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Optimal control of non-convex rate-independent systems via

vanishing viscosity — The finite dimensional case *
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Dedicated to our teacher and good friend Fredi Troltzsch on the occasion of his 70th birthday

Abstract

We investigate an optimal control problem governed by the evolution of a rate-independent system in finite
dimensions. The rate-independent system is determined by a (possibly) non-convex energy, which contains the
controllable, external load, and a dissipation potential, which is assumed to be positively homogenous of degree
one. Under the several different concepts of solutions for these rate-independent systems, we bear on the so-called
normalized parametrized BV solutions and prove the existence of a globally optimal solution of the optimal
control problem constrained by this notion of solution. Our main result however concerns the approximation
of optimal solutions by means of viscous regularization. The crucial issue in this context is that normalized
parametrized BV solutions are in general non-unique and lack regularity, whereas the viscous solutions are unique
and time-continuous. With the help of an additional regularity assumption on at least one optimal solution and
a tailored penalization of the energy, one can nonetheless show that global minimizers of the viscous optimal
control problems converge to an optimal solution of the original problem as the viscosity parameter tends to zero.

1 Introduction
The aim of this paper is to study an optimal control problem governed by the evolutionary system
0 € OR(2(t)) + 0Z(£(1), 2(t)),  2(0) = 20, (RIS)

where the underlying space is R™. Since the dissipation potential R is assumed to be positive 1-homogeneous, the
system behaves rate-independent, i.e., the equation is indeed independent of the rate with which the external load
¢ is applied, and any rescaling of the time leads to a likewise rescaled solution. The other constitutive component
of (RIS) is the energy functional Z. The precise assumptions on R and Z are specified in Section 2 below. As
we will see, the energy is allowed to be non-convex and, for that reason, solutions are in general non-unique and
discontinuous. Therefore, several distinct notions of solutions have been developed in the past two decades. The
interested reader is referred to [Miell, MR15] for a survey on the various concepts and a wide range of possible
applications. Here, we focus on the so-called normalized parametrized balanced viscosity (BV) solutions, a concept,
which has been introduced in [EMO06] in a general form, but used earlier in e.g. [MSGM95, Bon96]. The precise
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definition of this notion of solution is given in Definition 3.6 below. It arises as limit of the following regularized

viscous version of (RIS):
0€ OR(2(t)) + &2 + 0.Z(L(t),2(t)), =2(0) = 2o, (RIS.)

where € > 0 is the viscosity parameter. The passage to the limit ¢ ™\, O together with a reparametrization of the
solution trajectory of (RIS.) allows to establish the existence of a normalized parametrized BV solution consisting
of the triple (S, %, 2) € [0,00) x W1>(0,8) x W1>°(0, S;R™), where the physical time £ as well as the solution
% are functions of an “artificial time” s € [0, S]. In Section 3 below, the limit analysis is carried out in detail for
loads in £ € H'(0,T; R"™).

Based on the concept of normalized parametrized BV solutions, we introduce the following optimal control
problem

. s p
nun J(57 Z’E) = j(Z(S)) + 5 ||é||%11(0,T;R")

st. L€ HY0,T;R™), (S,t,2) €[0,00) x W'(0,8) x Wh>(0, S;R™), 1)

(S, t, %) is a normalized parametrized BV solution associated with ¢,

—V.Z(£(0),29) € OR(0), —V.Z(¢(T),z2(S)) € IR(0).
The assumptions on the data in (1.1) will be specified in Section 2 below. The motivation for this specific
optimization problem is as follows: The end time objective could for instance be of the form j(2(S)) := £[|2(S) —
24]|? in order to minimize the deviation of the state at end time to a given desired state z;. Depending on the
Tikhonov parameter 3 > 0, the second part of the objective measures the control cost and guarantees the needed
regularity of the control variable ¢. The additional constraints at initial and end time ensure the local stability of
the initial and final state, which is physically motivated, see Remark 4.2 below.

Since the state equation (RIS) is in general not uniquely solvable as already mentioned above, there is no single-
valued control-to-state mapping. For this reason, (1.1) is more an optimization problem in function space rather
than an optimal control problem.

The main goal of this work is to approximate (optimal solutions of) (1.1) via viscous regularization, i.e., by
replacing the normalized parametrized BV solution concept by the viscous equation (RIS.). In order to show that
optimal solutions of the regularized problems converge to solutions of (1.1) (in a certain topology) for viscosity

parameter tending to zero, the following steps have to be performed:

1. The existence of (weak) accumulation points of sequences of optimal solutions of the regularized problems

have to be verified.
2. Weak limits have to be feasible for the original problem (1.1).

3. In order to show the optimality of the weak limit, one has to construct a recovery sequence for at least one
optimal solution of the original problem.

The last item is also known as reverse approximation and might become a particularly challenging task in the
context of optimization of rate-independent systems, see [MR09]. This also happens to be the case here: In
contrast to (RIS), its viscous counterpart in (RIS.) admits a unique solution. It is therefore very unlikely that one
can approximate every solution of (RIS) by means of vanishing viscosity and indeed, as the example in [MS20,
Section 2.4] demonstrates, this is in fact not true. However, in the context of optimal control and optimization,
respectively, we have an additional variable at hand in form of the control variable ¢ and, in order to construct a
recovery sequence, we have to find a sequence of tuples of state and control that are feasible for the viscous system

so that the associated objective function values converge to the optimal value of (1.1). This leads to much more



flexibility in the construction of recovery sequences and is the essential ingredient for our reverse approximation
argument. Nevertheless, even with the control as additional variable at hand we are only able to construct a recovery
sequence under the fairly restrictive assumption that at least one optimal solution of (1.1) exists whose state is
continuous in the physical time, which is in general not true for rate-independent systems with non-convex energy
as explained above.

Let us put our work into perspective: Optimization and optimal control of rate-independent systems have been
considered by various authors and we only refer to [Bro87, BK13, AO14, BK15, CHHM16, SWW17, AC18, GW 18,
Miin18] and the references therein. Albeit still nonsmooth, optimization problems of this type substantially simplify,
if the underlying energy is uniformly convex. In this case, (RIS) admits a unique solution that is continuous in the
physical time, which makes the construction of recovery sequences almost trivial. Nevertheless, the derivation of
optimality conditions is still an intricate issue, see [Wac12, Wac15, Wac16]. While all contributions mentioned so
far deal with uniformly convex energies, the literature becomes rather scarce, when it comes to energies that lack
strict convexity. In [Rin09b, Ste12, ELS13, EL.14, KT18] the existence of optimal solutions for problems with non-
convex energies is addressed. The approximation of optimal control problems with non-convex energy by means
of time-discretization is investigated in [MR09, Rin09a] for the concept of energetic solutions, which substantially
differs from our notion of solution. For an overview over the various solution concepts for rate-independent systems,
we refer to [MR15]. The discretization leads to incremental minimization problems and, in order to resolve the
reverse approximation problem, the authors use e-minimizers of these problems, i.e., solutions in each time step
that are only optimal up to a constant € > 0. In this way, the set of discrete solutions is sufficiently enlarged in
order to contain a suitable recovery sequence. However, the optimal control problems discretized in this way are
all but straight forward to solve, since, similar to (RIS) itself, there is still no single-valued control-to-state map
(even worse, due to the e-optimality, the set of discrete solutions is even enlarged). In contrast to this, the viscous
optimal control problems, where (RIS) is replaced by (RIS.), provide a single-valued control-to-state operator. In
combination with a potential further smoothing, the viscous optimal control problems are therefore amenable for
standard adjoint-based optimization methods, see also Remark 6.5 at the very end of this paper.

The viscous regularization of an optimal control problem is also investigated in [MW20], where the rate-
independent system of perfect plasticity is considered. Using the particular structure of this problem, the reverse
approximation property is realized by means of an additional control variable, which is enforced to vanish as
the viscosity parameter tends to zero. Here, we pursue a different approach and convexify the energy by adding
a tailored quadratic penalization. It turns out that a finite penalization parameter suffice to obtain a uniformly
convex energy, which is the essential for the vanishing viscosity analysis and the reverse approximation property,
respectively.

Plan of the paper Before we investigate the state system and analyze the convergence behavior of viscous
solutions for viscosity parameter tending to zero in Section 3, we introduce our notation and list the standing
assumptions in Section 2. In Section 4, we then turn to the actual optimal control problem and establish the
existence of global minimizer. Sections 5 and 6 are finally devoted to the viscous approximation of the optimal
control problem. As already indicated above, the crucial result in this context is the reverse approximation property,
which is established in Section 5. With this at hand, it is straightforward to obtain a convergence result for global
minimizers of the viscous optimal control problem for viscosity parameter tending to zero, which is presented in
Section 6. The paper ends with two appendices concerning auxiliary results connected to the chain rule for Sobolev

functions and a uniqueness result for solutions to (RIS) in case of uniformly convex energies.



2 Notation and standing assumptions

Throughout this paper,

- || denotes the Euclidian norm and (-, -) the associated scalar product. Given a twice
differentiable function g : R™ — R, we denote its Hessian by V2g and, with a slight abuse of notation, the
corresponding bilinear form is denoted by the same symbol. For a convex function g : R™ — (—o00, 0o}, the convex
subdifferential and the (Fenchel-)conjugate functional are denoted by dg and g*, respectively. Moreover, given a
point v € R™ and a set M C R”, we define dist(v, M) := inf,,ecps [[v — m||. Finally, C' > 0 denotes a generic
constant.

The following standing hypotheses on the data in (1.1) are tacitly assumed to hold throughout the whole paper

without mentioning them every time.

Energy Throughout the paper, the energy functional Z : R" x R™ — R, n € N is supposed to satisfy the
following conditions:

T e C'R™ xR™;R), V.Z locally Lipschitz on R" x R", 2.1
IN Kk, p>0VLER, z€ R |[VI(4,2)|* < A(Z(L,2) + &) + pl| ] (2.2)

Moreover, we assume that

VL>0,ReR thesets Sp g :={(¢,2) : ||£]| <L, Z(¢,z) <R} are compact. (2.3)

Dissipation Concerning the dissipation potential, we suppose that R : R™ — [0, oo] is convex, lower semicon-

tinuous, positively homogeneous of degree one and satisfies
Jer >0VzeR": R(z)>crlzll. (2.4)
Example 2.1. Let us give an example fulfilling the above assumptions:
I(2) = 5(Az,2) + f(2) = (£,2), R(2):=|l2],

where A € R™*" s symmetric and positive definite and f : R™ — R is bounded from below and continuously

differentiable with locally Lipschitz derivative fulfilling the following growth condition:

Il + £(2) = 00 with @ < Amin(A),

i
lz[| =00
where Amin(A) > 0 denotes the minimal eigenvalue of A.
Initial state and end time For the initial state zy € R” of the rate-independent evolution, we assume that there

is a load vector ¢, € R™ such that —V,Z (o, z9) € IR(0), i.e., the initial state is locally stable. Moreover, the end
time 7" > 0 is fixed throughout the paper.

Data in the optimization problem The Tikhonov parameter S in the objective is a fixed positive real number.
Moreover, the end time objective j : R"™ — R is supposed to be continuous and bounded from below.



3 Analysis of the state system

Before we are in the position to investigate the optimal control problem in (1.1), we first need to study the rate-
independent state system and its viscous regularization in detail. For the rest of this section, the control variable in
terms of the applied loads is therefore a fixed function ¢ € H'(0,T; R™). We point out that the vanishing viscosity
analysis for rate-independent systems with loads in H*! has already been carried out in [KT18], even in the infinite
dimensional case, where the underlying space is a Banach space an not just R”. However, for convenience of the
reader and for the sake of later reference, we present the arguments in the following two subsections. Moreover, in
the finite dimensional setting, some assumptions can be relaxed, e.g. the boundedness of the dissipation potential,
cf. [KT18, Eq. (1.1)].

3.1 Existence and uniqueness for viscous regularized system

As already indicated in the introduction, the existence of a normalized parametrized BV solution can be shown by

means of viscous regularization, which leads to following viscous problem
0 € OR(Z(t)) + & 2e(t) + VLI(U(L), (1)),  2-(0) = 2o, (RIS.)

with viscosity parameter € > 0. The main advantage in (RIS.) compared to (RIS) is that the regularized version
provides a unique solution. Indeed, we have the following existence and regularity result.

Proposition 3.1. For every ¢ > 0, every £ € H'(0,T;R") and all zy € R™, there exists a unique function
z. € H?(0, T;R") satisfying (RIS.).
Moreover, the following estimates are valid with A and c as in (2.2) and a further constant C' > 0 that is

independent of ¢:

T(6(t), (1)) < e*(Z(£(0), 20) + KAT + Hg”%ﬂ(O,T;]R"))a (3.1a)
el Lo (0,mmny < C(1+Z(4(0), 20) + ll71 0.7 (3.1b)

| Reatonar + [ RA=9T 00,201 < €O+ TGO, 20) + s i) (.10

Proof. The arguments are rather standard, but, for convenience of the reader, we shortly sketch the proof. For

€ > 0, let R} be the conjugate functional in the sense of convex analysis of
€
Re(z) = R(z)+§HzH2. (3.2)

From the 1-homogeneity of R it follows that OR} is single-valued and globally Lipschitz continuous, and (RIS;)
can be rewritten as
Ze(t) = ORZ(=VI(U(t), z (1)),  2:(0) = 2. 3.3)

For given M € N and ¢ > 0, denote the orthogonal projection on the ball By, (0) with radius M by I, and fix a
regularized version thereof, denoted by H‘sz, with the following properties:

My € CYR™R"), Ty (v) =Tar(v) Vo€ Bar(0), DUyl (gngn) < C, (34

where DII3, denotes the Jacobian of T13,. Given I19,, we consider the following modified ODE

{(t) = oRz (DI, (¢(1) T (= VLT I (C®)) ). €(0) = zo. (3.5)

Due to the local Lipschitz continuity of V. Z, ¢ € H*(0, T; R™) < C([0,T]; R™), and the boundedness assumption
in (3.4), the function ¢ +— ORZ(DIIS, (¢) "I (V. Z[((t), Tar(C)])) is globally Lipschitz continuous w.r.t. ¢,



as locally Lipschitz continuous functions are globally Lipschitz on convex and compact sets. Therefore, the
Picard-Lindel6f theorem implies the existence and uniqueness of a global solution ¢ € C1([0, T]; R™).

We proceed with showing the estimates (3.1a)-(3.1c) for ¢ provided that M is chosen sufficiently large. To this
end, we use the Fenchel-Young equality as well as the chain rule for Sobolev functions, cf. e.g. [Ziel2, Thm. 2.1.11],
to rewrite (3.5) equivalently as

R-(E(1)) + Rz (DI ((0) T (= V-TZle(t), T, (¢ (1)) )

: (36
= (= VLI(t), I3, (C(1))], DI, (C(4))C(1) = ;I[f(t% I3, (C(4))] = VeZ[e(t), T3, (S (4))]E(¢)

which holds for almost all ¢ € [0, T']. Integration of this equality implies the following energy-dissipation identity,
that holds for all ¢ € [0, T:

Tle(r), T / Re(é(r)) + R2 (DI, (C(H) T (—V-Ze(r), I3, (¢(r)])) dr
0), z0) + / VZ0(r), T, (C(r))i(r)dr,
0

where we assumed that M > |[|z]|. With Youngs inequality and assumption (2.2) the right hand side can be

(3.7)

estimated as
t

/O VeZ[6(r), 13, (C(rDIE(r)dr < el o 4 +/0 A(ZIE(r), T3, ()] + &) + pll€(r)[Pdr. (3.8)

The non-negativity of R. as well as R} along with (3.7), (3.8), and Gronwall’s lemma imply (3.1a) for H?V[(C )
instead of z., i.e.,

T[e(t), 3, (C(1)] < X (T(L(0), 20) + AT + (1 + @)|[€llFr 0,0,mm)) (3.9)
Together with (3.7) and (3.8), this leads to an estimate analogous to (3.1c):
/ R (E(r)ar + / R (DI (C(1) T (~ . ZI(r), T (¢(r))])

< C(L+Z(60), 20) + 1€l 2 0 72))-

(3.10)

Thanks to assumption (2.4), this in turn implies

Il < / Iéllar < - / Re(¢()dr < C(L+T(00), 20) + [0 o)) (B1D)

So, if we choose M > C(1+Z(¢(0), zo) + ||£||H1(O 7.rn))- then the truncation in (3.5) becomes superfluous, since
H‘]sw = II; = identity in Bj;(0) by assumption. Therefore, (3.3) is equivalent to (3.5) and consequently, ¢ also
solves (3.3) in this case such that (3.3) indeed admits a unique solution as claimed. In addition, the estimates in
(3.9)=(3.11) readily carry over to 2. instead of ¢ and 13, (), resp., if M is sufficiently large.

The claimed regularity of z. finally follows from (3.3) and the Lipschitz continuity of the right-hand side. =~ [

Note that, due to the regularity of z. the ODE in (3.3) even holds for all ¢ € [0,7]. Beyond this, we have the
following additional properties of solutions to (RIS.) that turn out to be useful for the derivation of the reverse
approximation property, see Section 5 below.

Lemma 3.2. Let zg € R" satisfy —V,Z(£(0),z0) € OR(0). Assume further T € C*(R" x R",R). If z. €
H?(0,T;R") is a solution of (RIS.), then

e(2e(8), 2 (1) + VEI(U(t), 2z (1)) [2: (1), 2 (8)] + VEI(U(E), 2 ())[E(t), 2()] = 0 (3.12)
holds for almost all t € [0, T). Moreover, it holds 2.(0) = 0.



Proof. The proof of (3.12) is similar to the proof of Lemma 5.6, see also [Miell, Lem. 4.16].
For the second assertion, we again employ (3.3). Since 2. € H(0,T;R") — C([0,T);R") and OR? is

Lipschitz-continuous, this equation holds for every ¢ € [0, T] and hence,
5.(0) = ORE(~V.T(6(0), 20)- (3.13)

Now, exploiting the inf-convolution formula we obtain

1
RE(w) = 5 dist(w, OR(0))2. (3.14)

The assumption —V,Z(£(0), z9) € OR(0) thus yields
RI(=V.Z(0,20)) + (0,n + V.Z(0,20)) =0 < RZ(n) VneR", (3.15)

sothat 0 € OR:(—V,Z(0, zp)) by the definition of the convex subdifferential. Since R is a singleton as seen
above, (3.13) gives 2.(0) = 0. O
3.2 Vanishing viscosity and normalized parametrized BV solutions

We now turn to the convergence analysis for ¢ \, 0 in (RIS.), where, in view of Section 4, we allow for a further
variation of the loads. This vanishing viscosity limit leads to the precise definition of normalized parametrized BV
solutions, see Definition 3.6 below. The key tool for the limit analysis is a tailored reparametrization by a specific
"energy arc-length". To this end, we follow closely the arguments from [MRS12]: For v, w € R" let

p(v,w) := R(v) + |Jv]| dist (w, OR(0)), (3.16)

be the so-called vanishing-viscosity contact potential. We do not want to elaborate on the properties of p here and
refer to [MRS12] for details. However, let us mention that, for any € > 0, it holds p(v,w) < R.(v) + Ri(w).
Indeed, by the Young inequality, we have

p(v,w) = R(v) + |[v]| dist (w, dR(0)) < R(v) + %HU”Q + 2—16 dist (w, 8R(O))2 =R.(v) + Ri(w). (3.17)

To proceed, we define

se(t) =1t —|—/0 p(2e(r), =V, Z(le(r), 2¢(r)))dr and S.:= s.(T). (3.18)

Since s, is a strictly increasing function in ¢ it provides an inverse function sZ! : [0,S.] — [0,7] by which we
define the final reparameterization

t(s):=s-"(s) and 2.(s):= z((s)). (3.19)
It is easy to verify that (., 2.) : [0, S-] — [0, T] x R™ are Lipschitz continuous and satisfy

() + p(EL(S), ~ VLT (lelE-(5)), 22(s)) = 1 (3.20)
for almost all s € [0, S.].

Lemma 3.3. Let ({,)neny C HY(0,T;R™) and (t,) : n € N € Wh>(0,S), S > 0, be sequences with £, — {
weakly in H'(0,T;R") and t,, = t in W>(0, S) satisfying t,(0) = 0, t,(S) = T, and t,(s) > 0 fa.a.
s €(0,S5) and alln € N. Then

lyot, = Lot weaklyin H*(0,S;R™). (3.21)



Proof. First observe that, by Lemma A.1, /,, = /,, o i, is an element of H'(0,5;R") and ||llLHL2(O,S;Rn) <
271122 (0,5) ||énHL2(O,T;]Rn), which implies that (/,,),en is bounded in H'(0, S; R™). Consequently, there exists a
subsequence, denoted by the same symbol for simplicity, converging weakly to some £ in H'(0, S;R™). On the
other hand, due to the compact embeddings, it holds £, — ¢ uniformly in C([0,7];R™) and #,, — ¢ uniformly in
C([0,S]). Hence, ¢, o t, converges uniformly to £ o £ in C([0, S]; R™) and also strongly in L?(0, S; R™). Now,
since weak and strong limit coincide, we obtain ¢ = ¢ o £, which finishes the proof. O

As an immediate consequence of the above lemma and the compact embedding H!(0, S;R™) < C([0,T]; R™)

in combination with the continuity of V,Z, we obtain the following

Corollary 3.4. Let (2,)nen C C([0, S];R™) with 2, — 2 in C([0, S]; R™) and let (£,)nen € H(0,T;R") and
(tn)nen C W22(0, S) be sequences that converge as in Lemma 3.3. Then for all s € [0, S] it holds

lim | VeZ(ln(r), 2, (r)0, (r)dr = /0 ) VoZ((r), 2(r) 0 (r)dr, (3.22)

n—oo 0
where @n =40, ot and 0 == (ot

After these preparatory steps, we are now in the position to formulate the following Theorem for the vanishing
viscosity limit (¢ N\, 0) under an additional weak convergence of the loads /. in H'(0, T; R").

Theorem 3.5 (Vanishing viscosity limit). Let (zc)eso be solutions to (RIS.) with {. € H'(0,T;R") and fixed
20 € R Let further (. weakly converge to some { in H*(0,T;R™). Then there exists S > 0, (£,2) €
W20, S;R x R™) and a vanishing sequence (¢, )nen (i.e. €, \ 0) such that

S.. =S, (te,,2.,) = (,2) inWH>(0,S;R x R") (3.23)

together with uniform convergence on [0, S]. Together with 0=l o, the limit functions satisfy the following

system:
t1(S) =T, 2(0)= z, (3.24)
foraa. s € (0,8): (s)>0, #(s)+p(Z(s),—V.Z(l(s),2(s))) =1, (3.25)
#(s) dist(—=V,Z(£(s), 2(s)), OR(0)) = 0, (3.26)
foralls €[0,8]:  Z({(s),2(s)) + /O R(Z' (o)) + || ()| dist(=V.Z({(s), 2(s)), OR(0))do (3.27)

Moreover, every cluster point in the above sense of the sequence (Se,t., 2:)eso satisfies (3.25)—(3.27).

Note that the Theorem in particular includes the case where /. = ¢. The proof is essentially identical to the
arguments presented in [MRS12, Section 5]. For convenience, we repeat here the main steps.

Proof. First of all, we show that the arc-length S is uniformly bounded. Therefore, we observe that by the weak
convergence of /. in H1 (0, T; R™) the sequence is also bounded. Due to the compact embedding H!(0, T'; R") <¢
C([0,T]; R™) and the continuity of Z, the same also holds true for Z(¢.(0), zo). Now, thanks to (3.17) and estimate
(3.1¢) it holds

T
Se = T+/0 P(ze(r), =VoI(le(r), 2:(r)))dr < C (1 +Z(6(0), 20) + [ICellz 0. 7mm))- (3.28)



By the boundedness of Z(¢-(0),z0) and ||l | g1 (0,7;rn) We thus have S. < Cs for some constant Cs > 0
independent of . Therefore, the end time .S; is uniformly bounded and we can extract a subsequence converging
to some S. Let further S = sup.g Se. Since every parametrized solution Z. is defined on its own time horizon
[0, S.], we extend them to [0, S] by constant continuation. Note that we still have S < C'g. From the normalization
condition in (3.20) in combination with the definition of p and assumption (2.4), we find that (fg, 2¢) is uniformly
bounded in W1°°(0, S:R x R™) independent of ¢, so that the convergences in (3.23) immediately follow.

Therewith, the initial and end time condition in (3.24) as well as the sign condition in (3.25) follow directly
from 2.(0) = 2.(0) = z, t-(S:) = T, and #'(s) > 0 for all s € [0,5.]. Again, by the boundedness of /.
in H'(0,T;R™) and Z(¢-(0), 2.(0)), we infer that the estimates in Proposition 3.1 hold uniform in . Now let
(. = 0. of.. In order to prove (3.26), we may argue as follows: Having in mind that R* (w) = 2 dist(w, OR(0))?
and R.(z) > 0, the uniform estimate (3.1c) implies, after transformation to the new variable s, that

Se R .
0< /O t'(s) dist(—V.Z(l(s), 2.(s)), 0R(0))*ds

T T
= /0 dist(—V.Z(£-(r), z.(r)), 0R(0))*dr = /0 2eRI (=Y. Z(Lo(r), z-(r))dr < eC, (3.29)

where C is independent of e. Since —V.Z(/., 2.) converges uniformly, the continuity of dist(-, &R (0)) implies
that dist(—V,Z(0.(-), 2:(-)), OR(0))2 — dist(—V.Z({(-), 2(-)), 9R(0))% in L*(0, S). In combination with the
weak-* convergence of ¢’ in L°°(0, S), this gives

Se

S
0 = lim f’a(s)(dist(—vzf(éa(s),25(8)),8R(0))2d5:/0 #(s)(dist(—V.Z(£(s), 2(s)), 0R(0))%ds

e—=0 Jo

Since # (and therewith also the whole integrand) is non-negative, we find (3.26).
We proceed with proving (3.27). As in the proof of Proposition 3.1, one can show that (RIS;) is equivalent to
the following energy-dissipation identity:

I(f(t),zs(t))ﬂL/o RE(Z'E(T))+R§(—sz(€s(7")>zs(r)))d’"ZI(EE(O),Zo)ﬂL/O VeZ(le(r), ze(r)) e (r)dr

(cf. (3.7)). Thanks to (3.17), we can estimate the integrand on the left hand side from below by p and the positive
homogeneity of p w.r.t. its first variable allows to rewrite the arising inequality in terms of the new variables Z. and
t. as follows:

I(ég(s),ge(s))Jr/osp(ég(s)7—vzz(ée(r) =(r)))dr < Z(£-(0), z0) /WI ), 2(r)0.(r)dr, (3.30)

which holds for all s € [0, 5'] By Corollary 3.4, the integral term on the right hand side converges to
IN VZ(U(r), 2(r)¢ (r)dr. Clearly, Z(Z(s),2.(s)) converges to Z({(s), 2(s)) for ¢ — 0 by the uniform con-
vergence of /., {. and 2. and the continuity of Z. For the integral on the left hand side of (3.30) we use the
lower-semicontinuity result for p(-, -) from [MRS09, Lemma 3.1]. Altogether, we obtain for all s € [0, S]:

/ P(2/(r), ~V.Z(E(r), 2r)dr
< liminf <I(f€(s), 3.(s)) + /O Sp(ég(s), —V.Z(l(r), 2s(r)))dr>

e—0

< tmsup (20090, 52060) + [ p(a200), 2000 22 (331)

< lili’lj(l)lp <I(€(O), 29) + /S V€I<£€(T)’ 25(7"))&(7“)‘17")
Joza) + [ Vo), )0



Consequently, (3.30) carries over to the limit and, by Lemma A.2, the inequality is in fact an equality, which, in
view of the definition of p, is just the desired energy-dissipation identity in (3.27).

It remains to verify the last equation in (3.26). To this end, observe that the energy-dissipation identity implies
that (3.31) holds with equality. In combination with the uniform convergence of Z(Z.(-), 2.(-)) and the weak
convergence of ', this in particular yields that, for all s € [0, S],

S

5 — /0 () + p(L(r), =V.Z(l(7), 2(7)))dr — ; T(r) 4+ p(Z (r), =V.Z(r), 2(r)))dr. (3.32)

Now assume that there is a Lebesgue measurable set E C (0,.5) such that #/(-) 4 p(2(:), =V.Z(£(-), 2(-))) > 1
a.e.on F and |E| > 0. Then for every finite union U C (0, S) of disjoint open intervals, which contains E, (3.32)

implies
U] = /U () +p(Z (), ~VI(U(r), 2(r))dr > /E P(r) + p(2'(r), ~V.Z(0(r), 5(r)))dr > ||, (333)

which contradicts the regularity of the Lebesgue measure. Hence, '(-) + p(2'(-), =V.Z({(-), 2(-))) € [0,1] a.e.
in (0, S) and (3.32) finally yields the last assertion of (3.25). O

Observe that every limit curve in the sense of Theorem 3.5 satisfies S = T + fOS p(2'(r), =V.Z(0(r), 2(r))dr.

The result of the former theorem directly leads us to the following definition:

Definition 3.6 (Normalized parametrized BV solution). Let zo € R, £ € H'(0,T;R"™). A triple (S,,2) with
S > 0and (t,2) € WH>(0, ;R x R") is a normalized parametrized balanced viscosity (BV) solution of the
system (RIS) if (3.24)—(3.27) are satisfied.

Remark 3.7. The denotation normalized parametrized BV solution indicates that we are dealing with a particular
version of so-called balanced viscosity solutions and indeed, normalization and parametrization, respectively, is

only one way of representing a BV solution, cf. [MRS12] for details on this solution concept.

Remark 3.8. The above Theorem shows the existence of normalized parametrized BV solutions. It generalizes
slightly the results from [MRS12] to the case with { € H'(0,T) and when R is unbounded. Note that, however, the
case of an unbounded dissipation highly benefits from the fact that the spaces are finite dimensional. Normalized
parametrized BV solutions in the sense of Definition 3.6 coincide with nondegenerate, surjective, normalized
parametrized BV solutions in the sense of [MRS12, Definition 5.2].

We underline that there are several other solution concepts for (RIS), among them the notion of global energetic
solutions. For a detailed overview, we refer to [MR15]. The most rigorous solution concept is certainly the
following:

Definition 3.9 (Differential solution). Let 2o € R™, ¢ € H'(0,T;R") be given. We call 7 € W11(0,T;R") a
differential solution of the system (RIS) if

0 € ORG() + VLI, 5(1)), 2(0) = 20
is satisfied for almost all t € [0, T.

It is noted however that the existence of a differential solution cannot be guaranteed in case of a non-convex
energy such that alternative, less rigorous solutions concepts such as normalized parametrized BV solutions are
inevitable. We will return to the concept of a differential solution in connection with the reverse approximation
problem in Section 5 below.

Thanks to [MRS12, Corollary 5.6] there is an equivalent characterization of normalized parametrized BV
solutions as a differential inclusion, see also [KT18, Proposition 3.4] for a detailed proof within a similar setting.
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Lemma 3.10. A triple (S, 1, 2) with (£, 2) € W5(0, S; R x R™) that satisfies (3.25) is a normalized parametrized
BV solution in the sense of Definition 3.6 if and only if there exists a measurable function X : (0,.S) — [0, 00) such
that

0 € OR(Z'(5)) + A(s)2'(s) + V.IZ({(s), 2(5)), t'(s)A(s) = 0. (3.34)
foralmost all s € [0, S].

Testing (3.34) with 2, integration with respect to s and applying the chain rule to the terms involving the energy

T shows, after a comparison with the energy-dissipation identity (3.27), that
for almost all s € [0, 5] : M) |12 ()12 = |12 (s) || dist(=V.Z(€(s), 2(s)), OR(0)).
Since, by (3.34), —V.Z({(s), 2(s)) € OR(Z(s)) € IR(0) f.a.a. s € (0,S) with 2'(s) = 0, we even obtain
for almost all s € [0, 5] : (8|12 (s)|| = dist(—V.Z(E(s), 2(s)), OR(0)). (3.35)

This observation gives rise to the following distinction of physical regimes that may occur during a rate-independent

evolution:

e Sticking:
If#'(s) > 0and #/(s) = 0 a.e. in an interval I C [0, S], then the physical time proceeds in I, but the external
loading is too small to change the system state such that the dissipation forces the system state to remain

constant.

* Rate-independent slip:
If £(s) > 0 and #'(s) > 0 ae.in I C [0,5], then the state indeed changes but in such a matter that the

dissipation is strong enough to compensate the external loading.

e Jump sets:
Iff(s) = 0and 2/(s) > O a.e. in I, then the physical time does not proceed, although the system state changes,
and thus and we observe a discontinuous behavior of the system. Then we have to distinguish between two
different cases:

— Viscous jump:
If in addition A\(s) > 0 a.e. in I, then, according to (3.34), an additional viscous term arises in the state
equation. Moreover, due to (3.35), we have dist(—V,Z({(s), 2(s)), ®R(0)) > 0 such that the state is
no longer locally stable in I. There is thus a viscous transition through the complement of the region

of local stability, which is seen as a jump in physical time, cf. Example 3.11 below.

— Rate-independent jump:
Discontinuities may even occur in the area of local stability, where —V,Z(/(s), 2(s)) € OR(0) and
thus A\(s) = 0, as [Sie20, Example 2.3.5] demonstrates. If I C [0, S] is an interval, where #'(s) = 0 and
—V.Z({(s),%(s)) € OR(0) a.e. in I, then (3.25) implies R(%(s)) = 1 a.e. in I such that, according
to the energy identity in (3.27), the energy has to decay linearly along this part of the trajectory of Z,

which is probably a rather pathological situation.

If the normalization condition in (3.25) is relaxed to an inequality, i.e., ©'(s) + p(2'(s), —V.Z(£(s), 2(s))) < 1
fa.a. t € [0, 7], such that ' and 2’ may vanish at the same time, there is an additional regime that might occur:

11



* Removable arcs:
If {(s) = 0 and 2/(s) = 0 a.e. in I, then I can simply be removed from the evolution without changing the

system behavior.
The following example is taken from [Sie20, Example 2.4.8] and visualizes the prior comments.
Example 3.11. We consider 7 : R x R — R with
(2442, 2<-2,

1
a\®

I(t,z) = E(z) — L(t) z with E(z) = ¢4 — 322, |2| <2,
3(z—4)2, z2>2,

as well as R(z) = , Ex. 1.8.3]. We additionaly set zg = —2 and ((t) = t + 1. Then, direct

calculations lead to the corresponding parametrized BV solution

-2, s €[0,2], s, s €[0,2],
2(s) =4 s — 4, s€ (2,10, and 1(s) =12, € (2,10,
(s+2)/2, se(10,16], (s—6)/2, se(10,16],
and the multiplier

0, [0,2],

2 — ) 27

s—10, s € (6, 10]

0, € (10, 16].

Note that during the viscous jump, we obtain the additional viscous dissipation \(s)||2’(s)||?.

Figure 1: Left: Plot of the functions %, # and A\ (from top to bottom) depending on the artificial time s. The
numbers indicate the different regimes Sticking @, Rate-independent slip @ and Viscous jump ©. Right: Graph
{((s), 2(s)) : s €0,8]} C [0,T] x R of the parametrized BV solution (Z, 2).

In preparation of the investigation of the optimization problem governed by (RIS), we provide the following
boundedness results for normalized parametrized BV solutions:
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Lemma 3.12. Forall zy € R", ¢ € H*(0, T;R™) and all normalized parametrized BV solutions (S, t, %) associated
with (zo, £) it holds with \, k, and u from (2.2):
N+ [ B0, =TT 20)ar
< (Z(U0),20) + 25283 o ey + 257) (14 2 exp(3)) (3.36)
forall s €10, 5]

Proof. The estimate is a consequence of the Gronwall inequality applied to the energy-dissipation identity (3.27).
Indeed, the integral on the right hand side of (3.27) can be estimated as follows by using (A.1) from the appendix
and assumption (2.2):

| vt oniear < 5 19, P+ ||f||LonRn>

</OS;(I(@(T)72(T))+m+u||é(r)2) (r)dr 4 5 10 ren (37

A

< [ 3.0+ ) ar + 2L

14115 (0,7

With a(s) := Z(£(0), z) + ’\’”‘1 ||€||H1((0 TRy + Ak {(s), relation (3.27) leads to the following estimate:

I(é(s),é(s)) <a(s)+ /OS %t’(r)I(é(r),é(r))dr.

Hence, by the Gronwall inequality we find

T((s),2(s)) < a(s)exp (/5 %f’(r)dr) < a(S) exp (AT).

0

Inserting this into (3.37) and exploiting once more the energy equality from (3.27) we end up with (3.36). O

Corollary 3.13. For every L > 0 there exists a constant Cy, > 0 such that for all zo € R™, ¢ € H*(0,T;R™) with
20ll + 1€l zr1.(0, 7%y < L and all normalized parametrized BV solutions (S, t, 2) associated with (zo, {), it holds

s
S+ |12]| Lo 0,55r") +/0 p(2'(r), =V.Z(l(r), 2(r)))dr < Cf. (3.38)

Proof. By the normalization, i.e. £ (s) + p(2/(s), —V.Z(£(s), 2(s))) = 1, the artificial end time fulfills

5= / (1), ~V.Z(@(r), 2(r)) dr—T-i—/ NE (), 3(r)))dr-

Exploiting (3.36) and the compactness assumption in (2.3) gives (3.38). O

A natural question is, whether BV solutions are unique and whether or not every normalized parametrized BV
solution can be approximated by the above viscosity scheme. In the non-convex case there exist examples that show
that both questions have a negative answer. Such an example is for instance given in [MS20, Section 2.4]. Howeyver,
if we also allow the function ¢ to vary with the parameter ¢, then the question of approximability can be answered
positively, at least partly. This essentially forms the basis for our reverse approximation result in Section 5. Prior
to that, we will, however, take a look at an optimization problem whose constraint is given by the rate-independent
evolution (RIS). The main result here is the existence of an optimal solution.
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4 Existence of globally optimal solutions

The existence of globally optimal solutions to optimal control problems governed by rate-independent systems is
already addressed in [KT18], even in a spatially distributed setting, where the underlying spaces are Banach spaces
and not just R”. However, since one can employ much easier and more direct arguments in the finite dimensional
case and the results are slightly sharper, we present the proof of existence in detail for convenience of the reader.
Our control variable is the applied load ¢, while we assume the initial state 2, to be fixed for the rest of the paper.

For the precise formulation of our optimal control problem, let us introduce the following set:

L(0) == {(S,1,2) € [T,00) x W"*>(0,8) x W"(0, S;R") :
(S,t,2) is a normalized parametrized BV solution of (RIS) associated with / }, 4.1)

cf. Definition 3.6. Then the optimal control problem under consideration reads as follows:

. . . p
nmin ‘](57 Z,ﬁ) = ](Z(S)) + 5 HEHiP(O,T;R")

st. e HY(0,T;R™), (S,4,2) € L(0), (OCP)

— V.Z(£(0),2) € OR(0), —V.Z(¢(T),2(S)) € OR(0).
Remark 4.1. The objective in (OCP) provides an end time observation of the state variable z, which is meaningful
in many applications, where the goal is to reach a desired final state. Other types of objectives such as integral type

functionals can easily be incorporated into the subsequent analysis. To keep the discussion concise we however
focus on objectives of the form in (OCP).

Remark 4.2. The additional end time constraint in (OCP) enforces the final state to be locally stable. This is to
ensure that the optimal trajectory does not stop during a viscous jump, which would mean that the final state is not
seen in the physical time, which would certainly make no sense from an application point of view.

It is to be noted that, given a load ¢ € H*(0,T;R") and an associated normalized parametrized BV solution
(S,%,2) € L(0), one can always find a point s* € (0, ] such that t(s*) = T and —V . I({(s*), 2(s*)) € OR(0),
i.e., if we restrict the trajectory to [0, s*), then the final time condition is fulfilled. This is seen as follows:

We define s* by
§* = argmax {s € [0,5] : dist ( — V.Z(U(s),4(s), OR(0)) = 0}.

Note that the set {s € [0,8] : dist(—=V.Z((s), 2(s), R(0)) = O} is non-empty, since otherwise ' = 0 a.e.
in (0,S) by the complementarity in (3.26), which contradicts t(S) = T. Moreover, this set is compact by the
continuity of ¢, t, and % due to the compactness of H*(0,T;R") < C([0,T); R"™) and thus, s* is well defined. If
s* = S, then the assertion is fulfilled because £(S) = T. If s* < S, then dist(—V.Z({(s), 2(s), 9R(0)) > 0 for
all s € (s*,S] and again by the complementarity in (3.26), we have t' = 0 a.e. in (s*,S]. Hence  is constant in

(s*, S] and the continuity of t along with t(S) = T gives t(s*) = T.

Remark 4.3. The initial time constraint in (OCP) allows us to employ the results of Lemma 3.2 that will be useful
in Section 5 below. For the mere existence of optimal solutions, this is not needed, but, for reasons of clarity, we

already included it here.

Givenaload ¢ € H'(0,T;R™) and an associated normalized parametrized BV solution (S, £, 2) € L(¢), we will

frequently use the notation {:="(ofin the following.

Theorem 4.4 (Existence of optimal solutions). There exists a globally optimal solution
(8%, 8%, 2, 0%) € [T, 00) x WH°(0,58%) x WH>°(0, 5% R") x H'(0,T;R™)

to the optimization problem (OCP).

14



Proof. The proof is very similar to the one of Theorem 3.5. Nevertheless, we shortly sketch the arguments
for convenience of the reader. First of all, the feasible set of (OCP) is non-empty, since, by our standing
assumption —V . Z (£, z0) € OR(0) so that the constant tuple (2o, £o) together with £ = id (identity) is a normalized
parametrized BV solution that, additionally, also fulfills the initial and end time condition in (OCP) and is therefore
feasible.

Thus there exists an infimal sequence. Let (£,,, Sy, 1., 2,,) be such a sequence, i.e.,
J(Sny 2nybn) — J* :=1inf{J(S, 2,£) : £ € H'(0,S;R™), (S,1,2) € L(£)}

with £(¢) from (4.1). Due to the Tikhonov-term in the objective and the boundedness assumption on j, the sequence
{,} is bounded in H'(0,T;R™) so that there exists a weakly converging subsequence, which we denote by the
same symbol for simplicity, i.e.,

b, — ¢ in H'(0,T;R™). 4.2)

Therefore, Corollary 3.13 implies that {S,,} C [T, 00) is also bounded, and consequently, there is a converging
subsequence, too, again unrelabeled for simplicity, i.e.,

Sp — S* € [T, 00). (4.3)

Moreover, the conditions in (3.25) imply the boundedness of {||¢, [|yw1. (0,5, )} and, thanks to the assumption on
R in (2.4), the last equation in (3.25) together with the definition of p yields that {||2], ||~ (0,s,,;r)} is bounded,
too. Corollary 3.13 and the weak convergence of {/,, } imply the same for {||2,,[| > (0,s,,;r")}. Therefore, possibly
after an extension of fn and Z, to the time interval [0, S*], for instance by constant continuation, we may select
weakly convergent subsequences, w.l.0.g. again denoted by the same symbols, i.e.,

t, >t inWh>°(0,58%) and %, > 2* inWH>(0,S*;R"). 4.4)

By the weak-x closedness of the set of non-negative functions in W1>°(0, S*) and compactness of the embedding
W1e0(0,8*) < C([0,S5*]), we see that the weak limit £* fulfills (£*)(s) > 0 a.e. in (0,S*) and £*(S*) = T,
i.e., the final time condition in (3.24) and the sign condition in (3.25). Moreover, the uniform convergence of 2,
yields 2*(0) = zy, i.e., the initial condition in (3.24). In order to pass to the limit in the energy identity (3.27), let
s € [0, 5*) be fixed, but arbitrary. Then, thanks to (4.3), there is an index N € N (depending on s) so that s < .S,
for all n > N,. Consequently, (3.27) holds for n > Ny, i.e.

I(En(fn(s))v Zn(8)) + /OS (R('%;L(U)) + ”73;(‘7)” dist ( - sz(gn(fn(a))a 27L(U))78R(0))>d‘7

= Z(,(t,(0)), 20) + /OS ViZ(ln(0), 2n (o))l (0)do.

In view of the uniform convergence of {#,,}, {2,}, and {¢,,} by the compact embedding H'(0, S*) — C([0, S*]),
the passage to the limit in this energy identity follows exactly by the same arguments as in the proof of Theorem 3.5.
The convergence of the integral involving the load follows again from Corollary 3.4 and the lower-semicontinuity
result for p(+, -) from [MRS09, Lemma 3.1] again yield an inequality analogous to (3.31). This first gives an energy
inequality, which, thanks to Lemma A.2, indeed holds with equality, which is the desired energy identity in the
limit. Since s € [0, S*) was arbitrary, the energy identity holds for every s € [0,.5*) and, as £*, £*, and 2* are
continuous, also for s = S*.

The normalization condition in (3.25) is derived as in the proof of Theorem 3.5, too. Completely analogously to
(3.32), one deduces

s = /Os(f*)’(r) +p((27)(r), = VI (E(r)), 2" (r)))dr
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and an argument by contradiction analogous to (3.33) gives the last equation in (3.26).
From the uniform convergence of {f,}, {%,}, and {/,}, the weak convergence of {#' }, and the Lipschitz

continuity of dist, we obtain
Sn N .
0= / b (r)dist ( — V.Z(4y(tn(r)), 2n(r)), 0R(0))dr
0

S* R R
- /0 (£ (r) dist ( — VLIZ(C*(F(r)), 2 (r)), OR(0))dr.

Since the integrand is non-negative almost everywhere, we obtain (3.26) such that (S*, t*, £*)is indeed a normalized
parametrized BV solution associated with £*, i.e., (S*,t*, %) € L(¢*).

Finally, the initial and end time condition follows from (4.3), the uniform convergence of {{,} and {%,}, the
continuity of V,Z, and the closedness of 9R(0). O

S Reverse approximation
For the rest of this paper we assume that the energy is linear in /, i.e.

T, z)=E(2)— (4, 2) 3.1
with a function £ : R™ — R satisfying the following

Assumption 5.1 (Structural assumptions on the energy functional).

(a) The nonlinear part € of the energy fulfills £ € C?(R™;R). Moreover, £ is such that (2.2) and (2.3) hold true
and its Hessian is Lipschitz continuous on bounded sets, i.e.,

V2E(21) — V2E(22)|| < L(7)||21 — 22|| V21,20 € B(0,7) (5.2)
with a constant L(r) > 0 depending only on the radius v > 0.

(b) Moreover, we assume that there is a constant K > 0 such that |V2?E(2)|| < K for all z € R™. This
boundedness assumption can be avoided, see Corollary 5.10 below, but in order to ease the following

arguments, let us suppose it holds for the time being.

Note that the energy functional in Example 2.1 is exactly of this form provided that the nonlinearity f is twice
continuously differentiable with a Hessian that fulfills the above Lipschitz and boundedness condition.

As already announced, this section is devoted to the approximation of normalized parametrized BV solutions by
means of viscous regularization. Since the set of normalized parametrized BV solutions associated with a given
load is in general no singleton, while the viscous equation always admits a unique solution as seen in Section 3.1,
there is no hope that every normalized parametrized BV solution can be approximated via viscous regularization.
However, in the context of optimal control, we can also vary the loads, which gives us additional flexibility, as
already explained in the introduction. Unfortunately, this does still not suffice to construct an approximating
sequence of viscous solutions. We additionally need the following

Assumption 5.2 (Critical continuity assumption). Let £ € H*(0,T;R") and zy € R"™ with —V,Z(£(0), 29) €
OR(0) be given. We assume that, among all normalized parametrized BV solutions associated with (zg, (), there
is at least one, denoted by (S, 1, 2), that fulfills

36€(0,1]: #(s)>6 faa se]0,9] (5.3)
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This is cleary a very strong assumption on the regularity of the solution (.S, #, 2). It implies that the physical
time always proceeds and no (viscous or rate-independent) jump occurs. In principle, Assumption 5.2 is equivalent
to the existence of a differential solution, as defined in Definition 3.9. This is seen as follows: Thanks to (5.3),
{ is invertible and the inverse function o = ¢! is Lipschitz continuous with a Lipschitz constant that is bounded
by 6~1. Hence, the function Z := 2 o o belongs to W>°(0,T;R") and, since (5.3) yields that the associated
multiplier A vanishes almost everywhere (cf. the second equation in (3.34)), we deduce from the first equation in
(3.34) that, indeed,

0 € OR(2(t)) + V.Z(L(t),2(t), Z(0) = 2o (5.4)
is satisfied for almost all ¢ € [0, T].

Remark 5.3. As already emphasized in the context of Definition 3.9, the existence of a differential solution can
in general not be guaranteed in case of a non-convex energy. Assumption 5.2 is therefore rather restrictive. In
context of our optimal control problem, we need to assume that there is at least one optimal solution, which fulfills
Assumption 5.2, see Theorem 6.3 below. We underline that we do not require every optimal solution to be of this

form, which would really be very restrictive.

Remark 5.4. It is to be noted that (5.4) along with the embedding of H'(0,T;R") in C([0,T]; R"™) implies
that =V ,Z(L(t),2(t)) € OR(0) for every t € [0, T). Thus the initial time constraint in (OCP) is a mandatory

prerequisite on the initial value of { for the existence of a differential solution.

The construction of the approximation sequence is not only based on viscous regularization, but also includes a

quadratic penalty term, which we add to the energy. The penalized energy reads Z(¢, z) + % ||z — Z(t)||? with a

penalization parameter 77 > 0 that is potentially large, but finite. This leads to the following regularized system
0€ OR(2:(t)) + € 2:(t) + VLZ(E(E), 2 (t)) + m(2e(t) — 2(2)), 2:(0) = 2o (5.5)
where € > 0 is arbitrary and 77 > 0 is chosen such that the new energy
T,(0,2) = T(L, 2) + g Bk (5.6)
is uniformly convex with constant o > 0, i.e.,
V2,Z,(L,2)[s,8] > als]|? V(4 2,s) € R" x R" x R™.

Note that this is always possible, since V2,7, (¢, z) = V?£(z) + n and V2E is bounded by Assumption 5.1, see
also Corollary 5.10 below. With Z,, at hand, we can rewrite the above inclusion equivalently as

0€ OR(2:(t) +e2:(t) + V.I,(€(t) + nZ(t), 2-(t)), 2:(0) = . (RIS. ;)

From Proposition 3.1, we know that there exists a solution z. € H?(0,T;R"™) of (RIS, ;). From Lemma 3.2, we
furthermore have
ed

5&”25“2 + V2 T,(0+ 2, 2) 2, 2] — (417, 2.) =0 ae. in[0,T). (5.7)

If we now define
Ui
€(2) = E(2) + 5 [2II°
and exploit once more the explicit form of the energy 7, then we can rewrite (5.7) as

Ei|\z«5||2 + V2, (2e) ey 2] — (U417, %) =0 ae.in[0,T7, (5.8)

which is the starting point for the following auxiliary result. Note that V2&, (z) = V2,7, (¥, z), such that &, is also

uniformly convex.
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Lemma 5.5. Under the Assumption 5.2 the solutions z. of (RIS, ;) fulfill
ze =% in HY(0,T;R") ase \,0, (5.9)
where 2 = % ot~V is the solution satisfying (5.4).

Proof. We split the proof into three steps.

(i) Boundedness of z.:
We first use (5.8) to show that z. is bounded in H'(0,7T;R™). For this we integrate (5.8) from 0 to 7" and exploit
I2:(0)|lv = 0 from Lemma 3.2 (which is applicable due to —V ,Z(¢(0), zp) € OR(0) by Assumption 5.2) and the
uniform convexity of V2&, with constant « to obtain

€, . R . . : o
0= S (DIF = 1120 +/ V2E, (2 (1)) [2: (1), 22 (1)] — (£(t) +n2(t), 2(t))dt
0

> a / 1 (6)]12 = (0(t) + n (), 2:(t))dt.

Hence )

ll2ell2(0,7mm) < o (€1l 22 0,730y + MllZ] 20, 7im)) (5.10)
which, together with the initial conditions, gives the claimed boundedness in H 1(O,T; R™). There is thus a
weakly convergent subsequence and w.l.0.g. we assume that the whole sequence convergence weakly to simplify
the notation, i.e., zz — 2* in H*(0,T;R") as ¢ \, 0. (At the end of the proof, we will see that the weak limit is
unique so that indeed the whole sequence converges.)

(ii) The weak limit is a differential solution:

In order to show that z* is a differential solution of (5.4), we reformulate (RIS. ;) as

R(ze(t)) = R(v) +&(2(1), Z:(t) — v) + (VI (£() + nZ(1), 22 (1)), 2(t) —v) <0 Vo eR",

which holds for almost all ¢ € [0, T]. Now let ¢ € C2°(0,T') with ¢ > 0 be arbitrary. Then the above inequality
implies for all v € R™

/0 (R(zg(t)) — R() + (2 (t), 2e(t) — ) + (VT (0() + nZ(t), 2(1)), 2 (t) — m)w(t) dt<0. (5.11)

Since V,Z, as well as ¢ and Z are continuous by assumption and z. converges uniformly to z* because of the
compactness of H'(0,T;R™) < C([0,T];R™), we have that V,Z, (¢ + 0z, z.) — V,Z,({ + nz, z*) uniformly
in [0, 7. Together with the weak lower semicontinuity of the mapping z — fOT R(2)pdt, the boundedness of z.
in H'(0,T;R"™), and the weak convergence of 2., this allows us to pass to the limit £ \, 0 in (5.11) to obtain

T
0> liminf / (R(z=(1)) = R(0) + e(2e(t), 22(8) = 0) + (VLTy(€01) + 03(0), 2 (1)), 22 (1) = 0) )ot)

T
> / (R(0) = R(0) + (VT (60) + n2(8), 2* (1)), (1) = v) ) o(t) d.
Since this holds for all ¢ € C2°(0,T) with ¢ > 0, the fundamental theorem of calculus of variations implies
0 € OR(2%(t)) + D.Z,,(L(t) + nz(t), 2" (t)) faa.te[0,T] (5.12)
such that z* is indeed a differential solution.

(i) 2* = 3:
By construction of Z,,, there holds V.7, (¢(t) + nZ(t),z) = V.Z({(t),z) +n(z — Z(t)) forall t € [0,7T] and all
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z € R™. Thus, V.Z,(L(t) + nz(t),2(t)) = V.Z(L(t),z(t)) and therefore, (5.4) implies that Z is a differential
solution of (5.12), too. However, according to [MR07, MT04], differential solutions are unique in case of uniformly
convex energies, cf. also Appendix B. Note that, at this point, the Lipschitz continuity of V2£ on bounded sets is
needed, which is ensured by Assumption 5.1. Thus, we obtain z* = Z and a well known argument by contradiction
gives the weak convergence of the whole sequence. O

In view of Section 6 the weak convergence is not enough to ensure approximibality of the optimal control by
viscous regularization. We in fact need strong convergence of z. for which we need the following Lemma:

Lemma 5.6. The solution z € W (0, T; R") of (5.4) (whose existence is guaranteed by Assumption 5.2) satisfies
V2E(2(1))[2(t), 2(t)] — ((),2(t)) =0 faa. t €[0,T). (5.13)

Proof. Due to OR(v) C OR(0) for all v € R™, the embedding W1°°(0, T; R") — C([0, T]; R™), the continuity
of D, 7 and the closedness of 9R(0), we deduce from (5.4) that

0€ 0R(0)+ V.Z(L(t),2(t)) VYtel0,T].
Exploiting the 1-homogeneity of R we can rewrite this inclusion and (5.4) by
R(Z(t)) = (—V.Z(L(t),2(t)), 2(t)) faa.te[0,T] (5.14)
YoveR": R(v) > (=V.,I((7),2(T)),v) V7€][0,T]. (5.15)

Now, let t € (0,T) be a Lebesgue point of Z for which (5.14) holds. Testing (5.15) with Z(t), inserting 7 = t + h
as well as the explicit form of Z and substracting (5.14) thereof, we obtain

0 < (VE(Z(t £ h)) — VE((1)), 2(t)) — (U(t £ h) — £(t), 2(1)).
We then divide by i > 0, pass to the limit & \, 0 and obtain, using Lebesgue’s differentiation theorem,
VEE(Z(1)[2(8), 2(8)] = (£(1), (1)) = 0.
Since this holds for almost all t € (0,T"), we end up with (5.13). O

Lemma 5.7. Let the Assumption 5.2 hold and let Z denote the corresponding solution satisfying (5.4). Then the
solutions z. of (RIS, ) fulfill
2e — % in HY(0,T;R™). (5.16)

Proof. We start with the equality in Lemma 5.6 and rewrite it using the new energy &,
0= VEE(E()[E(2), 2(8)] — (£(1), 2(1)) = V2E,(Z(1)[2(2), Z(8)] — (£(t) + nZ (D), (1)) (5.17)
for almost all ¢ € [0, T]. Subtracting (5.17) from (5.8) and integrating yields
€. 9 £y, 9
0= SJ|(T)) = S112(0)]
T . . T . . .
b [ a0 a0 (0] - P, NED. Hedt — [ (4 n a0 - S0
0 0
= S|lz(D)|? +/T V2Ey (2 (1)) [2e (1) — 2(1), 2:(t) — Z(t)] dt — /T@Hﬁ Ze(t) — 2(1)) dt
9 € 0 n\~e € ) € 0 ) €
T
+ / 226, (22 (1) (1), 2:(0)] — V&, (2= (0) (1), 3(1)] — V2E, () (1), £(1)] dt

T T
. 3 2 5 F B
>a / 12 (8) — ()| — / (04, 20 (1) — 5(0) e
T

+ [ 2V, (L)), 2(0] - VA (e (D)) 20 - TE GO E®. 0],
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where we exploited the uniform convexity of &,, as well as ||2:(0)|| = 0 from Lemma 3.2. The goal now is to
show that the last two integral-terms on the right-hand side converge to zero as € ~\, 0, which yields that in fact z.
strongly converges to 7 in H'(0,T;R"). The first integral involving l clearly converges to zero due to the weak
convergence of z. by Lemma 5.6. Furthermore, thanks to the compactness of H*(0, T; R™) — C([0, T]; R"), z.
converges uniformly to z* and therefore the continuity of V2&,, yields that

V2E,(2:(t)2(t) — V2E,(2(t))2(t) pointwise a.e. in [0, 7] as e \, 0.

Moreover, the boundedness assumption on V2& implies || V2E, (2 ())2(t)|| < (K + n)||2(t)|| faa. t € [0,T).
Since ||2(t)|| € L?(0,T), Lebesgue’s dominated convergence theorem implies

V2E,(2)% — V2E,(2)Z in L*(0, T;R").

Combining this with the weak convergence of %, in L?(0, T; R™) we finally obtain

T
/ 2V2E, (2 (1) [2(2), 2 (1)) = V2E, (22 (1)) [2(1), 2(1)] — V2, (2(t))[2(1), 2(8)] dt — 0,

0

which proves the claim. O

Lemma 5.8. Let the Assumption 5.2 hold and let Z = % o t ="' denote the corresponding solution satisfying (5.4).
Then there is a constant C' > 0, depending on ¢ and Z, but not on €, such that

dist (— VE(2:(T)) — U(T) — n(z:(T) — 2(T)),dR(0)) < C /4. (5.18)

Proof. We first derive an estimate of z. in W1:°°(0, T'; R™). For this purpose, let us return to (5.8), which together

with Lemma 3.2 gives the following estimate for almost every ¢ € [0, T'):

Sz 2:7tzzr2r2r—.r Z(r), 2.(r))dr
2l /Ovax D), 26(r)] = () + nE(r), 22(r))d 5.19)

5 L . _ 5 L 2
< ||€+772||L2(0,T;]R") HZsHL2(0,T;R") pge’ I(HEHL"’(O,T;R") =+ 77||Z||L2(0,T;]R”)) )

where we used the convexity of £, and the bound for || 2. || .2(o,7;r») by (5.10). Now, recall the regularized equation
(5.5), which, thanks to (5.1), can be reformulated as

Ze(t) = ORI (= VE(2(t)) — €(t) — n(z(t) — £(1))), 2:(0) = z0. (5.20)
In view of the Fenchel-Young-equality, this in turn is equivalent to

Re(Ze(t)) + RE( = VE(ze(t) — U(t) — n(ze(t) — £(t))) = (=VE(2(t)) — £(t) — n(2:(t) — Z(1)), (1))

f.a.a. t € [0,T]. Using (3.14), this leads to
o2 dist (— VE(zo(T)) — 6(T) —n(=(T) — A(T)), 9R(0))
=RI(— VER:(T)) — UT) — n(z(T) - 2(T)))

<|[|VE(ze) — € —n(ze — 2)HL°°(0,T;1R") ||2.58HL°°(0,T;1R”)

<o L

=C7
where we used the positivity of R. and the estimate from (5.19). Note that ||z - (o,7;r~) can be estimated by
(5.10) due to H' (0, T;R™) — C([0, T]; R™). Therefore, the constant in (5.21) and thus also the one in (5.18) only
depends on £ and Z, but not on ¢. O

(5.21)
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We collect the findings of this section in the following

Theorem 5.9 (Reverse approximation property). Suppose that the energy functional satisfies Assumption 5.1. Let
¢ and a normalized parametrized BV solution (S, t, %) be given such that Assumption 5.2 is fulfilled and define
Z:= 201", Then there exists a sequence {({-,z:)}e>0 C H' (0, T;R™) x H?(0,T;R") that fulfills

0€e 6R(Z€(t)) +e€ és(t) + VZI(Es(t)a Zs(t))a Ze(o) = 20, (5.22)
2. = 2 in HY(0,T;R"™), (. — (¢ in H(0,T;R") ase\,0, (5.23)

and
0:(0) = €(0), dist (— VZ(£(T), 2(T)),0R(0)) < C' '/ (5.24)

with a constant C' > 0 not depending on e.
Proof. The assertion follows from Proposition 5.7 and Lemma 5.8 by setting £, := £ + n(z. — 2). O

The prior theorem guarantees the existence of a sequence of loads {/.}.~¢ such that Z can be approximated
by solutions of the viscous regularized problem. In fact, this so-called "reverse approximation property" is an
essential ingredient in Theorem 6.2 below. However, before we step on to the next section, let us investigate on the
assumption of the boundedness of the Hessian of £. For this purpose, we introduce the following variant of the
penalized energy functional

Tylt,0,2) = E(2) + 3 I = 20)[2 = (£,2)

and rewrite (5.5) by means of the Fenchel-Young equality as
Re(2(t)) + RI( = VaTe(t, £(1), (1)) = (= Vo Te(t, £(t), 2:(1)), 2(2)).
Now we can argue exactly as in the proof of Proposition 3.1, when we derived (3.11) from (3.6) to obtain
2l b oy < C(1+ Jo(0,€00), 20) + 13 (0. 1zm)- (5.25)

Note in this context that 7. satisfies (2.2) with the same constants as Z does such that the constant C' in the above
estimate is the same as in (3.11) and thus independent of 7). For the energy at the initial time, Z(0) = 2, implies
that 7..(0, £(0), zo) = Z(¢(0), o) and therefore (5.25) yields that

| zell oo (0,7mm) < R (5.26)

with a bound R > 0 that is independent of € and 7. Revisiting now the arguments of this section, we see that the
boundedness of V€ is only needed in the points z.(¢). In view of (5.26), we can therefore drop the boundedness

assumption on V2£ and replace the constant K from Assumption 5.1 by

K:= max [[VZE()|.
v€B(0,R)

This yields the following

Corollary 5.10. The assertions of Theorem 5.9 also hold without the boundedness assumption on V2E from
Assumption 5.1.
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6 Approximation of optimal control problems via viscous regularization

With the results of Section 5, we are now in the position to prove our final result, the approximation of optimal
solutions to (OCP) by minimizers of “viscous” optimal control problems. The latter read as follows:

: . g
min Je(ZEae) = j(ZE(T)) + 5 ||£||2H1(0,T;]R”)
H

st. L€ HY(0,T;R"), =z € H*0,T;R"),
0€IR(%
— V. Z(

(VOPC,)
() +ez.(t) + O.Z(L(t),2:(t)), 2(0) = zo,

0(0), 20) € OR(0), dist (— V.Z(U(T), 2(T)),0R(0)) < /5.

While the objective is the same as in (OCP), we replaced the rate-independent system by its viscous regularization.
Moreover, the end time constraint is relaxed in order to guarantee the feasibility of the recovery sequence from
Theorem 5.9, see the proof of Proposition 6.2 below.

On the basis of the equivalent dual formulation in (3.3), it is easy to see that the solution map ¢ — z. of
the viscous equation is continuous from L°°(0,7T;R") to W1°°(0, T; R™). Together with the compactness of
HY(0,T;R") < C([0,T);R™), the standard direct method of the calculus of variations immediately gives the
following

Lemma 6.1. For every ¢ > 0, there exists an optimal solution (¢%,z*) € H'(0,T;R") x H?(0,T;R") of
(VOPC..).

In view of Section 5, we moreover have the following:

Proposition 6.2. Let Assumption 5.1 (a) be fulfilled. Then there holds the following "Mosco-type" convergence of
the viscous optimal control problem:

(i) Weak lower semicontinuity:
Let {{:}c~0 be a sequence of global minimizers for (VOPC.) with corresponding states {z*}.~o. Denote
the reparametrized solution according to (3.18) and (3.19) by (SZ,t*,2%) € [0,00) x W1>(0,S¥) x

Whee(0, S R™). Suppose moreover that £ — ¢* in H'(0,T;R™).
Then, there is a subsequence (denoted w.l.o.g. by the same symbol) such that

Sr—8" ot

N>

A s S inWh(0,8% R x R™), 6.1)
where (S*,t*,2*) is a normalized parametrized BV solution associated with (*, i.e. (S*,t*,2*) € L(£*).
Furthermore, the initial and end time constraint in (OCP) is fulfilled, i.e., (S*,tA*7 Z*,0%) is feasible for
(OCP), and there holds

lminf Je (=2, £2) 2 J(5%, £7,0°), (6.2)

(ii) Reverse approximation property:
Assume that (S, t,%, () is global minimizer of (OCP) that fulfills Assumption 5.2, i.e., there is a constant § > 0
such that T (s) > 0 fa.a. t € [0, S]. Then there exists a sequence {0 }e~o C H'(0,T;R™) with associated
viscous solution z. € H?(0,T;R") such that (Z., L. ) is feasible for (VOPC,) for all ¢ > 0 sufficiently small
and
ii\r(r(l) J(Ze, b)) = J(S,Z,0). (6.3)

Proof. Let a sequence {{*}.~¢ as in (i) be given. From Theorem 3.5 we directly obtain a subsequence such
that (6.1) holds true with a limit in £(£*). By compact embeddings, £% and Z* converge uniformly to ¢* and 2*,
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respectively. Therefore, the initial and final time constraints in (OCP) are fulfilled, too, and thus the weak limit
is feasible for (OCP). The uniform convergence of Z} furthermore gives j(22(T)) = j(2X(SX)) — j(2*(S*)).
Together with weak lower-semicontinuity of the squared norm, this implies (6.2) as claimed.

The second assertion is an immediate consequence of Theorem 5.9 and Corollary 5.10, respectively. Because of
(5.24), the initial and finial time constraint in (vOPC.) are fulfilled for all sufficiently small € > 0. Moreover, the
strong convergence in (5.23) along with H*(0, T;R™) < C([0, T]; R™) implies (6.3). O

With all this at hand, we can now prove our main result:

Theorem 6.3 (Main result — approximation of global minimizers via vanishing viscosity). Let Assumption 5.1 (a)
be fulfilled and denote by {{%} .~ a sequence of global minimizers for (VOPC.) with corresponding states {2} }c~o.
Assume moreover that a global minimizer (S,t,z, £) of (OCP) exists, which fulfills Assumption 5.2, i.e., there is a
§ > 0 such that T (s) > 6 fa.a. t €[0,S].

Then there is a weak accumulation point (S*, t*, 2%, @*) in the sense that

¢ — 0% in HY(0,T;R™), S*— 8% 5 in WHe(0,9), 222 in Wh(0,5;R"), (6.4)

where (S ,f:,é;‘ ) again denote the reparametrized solution according to (3.18) and (3.19), and every such

accumulation point is a global minimizer of (OCP). Moreover, with respect to the control variable, every weak

accumulation point is automatically a strong one, i.e., (= — (* in H1 (0, T;R™).

Proof. According to our standing assumptions, there exists ¢y such that —D,Z (£, z9) € OR(0). Thus, the constant
tuple (zo, £o) forms a solution of the viscous equation and is feasible for (VOPC,) for every € > 0. Thus J. (2%, £%)
is bounded independent of e. Therefore, since j is bounded from below, we have that |[¢%| 10, 7;rn) is also
bounded independent of £ and we can extract a subsequence converging weakly to some £* in H'(0, T; R"). Now,
by Proposition 6.2(i), there exists a further subsequence (denoted by the same symbol) such that (6.4) and (6.2)
hold true and the limit (S*,#*, 2%, £*) is feasible for (OCP).

On the other hand, the reverse approximation property along with the optimality of (zX, £%) for the viscous
optimal control problem implies

J(S*, 2%, %) < liminf J. (25, %) < limsup J. (25, €) < lim J.(Z.,0.) = J(S,%,£) = min (OCP)  (6.5)
=\0 N0 =\0

so that (S*,#*, 2*, £*) is indeed optimal for (OCP) as claimed.

Moreover, (6.5) implies the convergence of {J. (2%, ¢X)} and, due to the uniform convergence of {z*}, we obtain

grve
* 2 * % sl % 2 * 2%k sl Ak * *
12213 0,7y = B(Js(zs,&) —j(X(T))) — B(J(S V2 0) = §(2(87))) = 1613 0,720
Since weak and norm convergence yield strong convergence, this completes the proof. O

Remark 6.4. As already mentioned in Remark 5.3, Assumption 5.2 is rather restrictive, but need not be satisfied
by every global minimizer of (OCP), but just by at least one. Nevertheless, if we restrict to control variables in
HY(0,T;R"™), then an assumption of this type seems to be indispensable, at least if the recovery sequence in the
reverse approximation argument is constructed in the way we did it. This is seen as follows: the approximating
control is given by the derivative of the penalized energy, i.e., {. = { + 17(26 — Z), cf. the proof of Theorem 5.9.
Now, Z is a function in the physical time, where also { “lives”, i.e., we have to transform Z back to the physical
time t. If, however, this transformed function is no differential solution and provides (countably many) jumps in the
physical time, then it will no longer be an element of H' (0, T; R™) (as required for the control variable), but only
in BV(0,T;R™). We therefore need to consider control functions in BV (0, T;R™). However, the mere existence
of normalized parametrized BV solutions for external loadings in BV has been addressed only recently in the

literature, see e.g. [KZ19], and therefore, the weakening of Assumption 5.2 is subject to future research.
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Remark 6.5. The regularized optimal control problem in (VOPC,) offers ample possibilities for numerical algo-
rithms. By dualization, the state equation in (VOPC,) is equivalent to

Ze(t) = €| — VIZ(L(t), 2 (t)) — HBR(O)( — V. Z(e(1), zE(t)))}, 2:(0) = 2o,

where g o) denotes the orthogonal projection on OR(0), cf. (3.3) and (3.14). Due to the projection, this is still a
non-smooth equation, but, by means of a further smoothing of the projection, one obtains a smooth control-to-state
mapping. The Gdteaux-derivative of the objective (reduced to the control variable only) can then be computed
with the standard adjoint approach. This gives rise to gradient-based optimization algorithms for the solution of
(vOPC,).

A Appendix: Chain rules

Lemma A.1. Let ¢ € H'(0,T;R™) and t € WH>(0,S) with t(0) = 0, £(S) = T, and {'(s) > 0 fa.a. s € (0, 5)

be given. Then { := (ot € H'(0,S;R") and HEA’H%?(O,S;R,L) < ¥l =0, ||€||L2 0.TR")"
Moreover, for every 2 € C([0, S]; R™), there holds
[ oz conf i < 5 [ 10, )P0+ 3 1 AD

Proof. Let § € (0,1] be fixed but arbitrary. We extend ¢ and t to R by constant continuation and denote these
extensions by the same symbols for simplicity. Define the function #5(s) := #(s) + ds. Theni; : R — R
is clearly strictly monotone increasing, and thus bi-Lipschitz. Thus [Ziel2, Thm. 2.2.2] implies that £ o {5 €
HY(t51(0,T + 4S); R") = H'(0, S; R™) and its derivative is given by

(Cots) (s) = (ts(s))(T'(s) +0) faa. se(0,S).
This leads to
A N s SN 2 A
1(¢0ts) [720,5m) < (Ilt’HLoc<o,s>+6)/0 (£(ts(5))) t5(s) ds

T+6S
= (Il 2= (0.5) +5)/0 ((t)*dt (A2)

= (”f/HLOO(O,S) —+ (5>Hé‘|%2(O,T;R")

< (1'Ml=(0,5) + 1)||é||2L2(0,T;Rn) <O #C(6) < oo.
where we exploited the constant continuation of /. Now, if we consider a sequence § \, 0, then {/ o {5} is
bounded in H'(0,S;R") and consequently, there is a subsequence converging weakly in H'(0, S;RR™). On
the other hand, #; converges uniformly to ¢ on [0, S] so that the continuity of ¢ (due to the compactness of
HY(0,T+S;R") — C([0, T + S]; R™)) gives the pointwise convergence of £os to Lot on [0, S]. Since the weak
and the pointwise limit coincide, this gives the claimed regularity of /. The estimate of its norm directly follows
from (A.2) together with the weak convergence of £ ot to £ o and the lower weak semicontinuity of | - [|2, (0,5R")"

The inequality in (A.1) is proven similarly: using the same notation as above, it holds

/8ﬂ (Fs(r <»mx»%mw
<1 /Haﬂ( ) 2) |8 (r)dr + - /Hm IRAGE

For the right hand side, we have as above

(A.3)

s R T+65 ) .
AIWMﬂW%mW=A I dt = (1112 0.1z
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and, by £5(s) — £(s) in W°°(0, S) and the continuity of /, 2, and 9,Z, see (2.1),

| oz (etisr). 2)|

For the left hand side, the weak convergence £ o {5 — £ ot in H'(0, S; R™) implies

¥ (r)dr.

“5(r)dr — % /0 o (i), )|

/ agI t5 ( ))f(t(;( ))t5 dT‘—/ agI t5( )) A(’r))(fotAg)/(T)dT
—>/ QWL (L(E(r)), 2(r)) (Lo t) (r)dr,

which finally proves (A.1). O

Lemma A.2. Let (£, 2) be a pair with t € W1°°(0,S) and 2 € W1(0, S; R™). Then, the energy equality (3.27)
is equivalent to the following energy inequality:

T(0(i( / R(Z(1) + || ()| dist{— D.Z(E(r), 2(r)), R(0) }dr
(A4)

0), 20) +/0 OL(L(E(r)), 2(rN (E(r))E (r)dr Vs el0,9].

Proof. The proof of this Lemma is based on [KRZ13, Lem. 6.6]. Clearly, if (3.27) holds, then so does the
above inequality (A.4). It therefore suffices to proof the opposite direction. Hence, let (£, 2) be given as in the
assumptions, which fulfills the inequality (A.4). Applying the chain rule for Sobolev functions, cf. e.g. [Ziel2,
Thm. 2.1.11], gives for almost all s € [0, S]:

S T(#(s),2(5)) = (D-T(Es), 2(5)), 2/ (5)) + OT(E(5), 2(5)) (5). (A5)
Now, let £(s) € OR(0) such that dist{—D,Z((r), 2(r)),0R(0)} = ||-D.Z(i(s),2(s)) — &(s)|| for almost all
€ (0, S). Exploiting that R(v) > (£, v) for all £ € OR(0), we can consequently estimate

—L7(i(s), 2(s)) + OT(E(s), 2(5) ()

t(
ds
= (=D.Z(i(5), 2(s)) — £(s), 2 (s)) + (€(5), 2'(5))
< ||=D.Z(i(s), 2(s)) = E(s)12' ()| + R(2'(5))
= [|2'(s) || dist{—D.Z((s), 2(5)), IR(0)} + R(%

Integration with respect to time and inserting the energy inequality, we obtain

#(s)).

(0, 20) — Z(i(s), 2(s)) + / COI(i(r), 2(r))F (r)dr
/ 12/ ()| dist{—D.Z((r), 2(r)), OR(0)} + R(Z'(r))dr
< 7(0, 2) / OT(E(r), 2(r))E (r)dr — Z(i(s), &(s))

for all s € [0, S]. Hence, (A.4) holds in fact with equality which is (3.27). O

B Appendix: Uniqueness of differential solutions for ¢/ € H'(0, T; R")

For the sake of completeness, let us briefly comment on the uniqueness of differential solutions in case of uniformly
convex energies for loads in H(0, T'; R™), since this case is not covered by the results from the literature (which in
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general require £ € WH°(0,T; R™), cf. e.g. [MT04]). To this end, let 21, 2o € W1(0, T, R™) be two differential
solutions. We introduce the following distance measure

V() = (VL(E(t), 21(t) = VI(E(F), 22(1)), 21(8) — 22(1))-

Note that by the uniform convexity of Z, we have y(t) > a|z1(t) — 22(¢)||? with some a > 0. Clearly, by the

structure of Z, i.e., Z(¢, z) = E(z) — (¢, z), we have y(t) = (VE(z1(t)) — VE(22(t)), z1(t) — z2(t)). Now, using
the symmetry of V2E, we calculate

Y (t) = (VE(t, 21 (1) [ (8) — 22(8)], 21 (1))
— (V2E(t, za(t))[21(t) = 22(t)], 25(8)) + (VZE(t, 21(t) — DZ(t, 22(1)), 21 (1) — 25(1)).-

Rearranging terms, we arrive at

Y(t) = (VZE(t, z1(1) [1(t) — 22(8)] + VE(, 22(t)) — VE(E, 21(t)), 21(1))
— (V2E(t, 22(t))[21(t) — 22(t)] + VE(t, 21(8)) — VE(t, 22(1)), 23(8))
+2(VE(t, 21(t)) — VE(t, 22(t)), 21 (£) — 25(1)).

Now, due to 21, zo € WH1(0,T;R") and the regularity on & (see (5.2)), we find that

V() < Cllaa(t) — 212110 + Cllza(t) — 22O (230

| (B.1)
+ 2(V.Z(U(t), z1(t) — VI(U(t), 22(t)), 21 (t) — 25(t)).

Since z; and z, are differential solutions, it holds
0€ OR(%(t)) + V. IZ(L(t),z(t) i=1,2

and testing these equations with 2] — 25 and adding them lead to (V,Z (¢, z1 (t)) — V,Z(t, z2(t)), 21 (t) — 25(t)) < 0.
Hence, inserting this and the fact that ||21 (¢) — 22(¢)||* < ¥(¢)/c into (B.1) and integrating over [0, t] gives

() <~(0) +C/O (I (M) + 2 () D)y (7)dr.

Applying Gronwall’s lemma we eventually end up with

(1) SW(O)GXP{C/O (125 () + 25 (r)Ddr )

Since z1(0) = 22(0) = zo we have v(0) = 0 and thus (¢) = 0 for all ¢ € [0, 7] which proves the uniqueness of
differential solutions.
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