices in (4.6) are all invertible and
that their inverses are bounded so that the classical convergence analysis of semi-smooth
Newton methods applies. This however is subject to future research, in particular also in
infinite dimensions, i.e., without a spatial discretization.

Acknowledgements The authors are very grateful to Dorothee Knees (University of Kassel) for various
helpful discussions.
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A Proof of Lemma 3.2

We start the proof of Lemma 3.2 with the following result, which is a direct consequence of the characterization

of z;’h as a minimizer of (3.1). (This is actually the only point, where one uses that z;;’h is a minimizer and
not only a stationary point satisfying (3.3)—(3.6).)

Lemma A.1 (Local energy-inequality) Forall h,™ > 0 and all k € N, the inequality
7,h

t
h h h h h h k Jh
T, 20" + Ru (e — 2000 < Z(t", 20) + /;r,h 0 I(s, 2z, )ds (A1)

k—1

is valid.
Proof By optimality of z;’h and feasibility of z;fl for the minimization problem in (3.1), we obtain
h h h h h h
I(t;_lvz;: )+Rh(2;: _Z]:_1) SI(t;_pZ;_l) (A.2)
Adding Z(t;", 2™ ) on both sides then gives the result. ]

The local energy inequality is now used to derive the uniform bounds on energy and dissipation in
Lemma 3.2:

Proof (of Lemma 3.2) Again we suppress the superscript 7, h in the proof to shorten the notation, except for

zg "% in order to avoid confusion with the initial value. Estimating the right hand side in (A.1) by employing

(2.4) gives
Z(tk, zk) + Ru(zk — zk—1)
< Ttamrimn) + [ ot a) ) (s — tio1))ds
k—1
=I(th—1,2k—1) + (Z(tk—1,21) + B)(exp(pu(ty — tk—1)) — 1).
Using the non-negativity of R, by (2.16) in combination with (A.2) yields Z(tx—_1, 2x) < Z(tx—1,2k—1)

so that
I(tr, 2k) + Ru(zk — 26—1)

(A.3)
< Z(tk—1,25-1) + (Z(th—1,2k—1) + B) (exp(u(tr — tk—1)) — 1)
is obtained. By exploiting once again R, > 0, this implies
Z(th, z1) < (Z(tk—1,26-1) + B) exp(p(ty — tk—1)) — B
such that induction over k already gives the desired result for the energy:
. k
Ity 21) < (20, 25°") + B) [ [ exp(u(t; —tj—1)) — B
ke (Ad)

h
< (Z(0,25") + B) exp(uty) — B
To include the dissipation in the estimate, we sum up (A.3) to obtain

k
I(tk, Zk) + Z ’Rh(zj - Z]'_l)

j=1

k
<ST(0,25™) + D (Z(tj-1,2j-1) + B)(exp(ulty — tj—1)) — 1)
=1
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Inserting (A.4) and adding 3 on both sides, we finally obtain

k
Itk 2) + > Ru(z — 2z-1) + B
j=1
< (Z(0,29™) + B) +Z(I (0,25™) + B) exp(putj—1)(exp(u(t; — tj—1)) — 1)
j=1
= (20, 25"™) + B) exp(uty) < (Z(0,25™) + B) exp(uT),
which is the claimed estimate. 0O

B Proof of the discrete energy identity in Lemma 3.8

We follow the lines of [Knel7] and start with the proof of (3.41). From (3.3), (3.4), and the binomial formula,
we infer

dlstv*{ ;DI 20™), 8(Ry 0 IT3) (0)} = AP (B.1)
For arbitrary k& € {1, ..., N — 1}, we thus deduce from (3.3) and (3.37) that
yh )
=3 = 2l = 1)

h N
=\ (=127 L (9) V)
= tz—,h(s) disty= {_H;Dzz(i‘r,h(s)vET,h(S))v 8(Rh o Hh)(o)}7 Vs € [sk 17 8; h)v
where we employed the definition of the constant interpolants in (3.35). This gives (3.41) for almost all
s € (0, s;\;}il). As seen at the end of the proof of Lemma 3.7, it holds )\IT\’,h = 0 so that (B.1) implies the

assertion for s € (s}r\}’il, Srh)-
Next we turn to the discrete energy-identity. Since the affine interpolants in (3.34) are by construction
elements of W1°°((0, S, 1)) and W1:°((0, S; 1,); Z), re%pectively, and due to Z € C1([0,T] x Z) by

assumption, the chain rule is applicable and gives for s € [s 1 sy & ) that

d_ - 5

7I(t‘r,h(s)7 Z‘r,h(s))

ds

= atI(ET,h(S)’ é'r,h(s))f;,h(s) + <DZI(£T,h(s)7 Zr.n(s) 72/7,}1(5))2*72

1 _
= 0 Z(tr,n(s), 2r h(S))tT n(s) + 7.77_’;1<DZI(§7-,}1(5)7 Zr,n(8)), Z;’h - Z;fl)z*,z
Sk Sp—1
+ <Dzz(£‘r,h(s)7 27’,h(8)) —D. (7T,h(3)727',h(s) 72;,}1(8))3* 2 -

From (3.5), we have in combination with the 1-homogeneity of R}, that

1 h h
- W@zf(b,h(s) Zrn(8), 2" — 200 )z 2

Sy k—1
1 T ‘I'
:ﬁ(n(zkh—zk ) + 7 distys {— T DI, 0™, 8(Rhlo)(0)}>
Sk T Sk—1
=R (2L ) + distys {~ I DI(t" 20", 0(Ry, 0 1T11,)(0)}).

Note that, in case of k < N, the last equation results from s, A mh_ 5; hl = 7 for k < N, while, for the case

k = N, it follows from AN = 0 and (B.1), similarly to above. By taking into account the definition of . j,
in (3.40), integration over (o1, o2) then yields (3.39).
It remains to estimate 7, ;. To this end, first observe that the definition of the affine and constant

interpolants in (3.34) and (3.35) implies for every k € {1,..., N} and every s € [sk I ) that

Zrn(s) = Zrn(s) = (s — s™)2L ,(s) and £, () — L, 5 (s) = (s — sp" )L 1 (s),
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which is frequently used in the following estimates. Now, let k € {1,..., N} and s € [sk 1 sk ) be
arbitrary. Then, by inserting the concrete form of Z into the definition of 7 5, in (3.40) and employing the

coercivity of A together with (s — s;’h) < 0, we arrive at

rrn(s) = (s — s A(EL 1, (9)), 22 1, (5)) 2+ 2

2T,h(s) - E‘r‘,h(s)

+ (D2 F(2r,n(s)) — D= F(Z7,1(s)), ) AVERY:
k

(s—s
(€l () = €t (), 2 (D) .
< (s — 5P ()12
+ ﬁ (Do F(Een(5)) = DaF(Ern(5)) 2 (5) — 2 () v
S — Sk

+ [Er,n(s) =ty 5 (5)] Il o,y v 127, (8) V-

We apply Lemma 3.5 with € = «/2 to the second term on the right hand side to obtain
1 _ 5 _ .
e [(DzF(Z7,1(8)) — D2F(27,1(5)), Z7,n(8) — 27,0 (8))v= v
— 8 ’
K

<*IS*S "2 0 $)IZ + Cals — sp " | R (2 4 () 1254 (5)lv

where we also used the positive homogeneity of R, . By inserting this in (B.2) and using again that (s— s;’ h) <
0, one deduces

rrn(8) < C(Ra(2h4(9) + i () 1l o,y,00) (5 = 5573 1254 (8) v -

Integrating and exploiting the definition of 2 ; and f.r,h, respectively, then yields

o2
[t as

o1

N sTh

K h h

gZ/Th C(Ra(7" — 27 )

i=175;21 h h 87-—7 — S h h

+ (" =) Wellor o,y ) = 127" — 2l ds
(si" —8:71)

N
1 T, 7,h Th T,
= Z 5 C(Rh(zi b Zi_l) + (ti 1_1) ”é”Cl ([0, T],v* )”Zz b 1_1||V

< CT(T+ iRh(zZ’h - z:fbl))

=1

Thanks to Lemma 3.2, the bracket on the right hand side is bounded independent of 7 and h so that (3.42) is
proven, too. O

C Auxiliary results from convex analysis

In this section, we collect some useful properties of R and R}, respectively. We start with the following
lemma, whose proof is straight forward and therefore omitted:

Lemma C.1 Let W be a normed vector space and J : VW — R a convex and positive 1-homogeneous
functional. Then it holds

8T (v) C 8T(0) YveWw (C.1)
£€0J(0) <= J(w) > (§w) YweW (C.2)
0J(v) ={£ €0J(0) : T(v) =(§v)} (C3)
T =Tag)(§) VEeWr (C4)

where I 7 (o) denotes the indicator functional of 7 (0).
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Remark 4 Since only convexity and positive homogeneity is required for Lemma C.1 to hold, we may apply
the above results to R, its approximation Ry, and Ry, o IT, considered as operators on V as well as Z.

As in the proof of Lemma 3.1, we abbreviate R, 5, = Ry, o II}, + I, where I, is as defined in (3.8).
Analogously, we set RQ =Rp + I (v).

Lemma C.2 For everyn € V*, there holds
(R7,n)"(n) = 7 disty={n, I;0RA(0)}, (C5)
where disty= {n, TR, (0)} = inf{|ln — Mfwly—1 : w € ORy(0)} and [nl|_, = (m,V~1n).

Proof We use the inf-convolution formula (see [Att84, Prop. 3.4]), which is applicable, since Ry, o I1}, is
continuous. This gives

(Rn o I +I7)" (n) = J0f (R o In)"(n) + Iz (w = 1)) (C.6)

For I*, direct calculation leads to
IZ(m) = 7lnlly— (C7)

To calculate the conjugate functional of (R, o ITj,)*, note that by the linearity of 1T, the composition Ry, o IT,
is again convex and 1-homogeneous. Therefore, Lemma C.1 gives (R o IT5)*(n) = Ig(r, 011,,)(0) (M)-
The chain-rule for subdifferentials yields O(Ry, o IT;,)(0) = IT;0R (0) so that we obtain

(Rn o I11)" () = Io(r),0m,,)(0) (M) = Iz 0R), (0) (1M)-
Inserting this together with (C.7) in (C.6) finally yields

(R o IIp + I7)" (n) = nf  {7lln —wlly-1} = 7 disty« (n, [1;0R4(0)),

wen;lg R, (0)
which is (C.5). O

Lemma C.3 Let v € V be arbitrary. Then, & € V* is an element of 01, (v), iff there exists a multiplier
A € R such that £ = A\Vv and

vllv <7, Alllvllv —7) =0, A=0.
Proof According to a classical result of convex analysis in combination with (C.7), it holds

ey lvllv <7
€0l (v) <= IL(w)+I:(& =(v) <— (C.8)
TllElly-1 = (& v)

Now, the Cauchy-Schwarz-Inequality implies (£, v) = (V(V71E),v) < ||€|ly-1lvllv < 7[|€]ly—1 so that
the equivalence in (C.8) can only hold if V=1¢ = Av for some A € R. Inserting this into (C.8), we conclude
that A > 0. Moreover, if ||v|ly < 7, then & = 0 so that X fulfills also A(||v||y — 7) = 0 as claimed. O
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