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A CLASS OF MINIMUM PRINCIPLES FOR CHARACTERIZING
THE TRAJECTORIES AND THE RELAXATION OF DISSIPATIVE SYSTEMS

ALEXANDER MIELKE! 2 AND MICHAEL ORTIZ?

Abstract. This work is concerned with the reformulation of evolutionary problems in a weak form
enabling consideration of solutions that may exhibit evolving microstructures. This reformulation is ac-
complished by expressing the evolutionary problem in variational form, i.e., by identifying a functional
whose minimizers represent entire trajectories of the system. The particular class of functionals under
consideration is derived by first defining a sequence of time-discretized minimum problems and subse-
quently formally passing to the limit of continuous time. The resulting functionals may be regarded
as a weighted dissipation-energy functional with a weight decaying with a rate 1/e. The corresponding
Fuler-Lagrange equation leads to an elliptic regularization of the original evolutionary problem. The
T-limit of these functionals for € — 0 is highly degenerate and provides limited information regarding
the limiting trajectories of the system. Instead we seek to characterize the minimizing trajectories
directly. The special class of problems characterized by a rate-independent dissipation functional is
amenable to a particularly illuminating analysis. For these systems it is possible to derive a prior:
bounds that are independent of the regularizing parameter, whence it is possible to extract convergent
subsequences and find the limiting trajectories. Under general assumptions on the functionals, we show
that all such limits satisfy the energetic formulation (S) & (E) for rate-independent systems. More-
over, we show that the accumulation points of the regularized solutions solve the associated limiting
energetic formulation.
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1. INTRODUCTION

The formation of microstructure in quasi-static problems and its connection with non-attainment has re-
ceived considerable attention, particularly following the seminal paper of Ball and James [3]. A vast body of
mathematical literature exits at present that makes that connection sharp. The evolution of microstructure
is a somewhat more complex problem whose systematic study is comparatively less advanced. A fundamental
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question concerns whether entire dissipative processes involving microstructure evolution can be given a vari-
ational characterization as solutions of a minimum problem. The present paucity of such minimum principles
constitutes a severe impediment to the application of modern tools of the calculus of variations to evolutionary
problems.

In their classical formulation, the class of evolutionary problems under consideration here take place in a
Banach space Y and their strong form is the doubly nonlinear differential inclusion (cf. [8,34])

0 € 0T (u(t)) + DE(t, u(t)), (1.1a)
u(0) = uo, (1.1b)

where U : Y — Ry, := RU{oo} is a convex dissipation potential; £ : Y — Ry, is an energy function; OV is the
subdifferential of ¥, representing the system of dissipative forces; DE is the Fréchet derivative of £, representing
the conservative force system; and time ¢ varies in the interval [0,7]. Equation (1.1a) establishes a balance
between dissipative forces and conservative forces, and the trajectory u(t) of the system is the result of this
balance and of the initial condition (1.1b). We regard (1.1) as a model problem furnishing a convenient illus-
tration of the basic strategy proposed in this work. As a model problem, (1.1) is general enough to describe,
e.g., the quasistatic viscoelasticity of solids under the assumption of linearized kinematics; heat conduction;
viscous drag on a solid immersed in a Stokes’ flow; and other cases of interest. However, it bears emphasis that
the basic strategy for formulating variational principles for trajectories developed here is applicable to more
general dissipative systems, including systems with Newtonian viscosity and finite-deformation viscoplasticity
(cf., e.g., [45] for examples). However, these extensions entail a certain degree of added complexity, e.g., in
terms of geometrical mechanics (cf., e.g., [30]), and will not be pursued here in the interest of simplicity.

The aim of this paper is to reformulate the evolutionary problem (1.1) in a weaker form enabling the consid-
eration of systems where £ is not differentiable or not even lower semi-continuous, thus allowing for solutions
that may exhibit evolving microstructures. This reformulation is accomplished by expressing (1.1) in variational
form, i.e., by identifying a functional whose minimizers represent entire trajectories of the system. A number of
variational principles have been proposed for characterizing entire trajectories of dissipative systems, including
the Brézis-Ekeland variational principle ([5], see also [16,40], Th. 8.93), Gurtin’s variational principle for linear
viscoelasticity ([18,19]), and others. An obvious — albeit contrived, as it unnaturally doubles the order of the
problem — alternative variational characterization of trajectories is to minimize an L?-norm of the residual of
(1.1a). This multiplicity of proposals begs the question of what constitutes a physically and mathematically
meaningful variational characterization, if any, of the trajectories of dissipative systems.

In this work, we investigate a possible answer to this question, which builds upon recent work on time-
discretized incremental variational principles for dissipative systems. It is now widely appreciated that a carefully
crafted time discretization of evolutionary problems may result in a sequence of minimum problems characteriz-
ing the successive states of the system. (e.g., [2,6,9,10,20-23,29,33,35,37-39,41,45]). This sequence of minimum
problems must be solved causally: the first problem propagates the known initial conditions; the second prob-
lem propagates the solution of the first problem; and so on. Instead of this time-stepping solution procedure,
we proceed to combine all the incremental functionals under a single functional for the entire trajectory by
recourse to the notion of Pareto optimality of multi-objective optimization problems (cf., e.g., [7]). Specifically,
the resulting functional for the — still time-discretized — trajectories is constructed as a weighted sum of all the
incremental functionals. The weights applied to the individual incremental functionals are known as Pareto
weights. In this context, the effect of causality is to introduce a strict ordering in the set of Pareto weights
ensuring that the first incremental problem is accorded disproportionately higher priority over the second, the
second over the third, and so on. This is accomplished by introducing a sequence of Pareto weights, parameter-
ized by a small parameter ¢, with the property that the ratio between successive weights becomes vanishingly
small as € — 0. The last step in the derivation of the trajectory-wise functional is to formally pass to the limit
of continuous time. In this limit, the discrete Pareto weights are replaced by a time-dependent Pareto weighting
function. For example, for a particular choice of Pareto weighting function of exponential form, the resulting
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minimum problem is
T 1
T (u) = e_T/EE(T,u(T)) —|—/ e te [\I/(u) + —E(t,u)] dt. (1.2)
0 €

We call Z, a weighted dissipation-energy functional.
Under conditions of sufficient smoothness, the Euler-Lagrange equations of this functional are

DU (4) + DE(t, u) — eD?W(u)ii = 0, (1.3a)
u(0) = uo, (1.3b)
DU (u(T)) + DE(T,u(T)) = 0, (1.3¢)

which reveals that the functional (1.2) defines an elliptic regularization of the classical problem (1.1). Under an
additional requirement of stability, the classical problem (1.1) is finally replaced by the minimum problem

irelg{ze (u) (1.4)

where Y represents some suitable space of paths w : [0,7] — Y. This completes the reformulation of the
evolutionary problem (1.1) as a minimum problem for trajectories.

This reformulation in terms of weighted dissipation-energy functionals opens the way for the application of
the tools of modern calculus of variations to evolutionary problems. Of particular interest is the existence of
trajectories for the regularized problem (1.4), and its causal limit as e — 0. We are specifically interested in the
case in which £ and hence Z. are not lower semi-continuous and, therefore, the infimum of Z, is not attained
in general. A natural extension of this program is to consider sequences of dissipation and energy functionals,
U and &, respectively, arising as a result of approximation, perturbation, or other modifications of the base
functionals. In this case, we become interested in understanding the joint limit of € — 0 and k¥ — co. A natural
choice of topology for understanding these limits is the topology of I'-convergence (e.g., [11,12]). Unfortunately,
we find that the I'-limits of Z, are highly degenerate and provide limited information regarding the limiting
trajectories of the system. Therefore, we instead attempt to characterize the minimizers directly.

A class of problems that is amenable to effective analysis concerns rate-independent systems for which the
dissipation potential ¥ is homogeneous of degree 1. A striking first property of rate-independent problems is
that all minimizers u€ of Z. satisfy the energy balance

E(t,u(t)) +/ U(u(r))dr = E(s,u(s)) +/ 0-E(r,u(r))dr,

independently of the value of e. (In Sect. 4.2 we replace fst U (u(7))dr by the more general version fst U(du) that
holds for BV functions.) Under suitable coercivity assumptions it is then possible to derive a priori bounds for
u€ which likewise are independent of €, with the result that it is possible to extract convergent subsequences
and find limiting functions u. Under very general assumptions we show that all such limits satisfy the energetic
formulation for rate-independent systems of Mielke et al. ([15,26,33-35] and the survey [29]), i.e., they satisfy
the stability condition (S) and the energy balance (E). Moreover, we show that if (¥)xen continuously converges
to U and & I'-converges to £ in the weak topology of a Banach space, then the accumulation points of the
family (uek)eso,ken for €,1/k — 0 solve the associated limiting energetic formulation. Related relaxations
and T-limits for rate-independent systems are treated in [17,24,28,32,36,44] by considering the sequence of
incremental problems. In the latter works, convergence of the time-incremental solutions associated with the
&r and ¥y, to a solution of the limit problem is established under conditions similar to those considered here.

2. FORMAL DERIVATION OF THE VARIATIONAL PRINCIPLE FOR TRAJECTORIES

A common device for reducing evolutionary problems of the form (1.1) to a sequence of variational problems
is time discretization (e.g., [2,26,35,38,45]). Specifically, suppose that we are given the state ug of the system
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at time tp = 0 and wish to approximate the solution w, at times ¢, = nAt, n = 1,...,N. A sequence of
minimum problems that delivers consistent approximations to the solution of the continuous-time evolutionary
problem (1.1) is [38]

inf  Foi1(Ung1;un), n=0,...,N—1, (2.1)
Un4+1€Y

where
unJrl — Unp

At

is an incremental functional that combines energy and kinetics. In addition, in (2.1) it is tacitly understood
that the problems are solved causally: problem n = 0 is solved first with initial conditions wg in order to
computed wuq; subsequently, problem n = 1 is solved to compute ug, taking the solution u; of the preceding
problem as initial condition; and so on. We note that the datum —&(ty, uy,) is added to (2.1) so that kinetic
and energy terms are of the same order in At.

We wish instead to collect the sequence (2.1) of incremental problems into a single minimum problem for
the entire trajectory u = {uy,...,un}. In the theory of optimization, a standard device for combining multiple
objective functions is supplied by the concept of Pareto optimality (cf., e.g., [7]). In this spirit, a candidate
functional on trajectories is

Fn+1(un+1;un) = At¥ ( ) + 5(tn+laun+1) - 5(tnaun)

N-1
T(u; N) = Z A1 Fnp1 (Ung1s un)
n=0
where A = {\y,...,An} are positive Pareto weights. However, it order to ensure causality it is necessary to

choose the weights in such a way that the minimization of the single functional Z(u; ) with respect to the entire
trajectory u is equivalent to the sequential solution of the incremental problems (2.1). This is accomplished
by introducing the ordering: A; > A2 > ..., which accords disproportionately larger importance to the first
incremental problem relative to the second; to the second incremental problem relative to the third, and so
on. More specifically, we may accomplish this causal ordering by considering a sequence of positive weights

A{ > A§ > ... parameterized by a real parameter ¢ > 0 and such that
€ +1
lim —= = (. 2.2

Inserting these weights into Z(u; \) gives

N—1
T )= 3 Nops {\p (“nﬂm “) 4 Eltnty ) — i ) } At (2.3)

n=0
Suppose, in addition, that there is a function A\, > 0 such that
AL = Ac(tn). (2.4)
Then, causality requires Ac be monotonically decreasing, and the limiting condition (2.2) requires that

(D)
20 Ae(a)

=0, Va,be[0,T], a<b. (2.5)

Inserting (2.4) into (2.3) we obtain

N-—1

~ n — Un 5 tn y Un 75 tn; n

Fua) =3 A6<tn+l){xxf <“ o >+ (et o)) = £l )}At.
=0

3
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This functional may be regarded as a time discretization of the continuous-time functional
~ T d
T(uw\) = / N[ i)+ TGt w)|dt.
0 dt
Alternatively, an integration by parts gives the functional in the from
~ T .
Z(u; Ae) = A(T)E(T, u(T)) — Ac(0)E(0,u(0)) +/ {)\E\I/(u) A u)} dt. (2.6)
0

Given sufficient smoothness, the stationarity condition for Z(u; A.) with prescribed initial condition w(0) = ug
is

§T(u;A) = A(T)DE(T, u(T))v(T) + / : [ACD\IJ(I'L)@ — ADE(t, u)v} dt =0,
0

where the variations v can be taken, e.g., to be smooth and have compact support within the interval (0, 7.
An integration by parts further gives

0Z(u; Ae) = Ae(T) [DW(@(T)) + DE(T, u(T))]v(T) +/O {— %()\ED\I/(Q)) — \DE(t, u)}vdt =0

and the corresponding Euler-Lagrange equations follow as

Ae (D2 (0)ii + A (t)[DW (i) + DE(t, u)] = 0, (2.7a)
u(0) = uo, (2.7b)
DU (a(T)) + DE(T, u(T)) = 0. (2.7¢)

We assume that /A | —oo uniformly on [0,7], which implies (2.5), and thus (2.7) may be regarded as an
elliptic regularization of the evolutionary problem (1.1). An admissible and particularly simple choice of causal
weights is obtained by assuming that
At
Ac(t)

~—

= 71/"?;
which gives
Ae(t) = e71/°, (2.8)

where, for definiteness, we have set A(0) = 1. For this particular choice of weights, the functional (2.6) becomes
T (u) = Z(u) — £(0,u(0)) (2.9)

with

T.(u) = e T/ (T, u(T)) + /OT e_t/E[W(u) + ég(t, u)} dt.

Since u(0) = g is a given initial datum, i differs from Z, by an inconsequential additive constant. For definite-
ness, henceforth we choose to work with the functional Z, and call it the weighted dissipation-energy functional.
The corresponding Euler-Lagrange equations (2.7) reduce to

— eD?W ()it + DU () + DE(t,u) = 0, (2.10a)

u(0) = wo, (2.10b)
DY (4(T)) + DE(T,u(T)) = 0, (2.10¢)
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whence the elliptic character of the regularization (2.10a) is particularly apparent.
We now may regard the one-parameter family of minimum problems:

inf Te(u), 2.11
u€Y, u(0)=ug ( ) ( )

where Y is some suitable space of trajectories u : [0,7] — Y, as a continuous-time version of the sequence (2.1)
of incremental problems. In particular, one would expect that the limit of At — 0 of (2.1) and the limit of e — 0
of (2.11) characterize the same trajectories, and that these trajectories satisfy (1.1) in some appropriate sense.
Establishing this connection rigorously is beyond the scope of this paper. Instead, we shall simply postulate
(2.11) as the fundamental physical principle of interest and proceed to elucidate its properties and behavior in
the strict causal limit of € — 0. A partial justification is obtained from the analysis of the examples discussed
in the following section.

3. THREE ILLUSTRATIVE EXAMPLES

The following examples illuminate the connections between the minimizers u€ of the weighted dissipation-
energy functional Z. and the solution w of the original problem (1.1).

3.1. A scalar viscous example

As a prototypical double-well potential we consider the tri-quadratic energy function

T(u+1)? foru < —1,

Fiq(u)=1< +—1u? for|u| <1, (3.1)
1
2

(u—1)% foru > 1,
and the associated evolutionary problem

U+ Fy(u) — 0 =0,
U(O) - 71;

with ¢ € (1/2,1). This is a gradient flow for the potential &£ : u +— Fiq(u) — du; and since Fy, is piecewise linear,
it is possible to calculate the exact solution u. This solution is strictly monotone and for ¢ — oo it converges to
the unique steady state u = 1+ 4. We additionally fix T such that u(7") = 1. The weighted dissipation-energy
functional (2.9) for u€ : [0, 7] — R takes the form

7w =) + [ e (3 + L) - o))

and the associated Euler-Lagrange equations (1.3) reduce to

— et 41 + F{y(u) = 0 =0,
u(0) = —1,
u'(T) + Fl (u(T)) — 6 = 0. (3.2)

This problem can conveniently be analyzed in the (u,u) phase plane, ¢f. Figure 1. The phase portrait follows
readily from the piecewise linear structure of (3.2). Thus, the region u < —1/2 follows from the identity
—eti+u+u+1—3 =0 and corresponds to a linear saddle at (u, %) = (§—1,0), which is outside the domain
u < —1/2. Similarly, the region |u| < 1/2 is governed by the identity —eii + @ — u — § = 0, which corresponds
to a the source point at (—¢,0), again outside the domain. For w > 1/2 we again have a linear saddle,
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(a)
FIGURE 1. (a) Orbit for e = 0. (b) Orbit for € > 0 and three invariant straight lines.

now located inside the domain at (1+46,0). A closer analysis of the invariant manifolds associated with the
three fixed points, including those which are not in the correct domains, shows that any solution u€ satisfying
(3.2) has to stay e-close to the graph @ = 6 — F{,(u).

3.2. A scalar rate-independent problem

Rate-independent systems are in sharp contrast to systems with viscosity in that the latter possess an intrinsic
time scale of viscous relaxation, whereas the former lack a time-scale and can react instantaneously via jumps.
As a simple illustrative example we consider the weighted dissipation-energy functional

To(u) = e T/E(T, u(T)) + [ et/ (p|u(t)| + %E(t,u(t)))dt,
with E(t,u) = Fiq(u(t))—0(t)u(t),

with p € (0,1), w: [0,T] = R and ¢:[0,T] — R.
The problem is now nonsmooth, because the dissipation function ¥(v) = p|v|, while convex, is not differen-
tiable at the origin. We have 0¥ (v) = p Sign(v), where

Sign(v) = {—1} for v € [0, 0),
Sign(0) = [-1,1],
Sign(v) = {1} for v € (0, 0],

is the multi-valued signum function, and the Euler-Lagrange equation is given by [1]

s(t) € pSign(u(t)),
—€5(t) + s(t) + Fl (u(t)) = £(t), a.e. in[0,T], (3.3)

where we assume that v € BV([0,7]) and s € WH1([0,T]). The first of these equations tells us that 4+ > 0
implies s = £ p. Hence, multiplying the second equation by @ we obtain

plit] + F(wyi = £(t)i. (3.4)

Integration over time gives the energy balance

t

Fra(ut)) — £(t)u(t) + / pli(t)]dt = Fiq(u(0)) — £(0)u(0) — / ity u(s)ds.
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(b)

FIGURE 2. (a) u(t) (full line with jumps) and £(t) (dashed line) as functions of t. (b) Hysteretic
behavior with jumps in the (u, ¢)-plane.

Surprisingly, this equation is independent of e, which is a general feature of the rate-independent case, see (4.4)
and Proposition 4.1. In the scalar case it is easy to construct the solution from energy balance. At points where
u is differentiable (3.4) together with s € Sign(«) provide the differential inclusion

0 € pSign(u) + F/ (u) — £(t).
In addition, we have the jump condition
Fiq(u(t40)) — £(t)u(t+0) + plu(t40)—u(t—0)| = Fiq(u(t—0)) — £(t)u(t—0).
In the special case £(t) = min{t—1,5—t} on the interval [0, 8] and u(0) = —2 we obtain the solution

-2 fort €0, pl,
tfpf2fort€[,1+p)

t—p forte (1+p,3],

u(t) = 3—p forte[3,3+2p],
6 —t+pfort € [3+3p,5+p),

4—t+pforte (5+p,8].

This is also the solution of the global (S) & (E) energetic formulation discussed subsequently.

3.3. Linear parabolic problems
On the Hilbert space H the linear evolutionary problem
i+ Au = £(t),
u(0) = uo, (3.5)
defines an abstract parabolic problem when A : D(A) — H is self-adjoint and positive definite, i.e., (Av,v) >

al[v]|? with @ > 0. For s > 0 we set X, = D(A*/?) which is again a Hilbert space when equipped with the
graph norm. For s < 0 we let Xy = X*_, the dual of X_;. We will use the well-known fact, that the unique
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solution u of (3.5) satisfies the estimate (see e.g., [42])

lwll2o.rn,xa) + l1allLzqo,71,x,) + lillLzo,m,x_0) < C(||€||L2([O,T],Xg) + 1l o, x_0) + ||U0||X2>- (3.6)
Next we consider the associated minimization problem for

T.(u) = e~ T/<€(T, u(T)) + fOTe—t/E(%m, i) + %E(t,u))dt,
with £(t,u) = §(Au,u) — (€(t), u),

where (-, -) denotes the scalar product in H = X. The corresponding Euler-Lagrange equation is

—ell + 4+ Au = £(t),
u(0) = wo,
w(T) + Au(T) = £(T). (3.7)

In [25], Chapter 6, this equation is called the elliptic regularization of (3.5). It is shown there that (3.7) has
a unique solution which satisfies similar estimates to those given for w in (3.6). Let u,. and u. be the unique
solutions of (3.5) and (3.7), then the estimate

e = lliaqo.my ) < gl x )

holds, which again shows that the weighted dissipation-energy functional Z. is useful to construct approximate
solutions to (3.5). For the proof of this result, we define the difference w = u — u. which satisfies the problem

— e + 1 + Aw = €., (3.9a)
w(0) =0, (3.9b)
w(T) + Aw(T) = 0. (3.9¢)

We begin by noting that ||ii.||r2(j0,77,x_,) is finite, see (3.6). Next we set

1 1
p(t) = Stw,w) = 5wl

and multiply (3.9a) by w to obtain

2
ap+o=llilli, = elinllxwllx > (e, w) = —€f+ e(, ) + p+ (Aw,w) > —ep+ p+ 2ap.

Using the boundary conditions (3.9b) and (3.9¢) for w we find the differential estimate

62
—ep+ptap < ik, (3.10a)
p(0) = 5(0) =0, (3.10D)
p(T) 20, H(T) = (w(T),i(T)) = —(Aw(T),w(T)) <0. (3.10¢)
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Integrating (3.10a) over [0, 7] we find the desired result (3.8):

T
a 2
5““6 — s | L2((0,T),X0) 0‘/0 p(t)dt

T 2 2
€7 . . € .
S/O aa i ()lI%_, dt + €(A(T) = £(0) = (p(T) = p(0) < g=llitalF2 0,9, 1)

where the last estimate used the boundary conditions (3.10b) and (3.10c).

4. ABSTRACT RESULTS FOR RATE-INDEPENDENT PROBLEMS

The time-rescaling invariance of rate-independent systems make them special. In particular, the minimizers
are allowed to have jumps, which is not possible if the dissipation functional ¥ has superlinear growth.

4.1. The abstract assumptions

We start by formulating the problem precisely in a separable, reflexive Banach space X that is compactly
embedded into the larger Banach space Z. In continuum mechanical applications, typical choices for the
spaces X and Z are X = WFP(Q), k € N, and Z = L'(2), respectively, cf. [26,33].

In this section the general assumptions on ¥ and £ are the following. The dissipation potential ¥ is convex,
1-homogeneous and lower semi-continuous on X. Moreover, it is coercive in Z, i.e.,

Je>0 VoeX: ¥(v)>clv]z. (4.1)

For the energy-storage functional £ : [0, 7] x X — Ry, we assume that it is weakly lower semi-continuous and
satisfies the coercivity

Ja,e,C >0 Y(tu) €[0,T)x X: E(t,u) > cllull% —C. (4.2)
We additionally assume that ¢ — £(¢,u) is differentiable whenever (¢, u) < oo, namely,
et e >0 V(tu) €0,T] x X 1 |0t u)| < cf (E(t,u)+cf). (4.3)

This type of control of power of the external loading was first introduced in [15,29] and proves very useful for
obtaining a priori bounds, see below.
4.2. The energy balance and a prior: bounds

It is shown in [34] (see also [31]) that under suitable assumptions any absolutely continuous solution u of the
rate-independent differential inclusion (1.1) satisfies the energy balance

S(t,u(t))—i—/ ‘Il(du)—/otasé'(s,u(s))ds:c for all ¢ € [0, T, (4.4)

[0,¢]

where C' = £(0,u(0)). As in [26,34,35] we will deal with BV functions that are defined everywhere. For non-
increasing and positive a € C([0,T],R), an interval J C [0,T] and v € BV([0,T], Z) we use the BV notation

N
/Ja(s)\I/(du) = sup{ Za(sj)\ll(u(sj)fu(sj,l)) ‘ N eN, sg,sy€J, so<s1< - <SN_1<SNn } (4.5)

Jj=1

Note that it is important here, to distinguish the case where the boundary points of J are included into J
or not. Moreover, the supremum definition is only suitable for nondecreasing and positive a, as in this case
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the approximating sums on the right-hand side of (4.5) behaves monotonous under refining the partition. For
general a € C([0,T],R) one has to proceed as for the Riemann-Stieltjes integral and replace the supremum by
a limit for the fineness of the partition going to 0.

The weighted dissipation-energy functional Z. is now written as

T —
e t/e

T.(u) = e~ T/eE(T, u(T)) +/ E(t,u(t))dt.

(0,77

e VW (du) + /

0 €
A surprising fact is that the energy balance (4.4), which is independent of €, holds for all minimizers of Z..

Proposition 4.1. Let U and & satisfy the assumptions of Section 4.1. If u, is a minimizer of Z. under the
constraint u(0) = ug, then wu, satisfies the energy balance (4.4) for almost all t € [0,T]. If additionally, the
initial condition ug satisfies the stability condition

Ve X: £(0,u) < E(0,7) + U(d—uo), (4.6)

then the energy balance (4.4) holds with C = £(0, ugp).

Proof. We compare the energy of u with that of rescaled functions w. For this, choose an increasing diffeomor-
phism G : [0,T] — [0,T] (i-e., B(0) = 0 and B(T) = T) and define t = ((s) as well as u via u.(s) = w(5(s)).

Using the transformation rule for integrals with dt = (3(s)ds and dul;—g(s;) = du.|s we may express Z(u) in
terms of u, again and find

T e t/e

T(3) — o T/E(T, u,(T)) = / £(t,(t))dt

(0,77

et/ w(da) + /

0 €

T —B(s)/e
- / e PO/ P (du,) + / e B(s) E(B(s), ux(s))ds.
[0,7)

0 €

With p € C((0,T)) we choose (3 via e P(5)/¢ —e=5/¢ = §p(s), where 0 < § < 1. This leads to the expansion
B(s) = s — edp(s)e’/ < + O(6%). Since u, is a minimizer we have

0 < Z.(%) — T (u)

T
1 )
= / (e7P)/e —e=*/9)U(du,) +/ = (e PO/B(5)E(B(s), us(s)) — e/ E(s,us(s)))ds.
[0,7] o €
Using ge_ﬁ/e = %e_s/e — dp, dividing by d > 0 and taking the limit § \, 0 we obtain

0 [ oW + [ (= pl0uE (s, (5)) = G0 (5) .

Since p € C°((0,T)) is arbitrary, the almost everywhere validity of the energy balance (4.4) follows from the
lemma of Du Bois-Reymond.

Finally we assume that the stability condition (4.6) holds. We let e(t) = E(t, u«(t)), A(t) = f[O,t] U(du,) and
w(t) = fg 05E(s, us(s))ds, then the energy balance reads e(t)+A(t) —w(t) = C, where A is monotone and hence
in BV([0,77]) and w € WH*°([0,TY]) (by using (4.3)). Hence, we may define A0 = limg<;—o A(t) = ¥(ut0—up),
where ut = limg<;_ou(t), which exists in Z as f(o,t] U(du) — 0 for t — 0. Setting et = limgy_ge(t) =
C — A*0 we find by weak lower semi-continuity of £ that £(0,u"%) < et?. Using the stability condition (4.6)

this provides
£(0,up) < E(0,u™) + W(u—u) < e+ AT =C.
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For the opposite estimate we use that u, minimizes. For k € (0,T) let u,(t) = up for t € [0,x) and wu.(t)
otherwise. Using the (almost everywhere) energy balance for u. gives

0 S IE(U’K) _IE(U’*)

= e "W (u, (k) — uo) 7/

[0,#]

K eft/e

et/ w(du,) +/ (E(t,uo0) — C —w(t) + A(t))dt
0 €
K e—t/e
U (dus) + / (£(0,u0) — C + o(1)s—0)dt,
JK] 0 €

= e_”/ﬁ(\lf(u*(/@) —ug) — /

[0

o t/e

where the last step used a cancellation occurring after integration by parts of [ A(t)dt with A(¢)
f[o 9 U(du,). Since the first term in the last equation is non-positive, we conclude the desired result £(0, ug) >
by making x sufficiently small.

oal

It is remarkable that the energy balance (4.4) holds exactly for the minimizers u® of Z., despite their depen-
dence on e. For the subsequent analysis we always assume that the stability condition (4.6) holds for the initial
condition ug. Then, the minimizers satisty useful energetic a priori estimates, namely

E(t,ult)) + c& < (5(o,u(o)) + c{f) eor ! (4.72)

/[O , U(du) < (s(o,u(o)) + c(;E) et t, (4.7b)

These estimates holds for any function u : [0,7] — Z satisfying the energy balance (4.4), which implicitly
means that t — 9;E(¢, u(t)) is measurable. (At this point, we need not assume measurability of ¢ — u(t) € X,
see [13,29].) Writing e(t) = £(¢, u(t)) again, the first is obtained by inserting (4.3) into the energy balance (4.4)
and neglecting the dissipation, namely e(t) < e(0) + fot c¥ (e(s)+ct)ds. Adding cf on both sides and using
Gronwall’s lemma the estimate (4.7a) is established. Now using the energy balance once again the dissipation
can be estimated via

/ U(du) < e(0) — e(t) —|—/ et (E(s, u(s))+cd ) ds
[0,2] 0

<e(0) —e(t) + /0 cF (e(O)Jrcg)eciE *)ds
=e(0) —e(t) + (e(0)+cf) (ecft—l) < (e(O)—l—céE)ecft.

The energetic a priori estimates (4.7) and the coercivity assumptions (4.1) and (4.2) imply that all minimizers u
of Z. satisfy e-independent a priori bounds:

||u||Loo([07T],X) § Cl and / ||du||Z S CQ. (48)

s

These bounds suggest defining the weighted dissipation-energy functional Z. on the Banach space
Y :=L*([0,T], X)NBV([0,T], Z),

despite the lack of equi-coercivity of the sequence Z in this space. In fact, owing to the exponential weight the
bound Z.(u) < C results in the very weak a priori estimates

T/e

e €
oo <O and [ dulz < €T
[0,7]
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Ounly for minimizers we obtain the much better estimates (4.7) and hence (4.8) that are independent of e.

It is interesting to contrast the preceding results with the case of a general dissipation functional. Thus,
suppose that Z( f e*t/f( ,U) + %E(t, u))dt, where W is additionally allowed to depend on wu, but still
v — W(u,v) is convex for each u. Moreover, assume ¥ to be smooth. The corresponding Euler-Lagrange
equation is

Defining E(t) = £(t,u) — eR(u, %) with
1

R(u,v) = 8,%(u,v)[v] — ¥(u,v) = - 0D (u, Ov)[v,v]dd > 0

(by convexity) we easily find the identity %E = 0:&(t,u) — 0, ¥ (u, @)[u], which in turn gives the energy balance

E(t,u(t)) — eR(u / 0¥ (u () [a(r))dr = E(s,u(s)) — eR(u / 0 E (T, u(r

In the rate-independent case we have R(u,v) = 0 and 0, ¥ (u,v)[v] = ¥(u,v), which returns the energy balance
from above. In the rate-dependent case we may write ¥ (u, v) = 8, (u, v)[v] and assume ¥ ¥ (u,v) < R(u,v) <
YW (u, v), which holds with ¢; = ¢y = ijl for W(u,v) = ||v||¥,. Let é(t) = E(t,u(t))+cF—eR(u(t), u(t)) and
W(t) = W(u(t),i(t)). Then, for 0 < s < ¢t < T we have the estimate

et) + (1—ecfed /1/) )dr <e(s) + /cf'é( )dr.

Thus, for € < 1/(cFey) Gronwall’s lemma and ¢ > 0 give é(t) < ecf(t*s)g(s). Inserting this into the integral
on the right-hand side we obtain an estimate in terms of €(s) alone. However, it is not clear how the boundary
condition at t = T' can be used to derive a priori bounds for £(¢, u(t)) and for f[o 7] U (du) which are independent
of e.

4.3. Convergence to energetic solutions

As already noted, a central objective of the analysis is to ascertain the strict causal limit ¢ — 0. Unfortunately,
the I'-convergence machinery fails to deliver useful results. Under suitable continuity assumptions an easy
calculation gives

I-lim 7, (u) = x_v(g{%u(s) - u(O)) +£(0. lim u(s).

This limit supplies scant information regarding the limiting trajectories, namely, whether a jump point u(0+0) =
limg\ o u(s) minimizes energy plus dissipation from u(0). By contrast, by virtue of the a priori estimates (4.7)
r (4.8), the minimizers u. of Z. are well-behaved and we are able to extract convergent subsequences.
We regard the weighted dissipation-energy functionals Z, to be defined in the space

Y = L([0, 7], X) N BV([0, 7], Z),

Y . .
and we let — denote weak* convergence in this space, namely,

ilelg f[oﬂ |duk||, < co and
up 2y LL Vwe Ll([o T), X*): (4.9)
fO uk >th—> fO (t)>th.
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The supremum condition for the sequence is motivated by the a priori estimates (4.8), which are valid for
minimizers of Z.. Under the additional assumption that the reflexive space X is compactly embedded into Z

the convergence in Y implies in fact pointwise convergence almost everywhere, namely if uz X u, then
For a.e. t € [0,T]: wu(t) — u(t) in Z and ug(t) — u(t) in X. (4.10)

In fact, to see this, we employ Helly’s selection principle (¢f. [26,35]) to find a subsequence (ug, )nen that
converges for all ¢ € [0,7] to a limit w(¢) strongly in Z and hence weakly in X. However, since the limit
function u must be equal to u almost everywhere, we conclude the convergence of the whole sequence by the
usual contradiction argument.

The following result is a first special case of Theorem 4.4 for constant sequences ¥y, = ¥ and &, = €.

Theorem 4.2. If X, Z, V and £ satisfy the assumptions of Section 4.1, then any family (ue)ec(o,1) of minimizers
for the family Z. is weakly precompact in Y. Moreover, any limit point u € Y obtained for e — 0 is a solution
of the energetic formulation, i.e., for each t € [0,T] we have stability (S) and energy balance (E):

(8)  VyeX:&@tut) <E(ty)+V(y—u(t)),

(B)  &(tu(t) + [, W(du) = £0,u(0)) + [ 0,E(s, u(s))ds. (4.11)

This theorem shows that, under natural assumptions, all possible limit points are energetic solutions, i.e.,
solutions of the energetic formulation (4.11) of the rate-independent problem associated with ¥ and €.

4.4. Relaxation

Next we consider the case of sequences of Uy, k € N, of dissipation functionals as well as sequences of energy
functionals &, k € N, with properties as in the foregoing except for the lower semi-continuity of the (¢, -).
The sequences (Vg)ren and (Ex)ken in turn define the sequence of weighted dissipation-energy functionals

T e t/e

() = e /6 (Tou(T)) + /[O .

e e (du) + /

0

En(t, u(t))dt.

Such sequences may occur in several contexts, including: numerical approximations; penalty formulations of
side conditions or constraints; singular perturbations such as occurring in sharp-interface models; and others.
A particular case of interest is the constant sequence ¥y, = ¥ and & = £ considered in Section 4.3. In this case,
the I'-limit of & coincides the relaxation with its lower semi-continuous envelop, or relazation, in the sense of
the direct method of the calculus of variations (cf., e.g., [11,12]).

We work in a reflexive Banach space X and denote by — and — weak and strong convergence, respectively.
Our assumptions on the sequences (Vg )ren and (Ex)ren and their limits ¥ and &, respectively, are the following:

(A1) Weak continuous convergence of Uy:
v — v = Yp(vx) — U(v). (4.12)
(A2) Weak I'-convergence of &:

Eilt,) = E(L, ), ie.
(i) wr—~u = lminfy_ E(t,ug) > E(t,u), (4.13)
(i) VY (t,u) Fug with ap = w: Ep(t,ug) — E(t,u).

The sequence (ux)ien is called a recovery sequence for u. In addition we assume that for each r > 0
there exists R > 0 such that for all (¢,u) with ||ul[x < r the recovery sequence uy can be chosen such
that HﬂkHX § R.
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(A3) Energetic weak continuity of the power of external forces 9;&:

U — U

Ex(t,ur) — E(t,u) } = O (t,up) — OE(t,w). (4.14)

In [15,29] it is shown that (4.14) is a reasonable assumption in many applications, including finite-strain elasticity
and plasticity. We also refer to [17,24,32,36] for related relaxations and I'-limits in the rate-independent setting
based on similar assumptions.

Theorem 4.3. Let X be a separable, reflexive Banach space and let the assumptions (4.1), (4.2), and (4.3)
hold uniformly in k € N and let (A1) to (A3) be satisfied. Then, for each € > 0 the weighted dissipation-energy
functional I, : Y — R defined by

T.(u) = e~ T/eE(T, u(T)) +/ e VW (du) + /OT %e_t/ﬁé’(t,u(t))dt (4.15)

(0,77

is the T-limit of (Z¥)ren with respect to weak* convergence in Y.

Proof. ad (i) Lower semicontinuity:

Choose any u € Y and an arbitrary sequence (uy) in Y with wuy Xou. Let [ = liminfy_, If(uk). Then we
have to show that o = Z.(u) < 8. For 8 = oo nothing is to be shown, whence we take 3 < co and may assume
TE(uy) < B+1. After extracting a subsequence if necessary (cf. (4.10)) we may assume that

Vte0,T]: ur(t) = u(t) in X. (4.16)
Using (4.12) for any finite partition 0 < so < 51 < -+ < sy—1 < sy < T we obtain

N N
S e/ Wy (un(s)—ur(si1) D e Wulsy)—uls;j-1))-

j=1 j=1

The right-hand side can be made larger than f[o 7] e t/W(du) — § for any § > 0. Hence, there exists ko such
that the left-hand side is larger than f[o 7] e t/<W(du) — 26 for all k > kg. Taking the supremum on the left-hand
side gives f[o 1 e VW, (duy) > f[o T e t/<W(du) — 26 for k > ko. Since § > 0 is arbitrary we obtain

liminf/ e*t/f\yk(duk)z/ e /W (du). (4.17)
k—oo Ji0,1 [0,7]

Now we estimate the stored energy. Using (4.16) and part (i) of (4.13) gives E(t, u(t)) < liminfy_ oo Ek(t, ug(t))
for all t € [0,7]. Now, (4.3) implies & (t,u) > —cf’, and Fatou’s Lemma yields

T T
/ teg( u(t)dt < / o< lim inf & (¢, up (£))dt
0

0 k—oo
Fatou

T
< lim inf/ et/ (t, up(t))dt.
0

k—o0

Adding this inequality to (4.17) we obtain the desired assertion Z(u) < liminfy_ o ZF (ug).

ad (ii) Recovery sequence:
First we note that on bounded sets of Y the weak* topology defined in (4.9) is metrizable, since the predual
L([0,T], X*) is separable. We denote such a metric by dy.
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We fix any u € Y, and without loss of generality we may assume o = Z.(u) < oco. From [13] we know

for each u € Y there exists a sequences of partitions 0 < s < sf < -+ < sy | < sy < 7T with ¢, =
max{s;-’ —siq | j=1,...,N,} — 0 such that the sequence of piecewise constant interpolants U,, € Y with
Un(t) = u(s}) for t € (s]_q, 7], =1,...,N,,
Un(t) =u(sy) for t € [0,s3], U(t ) u(sh, ) for t € (s ,T],
satisfies

Pn = ‘Iﬁ(u) —IE(Un)| — 0 and Hu - UnHLl((O,T),X) — 0.
We note that Z(U,) is a Riemann-Stieltjes sum arising by approximation of the integral Z.(u) by step functions.
Clearly we also have r, = dy(u,U,) — 0.
Now we fix n € N. According to part (ii) of (4.13) all u(s}), j = 0,..., N, have a recovery sequence

(ﬂZ’j)keN for £(s%,-), i.e.,

aZ,j koo u(s ;’“) in X and Ek( i Nn’]) hoge 5(8?716(5?))

Again we define the associated piecewise interpolants u, ; € Y via

ﬂnk(t)— n.d fort € (s7_4,s7], j=1,...,Np,

Un(t) = ’j for t € 0,s8], Uni(t) 7uN] for t € (s¥, ,T].
By construction and using (4.12) we conclude, for each fixed n € N,
P = [ZE(Un i) = Ze(Un)| = 0 and i = dy (Ui, Un) = 0 for k — oc.

For the latter statement we use (A2) to conclude that all @, %, n,k € N, lie in a bounded set of Y, where dy
provides the weak topology.
Now let Ky = 1 and for n € N choose K,, > K,,_1 such that p, i, 7 r < 1/n for all k > K,,. Then, define
n(k) such that n(k) = m for K, <k < K1 and set Uy, = Uz, € Y. Then, n(k) — oo for & — oo and
dy (Ug, w) < dy (Usk),xs Un(ry) + dy (Usry, w)
<r )k T Tag) < 1/ﬁ(l€)+7“ﬁ(k) — 0 for k — .

Moreover, for the functional Z. we obtain similarly
|Ze(u) = ZF@n)| < Bk + pagy < 1/7(k) + @ — 0 for k — oo.
This proves that (Uy)ren is a recovery sequence. U

4.5. Joint limit € — 0 and k — oo

The question now naturally arises as to whether the joint limit of € — 0 and & — oo, corresponding to simul-
taneously enforcing strict causality and relaxing the weighted dissipation-energy functionals, is well behaved.
Again we note that I'-convergence returns trivial functionals that control %(0) and %(0+0) = limg o u(s) only.
This difficulty notwithstanding, next we show that the minimizers u, , of Z¥ are well behaved and each of their

accumulation point satisfies a rate-independent problem, namely the energetic formulation associated with the
limits ¥ and &.

Theorem 4.4. Let the assumptions of Section 4.1 hold uniformly in k € N and let (A1) to (A3) (see (4.12)-
(4.14)) be satisfied. Then, any family (uck)eso.ken of minimizers for the family IF is weakly precompact in Y.
Moreover, any limit point u € Y obtained for (e,1/k) — (0,0) is a solution of the energetic formulation for the
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limit dissipation U and the limit energy &, i.e., for each t € [0,T] we have stability (S) and energy balance (E)

as defined in (4.11). Moreover, the convergent subsequence (ue, k,)ien can be chosen such that additionally the
convergence

Eky (b, e, 1y (1)) — E(t,u(t)) and - Uy, (due, ) — - U (du) (4.18)
Tt r,t

holds for all 0 <r <t <T.

Proof. (Compactness and limit points). The uniform bounds on ¥y, and & show that the minimizers wu. j satisfy
the uniform a priori bounds

llte,k|lLo=((0,7), %) +/ [dullz < C.
(0,717

Now, Helly’s selection principle is applicable and provides a subsequence which converges for each t € [0, 7]
weakly in X and strongly in Z. Together with the a priori bound in L>°((0,T), X) this shows that the sequence
also converges in Y.

ad (S): To establish stability, we consider a subsequence such that u., x, (t+) = u(ts) in X. We have to show
that u(t,) is stable, i.e.,

S)  VaeX: Et,ulty)) < E(t,q) + U(u—u(t,)). (4.19)

By the definition of I'-limit, there exists a recovery sequence 4; such that u; — u and &, (t.,u;) — E(ts, ).
Hence, we define the comparison functions

el frtst,
U’Elakl (t) - { ﬁl fOr t > t*-

Now assume ¢, < T'. Since u, 5, minimizes Ifll we have

0 < et*/q (Ile (aéz,kz) - Iékll (uﬁl,kz)) = g1 — g1 where

T
1
g = / e(twt)/q\pkl(duq’kl)Jr/ e(t*it)/ﬂe_lgkl(lzuflykl(t))dt and
[t«,T7]

ta

tx

T
-~ - € ~ — € 1 ~
g = / e(t* B/ l‘llkz(duﬁl,kz)+/ e(t* B/ Le_lgkz(tvuﬁukz(t))dtv
[t+,T]

where we have neglected the boundary terms at ¢t = 7', since they disappear in the limit ¢, — 0. The limit
I — o0 of g is readily obtained, since @, x, () is constant for ¢ > ¢,. We find

lim gl = 115& lI/kz (al—uﬁukz (t*)) + lliglo 8kz (t*v al) = \I/(ﬂ—u(t*)) + S(t*, ﬂ), (4'20)

l—o0

where we used the weak continuous convergence (4.12) for Uy. To calculate the limit of g; we use the fact that
e ), minimizes ZF and hence satisfies the energy balance (4.4). Moreover, we employ the integration by parts
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formula for the BV function ¢ — f:* Wy, (due, k,) and the smooth function ¢ +— e(t=9)/€ to obtain

T
q = / e(t* —t)/e \I/kz (dUeL,kl) / e(t* —H/e / \Ilkl (dufl’kl )dt
[t+,T]

[tx,t]

T 1
+/ e(t*it)/él_(g(t*;uq,kz / 8 gkl ’ uehkl( )) )dt
Ty €l

_ [e(t*—t)/fl/ \I/kl(duq,kz)]‘
[ts,t]

T
- Eky (b e,y (1)) (1=t~ T/et) 4 / elt= =0/t LO((t-1.))dt.
t. €]

t=t.

Hence, we find liminf;_. o g; = liminf;_ o Ek, (tx, e, 1y (65)) = E(tx, u(ts)). Moreover, g; > g; implies lim;_oc g1 >
lim;—,~ g1, and, together with (4.20), the desired stability (S) is established in the case t, < T.
For the case t. = T, we simply observe that Ifll takes the form

T (u) = Ji(u) + e~ T/ (Ug, (w(T)—u(T—0)) + &, (T, u(T)))

T
where J(u) = / e t/ewy, (du) + / e &, (t, u(t))dt.
0

[0,7)

As above we may now compare ug, , With @y, ., which is identical to ug, ¢, on [0,T) and equals u; at t = T,
where ; is a recovery sequence for £(T, ). With u; ® = ug, ¢, (T—0) and w; = uy, ,(T) we find

0 < e™/e(ZF (u) TP (u))
= (Wn, (=1 ") + Ex (T,101)) — (Vg (=1 °) + Eg, (T, w))
< &y (T, 1ur) — Ey (T wr) + W, (U —uy),

where we used the triangle inequality for the last estimate. We conclude by passing to the limit [ — co and find

8(T, ’U,(T)) S len inf gkl (T, ul) S lhm gkl (T, al)—l—\lfkl (’/Lb\l—ul) == E(T, ﬂ)—f—\l/(ﬂ—u(T))

ad (E): For the upper energy estimate we first show that we also have convergence of the energies. By T'-
convergence we have E(¢, u(t)) < Uminf;_, o E, (¢, Ue, 1, (1)), since ue, x, (t) — u(t). Since each wue, k, (t) is stable
we also have

gkl (t, Uey,k; (t)) < 5]91 (tv al) + \Ilkl (ﬂl*uq,kz (t))
for any ;. According to (4.13) there exists a recovery sequence with u; — u(t) and &, (t,u;) — E(t,u(t)).
Invoking the weak continuous convergence of Uy, the lower estimate Uminf;_, oo E, (£, e, 1, (t)) < E(E,u(t)) +0
is established and we conclude the convergence of energies as stated in (4.18). For each [ € N the energy balance
for u,, i, holds, namely for 0 < r <t <T we have

5’91 (t’ Uey,ky (t)) + / \Ilkl (duﬁl,kz) gkz (T Uy, kz / s gkz Sy Uey, kz( )) (4'21)

[rst]

Taking the limit [ — oo we use energy convergence of (4.18) and condition (4.14) and see that the first, the third
and the fourth term in the above equation converge while the second is lower semicontinuous (see the proof
of (4.17), which is based on (4.13)). Hence, the upper energy estimate holds:

E(t,u(t))—i—/ U(du) < E(r,u(r) /053u

[r:t]
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Finally using [29], Proposition 5.7, it is shown that stability of u implies the lower energy estimate E(¢, u(t)) +
f; U(du) > E(r,u(r)) + f: 0sE(s,u(s))ds. Hence, the limit process u satisfies the energy balance. Moreover,
the convergence of the dissipation in (4.18) follows by taking the limit in (4.21). O

This theorem has the drawback that exact minimizers u. j are required. However, often it is desirable to
work with quasi-minimizers, which conveniently allows for a certain latitude relative to full minimization. For
instance, this additional latitude is especially useful when the functionals £ or ¥y, are not lower-semicontinuous
and existence of minimizers cannot established. It would appear possible to generalize the preceding theorem
to such situations by a judicious choice of the notion of quasi-minimizer. Firstly, we must be able to obtain an
approximate version of the energy balance resulting in a prior: bounds independent of € and k. However, under
these conditions it is no longer sufficient to bring Z¥(u) close to inf,cy ZX(v), but instead such closeness must
be ensured on each subinterval [t., T]. We refer to [36] where a similar concept of approzimate solutions for the
time-incremental problem is developed.

5. TWO EXAMPLES OF RELAXATION

We conclude with two illustrative examples for which the relaxation of Z. can be ascertained explicitly.
5.1. A viscous example
We begin by considering the simple problem on X = L?(Q) with Q = (0,1) C R and

Elt,y) = /Qth(y(:E))fE(t,x)y(m)dx where ¢ € C°([0,T] x Q).

Here Fiq is the tri-quadratic potential introduced in (3.1) and ¢ is a general loading. The dissipation functional
will the defined by the L? norm via ¥(v) = fQ %v(x)de. Hence, the weighted dissipation-energy functional to
be investigated is

I (y) = /Q e*t/f(%aﬂf + %(th(y)fé(t,x)y))d:c dt,
where Qr = [0,T] x Q. Note that Y = ITJ2([O7 T), X) = L?(2r). The Euler-Lagrange equations of Z, are
—ediy + Oy + Fiy(y) — L(t,2) =0, y(0,2) =yo(x), Shy(T,z)=0,
which is a singularly perturbed problem. The special problem with the functional Z, is that it is nonconvex in

the variable y. It has some regularizing term through |9;3%|, but there is no term controlling the oscillations
in . We compare the relaxation of Z, with the naive convexification Z&V* : Y — R with

1 1
Jovx — —t/e( = 2 = (Fryx _
VX (u) /QT e (20tu + e( (u) Eu))dx dt,

where
_ [ Falw) forful>1,
FCVX(U’) - { 0 for |u| § 1.

Theorem 5.1. Let I'*'** be the relazation of I, on Y, i.e.,
Icrelax(u) := inf { 1ikm inf Z, (ug) | up — u in Y}.
— 00

Then, for each € > 0 we have I, > Ir®* i.e., there exists u with I.(u) > I (u). Moreover, if { # 0, then
Irelax > Fevx
€ € :
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Proof. For simplicity, we omit e, which is fixed throughout the proof. We first show that Z™'#* is different
from Z. Consider any sequence u,, for which dyu,, = 0, |u,(x)| = 1 a.e., and u,, — 0 in Y. Then, Z(y,) — 0
but Z(0) = 1—e~7/¢ > 0. This shows that Z is not lower semi-continuous and hence Z > Z**'**. To prove that
Zre!a% is not identical to 7, we minimize Z and Z°"* under the constraint y(0) = w € X, namely

J(w) =inf{Z(u) | u € Y,u(0) = w} and
JV(w) = inf{Z(u) | v € Y,u(0) = w}.

Since in both functionals there is no coupling between different values of x € (), we obtain functions
J, 7V Q x R — R such that

J(w)z/ﬁj(m,w(x))dx and JCVX(w)z/QjCVX(x,w(x))dac with

T
j(z,w) = inf {/0 e*t/‘(%,é%r%[ﬂq(z)fﬁ(t,:E)z]dt ‘ z € HY(0,7),2(0) = w}

FCVX

and similarly for j°*(x, w) where Fiq is simply replaced by Feyx. Clearly the convexity of Feyyx implies convexity
of J°* and of j°V*. Because of Fiq(w) > Feyx(w) for w € (—1,1) we have j(z,w) > j°*(x,w) for all x €  and
all w € (—1,1). We claim that the convexification j**(z, ) of j(x,-) lies strictly above jV(x,-) unless £ = 0.
To obtain a contradiction we assume j**(x,-) = jV(z,-). Hence, j(x,-) lies strictly above its convexification
J**(x,-) and thus the convexification 7** must be affine for w € [—1,1]. From j** = j°¥* we conclude that jv*
must be affine on [—1, 1] as well. Taking into account the Euler-Lagrange equation —eZ + 2 + F. _(2) = £(t, x)
with the boundary conditions z(0) = w and 2(T") = 0, this can only be possible if £ = 0. Thus, we know that
there exists w € X, such that JV*(w) < J**(w). It is now easy to construct a sequence (wy,)neny With w, — w
in X, such that J(w,) — J**(w). Define now u € Y such that u(0) = w and Z*(u) = J*(w). Moreover,
let (un)nen be any sequence of functions such that u, — w in Y and liminf, .o, Z(u,) = Z*'*(u). Then,
Z(u,) < C implies a uniform bound on wu, in H!([0,7], X). Hence, the mapping u,, — u,(0) € X is bounded
and, thus, weakly continuous. We conclude u,(0) — u(0) = w in X and, moreover, liminf,, . Z(u,) >
liminf,, o J(w,) > J**(w). This implies %1% (u) > J**(w) > J*(w) = I*(u), which is the desired
result. O

It would be interesting to consider Young-measure relaxations instead of the simple relaxation in the weak
topology just considered. In particular, it should be possible to derive a transport equation for Young measures
in the spirit of [4,14,27,28,43].

5.2. A rate-independent example

The second example has a similar structure but is formulated in the rate-independent setting:
0 € & Sign(dyu(t, z)) + Fi (u(t,x)) — L(t,x) for (t,z) € Q. (5.1)

The energetic formulation based on the stability condition (S) and the energy balance (E) (cf. [29,34,35]) takes

the form: N R R
(S) VyeY:&(tu(t) <E u)+ kllu—u(t)|r @),

(E) E(t,u(t)) + f[O,t] k|l dullri) = £(0,u(0)) — th 0(s, x)u(s,z)dzds,
which must hold for all ¢ € [0,7]. In general, this problem does not have a strong solution, and a question of
central interest concerns the precise manner in which the potential barrier at u € [-1/2,1/2] is overcome. We
consider the weighted dissipation-energy functional

—t/e e
T (u) :/ et/ gl dull o) +/

0,T Qr

—t/e

(th(u(t, 2))—(t, z)ult, x)))dx dt,

€
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with a fixed £ € C*([0,T] x Q). Owing to the non-smooth character of the problem, the corresponding Euler-
Lagrange equations take the form of a differential inclusion. Next we show that the relaxation of the functional
follows readily in the space

Y =L*(Qr) N BV([0,T],L}(%)),
where, as before, Qr = [0, 7] x .
Theorem 5.2. The relaxation of I, : Y — R equipped with the weak topology of L*(Qr) is given by the
convexification

TV (u) :/ e k| dullp g

s

+/Q e~ t/e (FCVX(y(t’I))_e(t7$)y(t,x))>dxdt,

€

Proof. Again we omit the index e and for simplicity we assume that @ = (a,b) C R. We trivially have
Irelax > TevX gince Z°VX is convex and lower semi-continuous. To show the reverse estimate, we have to
construct for each y € ) a recovery sequence (uy), with

Uup —uin L*(Q7)  and  liminfZ(u,) < T (u).

n—oo

By considering small representative volume elements z¢+4[0,1) C Q, introducing the variable £ = (z—1x)/0 €
[0,1) and taking the limit § — 0, we find that it suffices to consider the case that the limit function u € Y is
independent of z. Thus, we assume that u(t,z) = z(t) with z € BV([0,T];R). Moreover, we need to find one
function @ € L2([0, T]x[0,1)) with

Vte[0,T]: [, u(t,&)d ==(t) and

Ixo (a) < f[O,T] eit/eﬁ|dz| + fo % (chx(z(t)) - g(tv xO)Z(t))dta

where

Ia:o (a) = f[o T] e ([0,1))

+ fO fO € (th (ta g)) - ﬁ(t, mo)a(t, f))dg dt.

It is easy to verify that the following function u satisfies both conditions:

z(t) for (¢,€) with z(¢) < —1,

—1 for (¢,&) with 0 <& < (1—2(t))/2 <1,
(t,€)
(t,€)

a(tag) =

+1  for (¢,€&) with 0 < (1—=2(1))/2 < £ <1,

z(t) for (t,€&) with z(t) > 1.

Note that @ does not take values in (—1,1) where Fiq is larger than Fyx. Weak convergence is obtained by
rescaling the above construction into the interval [xg, z9+0), and the result follows. O

Thus, we may use the regularized functional to obtain a regularization of the rate-independent evolutionary
problem (5.1). It is obtained simply by replacing F by Feyx:

0 € kSign(Owy(t, ) + Flo(y(t,x)) — L(t,x) for (t,x) € Qr. (5.2)

Note that this problem is exactly the same that is obtained by solving the global minimization problem (S) & (E),
which always has solutions. To see this, just solve the problem for each value of x separately. Each of the
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solutions obtained in this way also solves the relaxed problem (5.2). This relaxed problem admits solutions
that may be mechanically unimportant, but they are nevertheless needed mathematically to make the set of
solutions weakly closed.
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