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Abstract: This work studies rate-independent evolution problems in Banach
spaces, which naturally generalize gradient flows via 1-homogeneous dissipation
functionals. Such problems are governed by a doubly-nonlinear differential inclu-
sion, whose solutions often exhibit low regularity due to the lack of super-linearity
in the dissipation. However, under suitable uniform convexity and regularity as-
sumptions on the energy functional, solutions can be shown to be Lipschitz contin-
uous in time. The main contribution of this thesis is a new variational proof of this
regularity result using the weighted energy-dissipation (WED) principle. This ap-
proach offers a purely variational alternative to existing proofs and extends recent
results in more specific settings.
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Introduction

Rate-independent processes are among the most natural evolution problems for
curves taking values in Banach spaces. They arise as a 1-homogeneous counterpart
to the classical theory of gradient flows.

The simplest setting for this type of evolution problems consists in

e a Banach space X, which serves as the state space of the problem;
e a convex dissipation functional ¥ : X — [0, 4-00];

e a time-dependent energy € : [0, 7] x X — [0, 400].

Then, one seeks curves w : [0,7] — X, with u(0) = u that follow the direction of
maximal descending slope of the energy £. This evolution can be characterized in
terms of the dissipation ¥ and the differential DE of the energy by the following
doubly-nonlinear differential inclusion

0 € U (a(t)) + DE(t, u(t)) € X*, fort e (0,T) (SF)

In this framework, gradient flows correspond to super-linear dissipation functionals
V. The simplest example occurs when X is a Hilbert space and W is its squared
norm. In this case, (SF) takes the classical form

u(t) = —=VE(t,u(t)),

where one usually identifies X and X* via the Riesz isomorphism.

On the other hand, rate-independent evolutions correspond to one homogeneous
dissipations, so that (SF) is invariant under monotone reparametrizations of time.
A typical example is when V¥ is the norm on the Banach space X. Although the
formal structure of the equation appears similar to the gradient flow case, the
loss of super-linearity introduces many new challenges. In particular, one usually
obtains only BV estimates in time for the solutions, so that jumps can typically
occur during the evolution, at least when the energy is not convex. Therefore, even
for very regular energies and data, one has to deal with a non-smooth setting and
possibly discontinuous solutions, which does not occur in the gradient flow case.
However, when the energy &£ is uniformly convex one can prove the following
regularity result (see Section 1.2):
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Theorem. Assume £ and ¥ to be defined on a Banach space (X, ||||) and satisfy
the following conditions:

1. Ja>0,vt €0, T]: E(t,+) is a-uniformly convex,
2. 4C > O,Vt c [O,TLVUhUQ e X: |8t5(t,u1) - 8t8(t,U2)| < CHUl — U2||

Then, any solution u : [0, T] — X is Lipschitz continuous and satisfies the estimate
C

Vs, t € [0,T] : |lu(t) —u(s)]| < —[t —s]. (1)
a

The main contribution of this work is a new proof of this regularity result by
purely variational techniques. This is made possible by results obtained in [11],
where the authors reformulate Problem (SF) in a weaker variational form. They
introduce a weighted energy-dissipation functional (WED) of the form

Th(u) = e ME(T, u(T)) + / e MU (du) + /OT e MAE(t, u(t))dt

[0,7]
defined for v € BV([0, T, X') with u(0) = wug (here the first integral has to be inter-
preted in a Lebesgue-Steitjes sense), and prove that for A — +o0o, the minimizers
of Z, converge to a solution of the rate-independent problem (SF); see Section 1.4
for the precise statement.

We prove that the minimizers of functionals of the form Z,, when ¥ is given by a
norm and & satisfies the hypothesis of the regularity theorem above, satisfy (1),
and are therefore uniformly Lipschitz continuous in A. This result draws on ideas
originally introduced in [6], where the authors study a special case of our theorem.
The uniform Lipschitz estimate, combined with the results of [11], allows us to
establish the desired regularity of solutions to (SF).

This work is organized as follows. Chapter 1 provides a more detailed intro-
duction to rate-independent processes, with a primary focus on the specific case
considered in this study, namely, when the dissipation potential ¥ is given by a
norm and the energy functional £ is smooth and uniformly convex. However, we
also briefly outline the more general framework for these evolution problems, as
developed in [8], [13], and related works. In this broader setting, one can allow
for nonconvex and nonsmooth energy functionals, and the dissipation is modeled
using a more general dissipation distance D. In particular, we will present the
energetic formulation of the problem, developed by A.Mielke and his collabora-
tors [9, 10, 8], which allows one to construct solution via a time discretization
scheme resembling De Giorgi’s minimizing movement approximation scheme for
gradient flows [1, 5]. Another key part of this chapter is Section (wed), where
we describe the connection between the weighted energy-dissipation functionals T)
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and the original rate-independent problem (SF).

Chapter 2 is devoted to the precise formulation and presentation of the main re-
sults of this work.

Finally, Chapter 3 is devoted entirely to the rigorous proofs of the results stated in
the previous Chapter. Here, we develop the necessary analytical tools and carry
out the variational arguments in detail.



INTRODUCTION



Chapter 1

Rate-independent processes

Rate-independent evolutions arise naturally in several branches of applied math-
ematics, such as dry friction on surfaces, viscoelasticity and plasticity. Such sys-
tems respond to changes in external actions in a manner which is invariant for
time rescalings, being driven by external loadings on a time scale much slower
than their internal scale.

This kind of behavior is encoded in the simplest example of rate-independent evo-
lution, namely the doubly nonlinear differential inclusion [4]

oV (u(t)) +DE(t, u(t)) = 0, (SF)
u(0) = up € X,

where X is a Banach space; ¥ : X — [0, +00] is a 1-homogeneous (i.e., U(\v) =
AU (v), for every A > 0), convex and lower semi-continuous dissipation potential;
E:10,T] x X — [0,+0cc] is an energy-storage functional and time ¢ varies in [0, 7]
(here O denotes the subdifferential of a convex function and D denotes the gradient
with respect to the second variable). Thus, the inclusion (SF) must be interpreted
as a balance between dissipative and conservative forces.
The 1-homogeneity assumption on ¥ is the real source of rate-independence; in-
deed, it implies that for any strictly increasing diffeomorphism « : [0, 7] — [0, 77,
the rescaled function (t) = u(a(t)) is a solution of (SF) with £(t,-) = E(a(t), ).
This is the key distinction from classical rate-dependent gradient flows, where the
dissipation depends on  in a superlinear manner, thereby losing the property of
time-rescaling invariance.

Classically, another way of modeling rate independent processes is through an
evolutive variational inequality

(DE(t,ut)),v — a(t)) + T(v) — U(a(t)) > 0,¥¢ € [0, T, Vv e X,  (VI)

here (,) denotes the duality pairing between X and X*; this formulation is com-
pletely equivalent to (SF) as one can immediately see from the definition of subd-

9
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ifferential
0V(w)={pe X" :V(v) > TV(w)+ (p,v—w),Yv € X}

However, in recent years a new energetic approach has been developed to study
the problem [8, 10, 9, 15, 12].

Definition 1.1. A curve u : [0,7] — X is said to be an energetic solution of the
rate independent system associated with (X, &, V), if t — 0,£(¢,u(t)) is integrable
and for all ¢ € [0, T it satisfies the two following conditions:

E(t,u(t)) < E(t,0) +V(a—u(t)), VicX; (S)

E(t, u(t)) + Dissa(u, [0.1]) = £(0, u(0)) + /O 0.E (s, u(s)) ds (B)

In the above definition Dissy (u, [0,t]) denotes the total dissipation of the curve
u on the interval [0, ], which for an arbitrary interval J is defined as

N
Dissy (u, J) = sup {Z U(u(ty) —u(tp—1)) : NeN to,ty € J, tp < --- < tN}
k=1

The first condition (S) is a global stability condition, and can be reformulated in
terms of sets of stable states

Sit)y={ue X :E(tu) <E(t,u)+VY(u—u),Vue X},

by just saying u(t) € S(t) for all ¢ € [0,7]. Observe that (S) means that wu(t)
is a global minimizer of u — £(t,4) + V(u — u(t)); its immediate interpretation
is that the solution u minimizes the energy £ while keeping into account the
dissipated energy. The second condition (E) is a global energy balance between
final, dissipated, initial energy and the work done by external forces on any interval
[0, t].

Observe that this definition of solution implies the two natural requirements for
evolutionary problems, namely that restrictions and concatenation of solutions
remain solutions. To be more precise, for any solution u : [0,7] — X and any
subinterval [s,t| C [0, 7], the restriction u|s4 is an energetic solution with initial
value u(s). Moreover, if u; : [0,t] — X and us : [t,T] — X are solutions on their
respective time intervals and if u;(t) = ug(t), then the concatenation of the two
curves u : [0,7] — X is an energetic solution over [0, 7.

For general energies, this new notion of solution does not coincide with (SF) and
(VI); however, if the energy £ is convex, one can prove that they are in fact
equivalent (see [10]). The intuition behind this equivalence for convex energies
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could be the following: for a general smooth curve u : [0,7] — X, by Fenchel-
Young inequality one has

%5(75, u(t)) — QE(t, u(t)) = (DEE, u(t)), y(t)) = =W (u(t)) — W (=DE(t, u(t))),

where ¥ denotes the Legendre-Fenchel transform of the convex dissipation poten-
tial W. Integrating the previous inequality over the time interval [0,¢] we obtain

E(t,u(t)) + /0 [W(u(s)) + U (—=DE(s,u(s)))] ds > £(0,u(0)) + /0 0:E(s,u(s)) ds.

Now, under our hypotheses of convexity and 1-homogeneity of ¥, one can prove
that ¥ is the support function of a closed convex set F* C X* and thus ¥* = yp-,
the indicator function (in the sense of convex analysis) of F*, and Dissy (u, [0,t]) =
fgt U(u(s))ds, the total dissipated energy. Thus the previous identity is equivalent
to the following two conditions

—DE(s,u(s)) € F*, Vs e [0,t],

E(t,u(t)) + Dissy(u, [0,t]) > £(0,u(0)) + fot 0:€(s,u(s))ds.
One can easily see that for convex energies the stable sets are implicitly defined
by S(t) = {u : =DE(s,u) € F*}; so that, the first condition means u(s) € S(s)
for all s € [0,¢], which is (S) in Definition 1.1.
Meanwhile, the second condition is (E) provided one has equality instead of in-
equality, this happens precisely when one has equality at all times in the Fenchel-
Young inequality we used above, that is, if and only if OV (u(t)) € —DE(¢t, u(t)),
for all t € [0, T], which is the original subdifferential inclusion (SF).
Obviously, this is only an heuristic argument for general ¥ and £, since, normally,
a solution of (S)&(E) does not possess a time derivative, and thus one has to be
more careful with any term involving .
The major advantage of this energetic formulation is that it does not require any
derivative of ¥, & or u, except for the time derivative of ¢t — &(¢,4). Thus, one is
able to define a notion of solution even when £(t, -) is non-differentiable, allowing
the theory describe problems in mechanics where the energies of the systems have
very low regularity. However, in this case one has to allow the solutions to have
discontinuous trajectories.
This chapter will be organized as follows. In Section 1.1 we will introduce some
well-posedness results for the energetic formulation given above. We will treat two
cases: the first consists of systems with smooth and uniformly convex energies
defined on a Banach space, the second is the one of nonconvex and nonsmooth en-
ergies; in this last case the theory can be generalized to treat situations where the
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state space does not possess a linear structure and the dissipation is implemented
through a more general dissipation distance D, however, we will not treat this case
in detail and we will just give a result for nonconvex energies over a Banach space,
as this is setting of our regularity results of Chapter 2.

In Section 1.2 we will show how one can obtain regularity for the solutions of the
energetic formulation under some additional hypotheses on the energy.

Finally, in Section 1.3, we will present some examples of rate-independent systems
for which the results of the previous sections can be applied. In particular, we
will show that even when the state space is one dimensional, the solutions of the
energetic formulation may have discontinuous trajectories.

Most of the results of this Chapter will be presented without proof; this is a choice
we took in order to make the presentation of the topic lighter, and mostly because
the techniques we used in the proof of our results of Chapter 2 are completely
different from the ones used to prove the result we are going to present in this
Chapter. Nevertheless, we refer the interested reader to the very complete survey
[8], which is where most of the results of this Chapter are taken from, and to [13]
for a general overview of the possible applications of rate-independent processes
in mechanics.

1.1 Existence and uniqueness results

Most existence results in the theory of rate-independent processes were obtained
for the energetic formulation of Definition 1.1; this is due to the fact that this is the
only notion of solution that generalizes to more general nonlinear and nonconvex
situations like the one we will briefly introduce in Section 1.1.2, and that there
exists a natural approach to solve (S)&(E) via time discretization.

For this, fix a sequence of partitions 0 = )Y < ¢tV < .- < ¥ | < ¥ =T of
the interval [0,7] depending on the parameter N € N, such that the finiteness
Ay = max{t})) —t) , : k = 1,...N} tends to zero as N — +oo. We solve
iteratively for a given initial value uy € S(0) and each N the minimization problem

upy € argmin{E(ty,u) + V(u—uh ;) :uec X}

Then, define the piecewise constant function u taking the values u} on the in-
terval [ti |, ¢¥] for each k = 1,..., N. To conclude now, one just needs to show
that the family (u)y is precompact in some appropriate topology and the limit
function satisfies the energetic formulation (S)&(E).

The existence results of the following sections were obtained in [10] and [8] using
this approach.

On the other hand, most uniqueness results are obtained by working directly on
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the definition of energetic solution. In general, uniqueness of solutions holds only
under the hypotheses of strict convexity of the energy £.

The second approach is based on the theory of set-valued monotone operators
and heavily relies on an underlying Hilbert or Banach structure. One can also
treat nonsmooth problems by means of regularization techniques. We refer to [4]
for this approach, where some existence results for doubly nonlinear differential
inclusions were obtained using the Yosida regularization of a monotone operator.

1.1.1 Smooth and uniformly convex energies

In this section we treat the case of general smooth and uniformly convex energies
€ on a reflexive Banach space (X, ||||). This case was thoroughly analyzed in [8],
which was inspired by the previous works [9, 15, 10].

The dissipation potential ¥ : X — [0,4+00] is assumed to be convex, 1-
homogeneous and lower semicontinuous; recall that this implies that ¥ is the
Legendre-Fenchel transform of the indicator function of the closed convex set F™* =
0¥ (0) C X*. The value +oc0 is allowed, as well as ¥(v) = 0 even if v # 0. Impor-
tantly, contrary to [10], we do not require the assumption p;||v]| < ¥(v) < pol|v]|,
for 0 < p; < po. Thus, this section can be used to model various situation in
continuum mechanics where X = L*(Q) and ¥(v) = [|[v]|11(q)-

Throughout this section we will assume €& € C*([0,7] x X, [0, +oc]) and the
existence of a positive constant C'yz > 0 such that

0E(+,u) : [0,T] — R is measurable

E(t,u) <oo = {and |0:E(t,u)| < Cr(E(t,u) +1);

and that for each Ey > 0 there exixt constants Cyy, Cyyy, Ctyy > 0 such that

IDEE, ), ID*EE ), 10DEE )l < Cuy,

£0,y) < By =
{|’D35(t’3/)” < Cyyy, 18:D*E(t, y)|| < Clyy,

where the norms have to be intended as the appropriate operator norms. But most
importantly, we will make the hypotheses of uniform convexity of the energy, that
is da > 0 such that

E(t, (1 — O)uy + Ouz) < (1 — O)E(t,ur) + OE(, uz) — %9(1 — ) — s, (1.1)

for all # € [0,1] and uj,us € X; we recall that because of C*-regularity, the
condition above is equivalent to

Ja > 0, Yu,v € X : (D*E(t,u)v,v) > ofjv|*;
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Because of strict convexity of the energy over a Banach space X, the energetic
formulation (S)&(E) is equivalent to (SF) and (VI) (see for instance [10], Theorems
3.4 & 3.5, for a rigourous proof of this fact).

In the uniformly convex and smooth case one can also fairly easily obtain stability
of the solution with respect to initial data.

Proposition 1.1.1 ([8], Proposition 4.1). Let uy, us : [0,7] — X be two solutions
of (VI). Then there exists a constant K > 0 such that for all t € [0,T] one has

[ur () — ua(t)]| < KJu1(0) — uz(0)]]
But most importantly, one can prove well-posedness of the problem.

Theorem 1.2 ([8], Theorem 4.3). For eachuy € S(0) there exists a unique solution
of u.e WHv([0,T], X) of (S)&(E) with u(0) = uy.

The existence part of this Theorem was obtained by the authors by means
of the time discretization scheme described above. In particular, the reflexivity
hypotheses on X is only used to obtain the necessary precompactness of the piece-
wise constant solutions of the incremental problem, and can be replaced by some
weaker compactness hypotheses of the sublevels of £. In this very simple case the
convergence of the discretized solutions to the limit is in the L*°([0, 7, X') norm.
The regularity of the solution is a consequence of the uniform convexity of (¢, -)
(see in Theorem 1.4 below), as well as the Lipschitz stability with respect to initial
data (which would give another proof of the uniqueness of solutions).

1.1.2 Nonconvex and nonsmooth problems

The existence theory for nonconvex and nonsmooth energies is often formulated
in a more general nonlinear setting [8, 7], in order to be able to treat a wider
range of mechanical application. Usually, the state space is chosen as the set
X = F x Z; this splitting is chosen such that the dissipation of the system only
affects the variables z € Z, and has no effect on the so called elastic variables ¢ €
F. Moreover, the dissipation is implemented through a more general dissipation
distance D : Z x Z — [0, +0o0], which generalizes ¥ via D(z1, z0) = V(2 — 21),
and that does not require a linear structure on Z.

In this very general nonlinear setting, the formulations (SF)&(VI) do not make
sense; however, the notion of solution via (S)&(E) is very easily generalized by just
substituting V(4 — wu(t)) by D(u(t),a) in (S), and by replacing Dissy(u, [0,¢]) by
the new total dissipation

Dissp(u, [0,t]) = sup {Z D(u(tg-1),u(ty))  NeN, 0=ty <--- <ty = t} .
k=1
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Furthermore, one can obtain existence for the energetic formulation by a nonlinear
analogue of the incremental minimization scheme of the previous section.

The complete treatment of this case goes beyond the scope of this thesis, since
our regularity results of Chapter 3 are derived with an underlying linear structure
and with a uniform convexity assumptions on the energy of the problem, and thus
will mostly apply to the systems described in the previous section. However, we
include an existence result for nonconvex and nonsmooth energies defined on a
nonreflexive Banach space, which can be obtained as an easy consequence of the
nonlinear theory just described.

Theorem 1.3 ([8], Theorem 5.8). Let Z and X be Banach spaces. Suppose that
X is compactly embedded in Z and that Bx is closed in Z, and that ¥(-) = || - || 2.
Furthermore, the functional € : [0,T] x Z — [0, +00| has the following properties:

1. & is lower semi-continuous on [0,T] x Z (with respect to the strong topology
of Z);
2. For some real numbers ¢; > 0, Cy and o > 0 we have

Et,x) = erlzlfr — C;

3. There exists Cg > 0 such that for all x € X:

E(t,x) < oo = 0&(-,x) : [0,T] = R is measurable
and |, E(t,x)| < Cp(E(t,z) + 1);

4. For all E, >0 and ¢ > 0, there exists 6 > 0 such that
Et,x,) < E, and |t —s| <0 = |0, E(t,x.) — OE(s,2")| < e.

Then, for each xy € S(0) there exists at least one solution x € BV([0,T],Z) N
L([0,T], X) of (S)&(E) with x(0) = xo.

We will directly apply this result in the next Chapter, when we will talk about
the Weighted energy-dissipation principle and its application to the existence the-
ory for rate-independent processes.

1.2 Regularity

As we already described at the start of this Chapter, in general, a solution of
the differential inclusion (SF) will have jumps in its trajectory, and thus, will not
be continuous. However, when the energy functional £ possesses some convexity
properties, one can show that the solutions of (SF) are continuous. This will be
the topic of this section.
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1.2.1 Lipschitz regularity via uniform convexity

Theorem 1.4 ([8], Theorem 3.4). Assume £ and ¥ to be defined on a Banach
space (X, |||I) and satisfy the following conditions:

1. Ja > 0,Vt € [0,T]: E(t,-) is a-uniformly convex (in the sense of (1.1));
2. 4C > O,Vt € [O,T},‘v’ul,ug € X: |8t5(t,u1) — 8t5(t,u2)| < C”Ul — UQH

Then, any energetic solution u : [0,T] — X is Lipschitz continuous and satisfies
the estimate

Vs, t € 10,T] : [Ju(t) — u(s)] < g\t — sl. (1.2)

Proof. Let us first observe that, thanks to the first hypotheses and the convexity
of ¥, we have that V(t,u) € [0,T] x X, the function ¢ — E(¢t,u) + V(a — u) is
a-uniformly convex with respect to ||||. We recall that for the minimizer y, of an
a-uniformly convex function f one always has f(y) > f(y.) + $lly — y.||?, which
in particular implies that the minimizer is unique. But now, using (S), we have
that u(s) is the minimizer of u — &(s, ) + ¥(u — u(s)), so that

%HU(S) —u(t)|* < E(s,u(t)) + W(u(t) — uls)) — £(s, u(s)

)
< E(t,u(t)) + Dissg(u, [s,t]) — E(s,u(s)) — / 0-E(T,u(t))dr

< / [0-E(T,u(T)) — O-E(T,u(t))]dr < C/ |lu(r) — u(t)| dr

Where we used W(u(t) —u(s)) < Dissg(u, [s,t]) and (E). Now, for fixed ¢ let d(s) =
[u(s) — u(t)||; then we have just shown that d(s)> < 2 ["§(7)dr for s € [0,1].
Let h(r) = [ (r)dr for r > 0; then h(0) = 0 and '(r) < (2Ch(r)/a)'/?, which
implies h(r) < Cr?/(2a) and then §(t—r) < Cr/a, which is the desired result. [J

This result directly applies to the cases of Section 1.1.1, however we must point
out that one can obtain an analogous result for rate-independent processes defined
over a metric space (X,d) and where the uniform convexity and the Lipschitz
continuity of 9,£(t,-) are with respect to the metric d. Thus, this result can also
be applied to the cases described at the start of Section 1.1.2.

1.2.2 Higher regularity

Under some additional hypotheses on the regularity of the solutions can be im-
proved from the Lipschitz continuity of Theorem 1.4 to y € BV([0, 7], X), but this
is the best we can hope for (see Example 1.7).
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Theorem 1.5. Assume in addition to the hypotheses of Theorem 1.4, that £ €
C*([0,T) x X,R) and ¥ = (Ip+)*, where F* satisfies B; (0) € F* C B3 (0), or
equivalently pi|| - || < ¥(:) < pof| - ||, for some constants 0 < p; < pa, and that its
boundary OF* is of class C*, then any solution of (VI) satisfies y € BV ([0,T], X).

This result is proved in [10], Theorem 7.8. This higher temporal regularity
can be used to improve the rate of convergence of the solutions to the incremental
problem; in addition one can also obtain convergence of the time derivative in the
L?([0,T], X) norm, if one considers the piecewise linear interpolants instead of the
piecewise constant ones (see [8], Theorem 4.11).

1.3 Examples

In this section, we present several examples of rate-independent systems to il-
lustrate the theoretical concepts discussed earlier. These examples are chosen to
highlight key features such as hysteresis and non-smooth behavior. Wherever pos-
sible, we also demonstrate the systems’ time evolution to provide a more intuitive
understanding of their dynamics.

1.3.1 One dimensional examples

The simplest examples of rate independent evolution are formulated over the real
line X = R, with the dissipation potential given by W (v) = k|v|. Although this
setting may appear overly simplistic, it already captures the rather different be-
havior of the solutions when transitioning from convex to nonconvex energies. The
major advantage of this one dimensional case is that solutions can be computed
explicitly fairly easily directly from the definition.

Ezample 1.6 ([10], Example 7.7). Consider the rate-independent system with X =
R, ¥(v) = |v] and & (¢, u) = 2u® —£(t)u with £(t) = 4t —t2. This system falls under
the cases investigated in Section 1.1. So for every stable initial condition there
exists a unique Lipschitz continuous solution, thanks to Theorem 1.2. In particular
for the initial condition u(0) =0 € [—1,1] = §(0), some easy computations give

0 fort§2—\/§,
0 4t —t2—1 fort € [2—+/3,2],
u —_=
3 for t € [2,2 + /2],

At — 1241 fort>2+2.

A nice visual representation of the solution is given in the (u, ¢)-plane (see Figure
1.1). In particular, one can easily observe that u(t) € S(t) = [((t) — 1,£(t) + 1] at
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every time ¢. Furthermore, we observe that (t) € BV([0,T1]), in accordance with
Theorem 1.5.

+];/

Figure 1.1: Plot of the solution (thick line) in the (u, ¢) plane. The arrows indicate
the positive direction of time

Ezample 1.7 ([11], Example 3.2). Consider the rate-independent system with X =
R, U(v) = 1|v| and &(t,u) = F(u) — £(t)u. Where F is a double-well potential,
defined as

(u+1)* foru< —1,

tu? for Jul <1
(u—1)* foru> 1.

Fu) =

NI = N

In this case the energy is not convex; nevertheless, one can still obtain existence
and uniqueness for (S)&(E), however the solution obtained will discontinuous. In
the special case ((t) = min{t — 1,5 — ¢t} with initial condition u(0) = —2, the
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solution on the interval [0, 7] can be recovered easily from the energy balance (E):

(-2 for ¢t € [0,1/2],
t—5/2 fortel[l/2,3/2),
t—1/2 forte (3/2,3],
5/2 for ¢t € [3,4],
13/2—t forte [4,11/2),

L 9/2—t forte (11/2,7).

One can observe that, as often happens with nonconvex energies, the solution has
two discontinuities at times ¢t = 3/2 and ¢ = 11/2 (see Figure 1.2).

((t)
L F+1/2

P —1/2

Figure 1.2: Plot of the solution in the (u, ¢)-plane

1.3.2 Example with quadratic energy

A typical situation in continuum mechanical problems is that the state variable
x € X consists of two components; an elastic component v € U and a dissipative
component z € Z. The splitting is such that the dissipation functional ¥ : Y —
[0, +00] depends only on the Z component of y. In particular we have

r=(u,2)€eUxZ=X, V(i) =U((u,z2))=U(2)
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with \I/(z) > 0 when 2 # 0. A possible choice for the energy functional £ is the
quadratic one, i.e. £ and takes the form £(t,z) = $(Ay,y) — (€(t),y), where the
linear operator A is given by

A= (AUU AUZ) e Lin(U x Z,U* x Z*), Apy >0
AZU AZZ

and ¢ = ({y,lz) € C([0,T],U* x Z*) plays the role of an external loading in our
system. With these choices, the subdifferential formulation takes the form

OZAUUU—FAUZz—éU(t) eU*, and € 8\1/(2‘)+AZUu+AZZz—€Z(t) C Z".

The first equation is often called elastic equilibrium condition and can be solved
uniquely for u given z and ¢y, while the second inclusion is the flow rule of the
rate-independent internal variable z.

1.4 Weighted energy-dissipation principle

In [11], the authors propose a new method for obtaining solutions to (SF) by what
they call weighted energy-dissipation principle. With this method the solution of
the rate-independent system with initial datum u(0) = ug is obtained as the limit
of minimizers to the parametrized family of functionals (Z,)~o, where

Th(u) = e ME(T, u(T)) + / e MW (du) + /OT e MAE(t,u(t)) dt

(0,7]

is defined for curves u € Y with u(0) = ug () denotes some suitable space of paths
to be specified after making some assumptions on ¥ and &). The first integral
represents a weighted total dissipation, which can be defined as

N-1
sup {Z e_>\tk+l\11(u(tk+1) - U<tk)) 0=ty <<ty = T} ’

k=0

while the second integral corresponds to a weighted total energy.

Let us present some of the intuition behind this choice of functional. As we already
explained in Section 1.1, a common way of obtaining solutions of (SF) is through
an incremental minimization scheme based on time discretization. In particular,
recall that the incremental problem presented in Section 1.1 consisted of a sequence
of minimum problems

inf Fk+1(uk+1,uk), k= 0, ey N -1 (13)

uk+1€
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where

u — U
Frr (wprr; ug) = AtW (%t’“) + E(tprr, unsr) — E(te, up), (1.4)

for ty = kAt, with At > 0, and ug € S(0).

Note that the small time discretization parameter At has no influence in the min-
imization (1.3) due to the 1-homogeneity of ¥, but we still include the extra term
—&(ty, uy) in order for the dissipative and energetic terms to have the same order
in At. In addition, we recall that the problems (1.3) are to be solved incremen-
tally/causally, that is: problem k = 0 is solved first, with initial datum wug, to
compute uy; then problem k£ = 1 is solved, knowing the value of uy, in order to
compute usy; and so on.

This sequence of incremental problems can be collected into a single minimum
problem on the entire discretized trajectory u = {uy,...,uy} using the concept of
Pareto optimality. A candidate for such a functional to minimize could be

N-1
T(u;w) = > Wit Feyr (weg1s un), (1.5)
k=0
where w = {wi,...,wyn} are the so called positive Pareto weights. To ensure
causality one can consider a sequence of weights w} > -+ > wy;, indexed by a
parameter \ to satisfy
A
w
lim kil =0
A—~+00 Wy,

With this choice, as A — 400, the minimization of Z gives disproportionately
larger importance to the first minimization problem relative to the second, to the
second relative to the third, and so on.

If in addition we suppose w} = wy(t;,) for some function wy : [0,7] — (0, +o0)

such that

t
lim () =0, Vs, tel0,T],s<t
A—+00 (,U)\(S)

then causality is preserved and (1.5) becomes

N-1
I(U,W)\) = ZwA(tk—Fl) {\I] <uk+1 — uk) + 5(tk+1auk+1) - 5(tk,uk) } At’
k=0

At At

which can be regarded as a time discretization of the following time-continuous
functional

Th(u) = /O ' W [\If(u) - %g(t, u)} dt

— wn(T)ET, u(T)) — wr (0)E(0, u(0)) + /0 a0 (i) — &t u)]dr,
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where in the last step we have performed an integration by parts.

An admissible and simple choice is wy(t) = e, from which we recover the
weighted energy dissipation functional presented above, up to the constant term
E(0,u(0)) = £(0,up).

Another connection between the weighted energy-dissipation functionals Z, and
(SF) is that formally the Euler-Lagrange system for the functional Z, consists of

DU (i) + DE(t,u) — $D*W ()it = 0,
u(0) = wo, (1.6)
DU (4(T)) + DE(T,u(T)) = 0,

which can be interpreted as an elliptic regularization of the original differential
inclusion (SF). One may therefore expect that minimizers converge to solutions
of the equation D¥(u) + DE(t, u) = 0.

Let us now introduce the assumptions required in order to rigorously prove
the convergence of minimizers of Z, to solutions of the rate-independent system.
Let (X, |||[x) be a separable, reflexive Banach space that is compactly embedded
into a larger Banach space (Z, ||||z). Assume ¥ : Z — [0,4+00] to be convex,
1-homogeneous, lower semi-continuous on X and such that

de>0,YveZ: V() >clv|z, (1.7)
and let £ : [0,T] x Z — R be weakly lower semicontinuous and satisfying
da,eq,Cy > 0, Y(t,0) € Z 2 E(t,v) > cr||v|| — Co, (1.8)

and there exists Ce > 0 such that for all v € Z, ,£(-,v) : [0,7] — R is measurable
and
10:E(t,v)| < Cr(€E(t,v) +1), Vtel0,T]. (1.9)

Note that these assumptions closely mirror those of Theorem 1.3, which guarantees
existence of solutions to the corresponding rate-independent system.

At this point, one can prove that any minimizer u, of Z, also satisfies the
energy balance (E), that is

E(t,ux(t)) +/ U(duy) = E(0,up) + /Ot 0sE(s,up(s))ds, Vte|[0,T]. (E)

[0,¢]

We observe that this identity for u, is entirely independent of \; as such, it can be
used to obtain very useful energetic a priori estimates for the minimizers. Indeed,
thanks to assumption (1.9) we have

Et,ur(t)) < (£(0,up) + 1) — 1
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/ U(du) < (£(0,up) + 1)e!
[0,¢]

From these estimates, and using the coercivity assumptions (1.7) and (1.8), one
can obtain the following uniform a priori estimates

C' > 0,VA>0: HU)\HLOO([O’T];X) < C, / ”dUHZ <C.

[0,7]

This suggests that the right choice to obtain precompactness of the minimizers
could be
Y =BV([0,T]; Z) nL>=([0, T]; X),

equipped with the weak* convergence

supy, f[l),T] | dug|lz < oo
up 2 u = {YweLY[0,T]; X*)
Jo (), w(t)ydt — [ (u(t), w(t))dt

This is indeed the case; one can, in fact, prove the following convergence result for
the minimizers, that will be the basis for our regularity result for rate-independent
systems.

Theorem 1.8 ([11], Theorem 4.2). Any family of minimizers (ux)aso for the
family Iy is weakly™ precompact in Y. Moreover, any limit point u € ) obtained
for A — +o00 is a solution of the energetic formulation of the rate-independent
system associated to W and &.

After this first application to rate-independence processes, the same techniques
have been applied to a wide range of evolution problems, ranging from gradient
flows [14, 16] to Mean-Field games [2].
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Chapter 2

Original contributions

As we anticipated in the Introduction the main contribution of this work is a Lip-
schitz regularity result for the minimizers of a class of weighted energy-dissipation
functionals.

The possibility of uniform Lipschitz bounds for the minimizers of weighted energy
dissipation functionals was suggested by a special case, studied in [6], which is
inspired by a problem in the theory of Mean-Field games. In such an article, the
authors derive uniform Lipschitz estimates for functionals of the form

Fr(p) = o(p(0)) + / / Pt )] + V(E 2)p(t 2) + F(plt, 2)) dedt

among p € BV([0,T],L*(Q)) N L*([0,T] x Q) which are densities of probability
measures on the set of unitary volume Q) C R? (i.e. subject to the additional
constraints p > 0 and prdx = 1,Vt > 0), where 9y is a given penalization
for the initial value of the density, seeing that a Dirichlet condition of the type
p(0) = po, is undesirable since p, being only of bounded variation, could have a
jump at t = 0.

They prove that, under a uniform convexity assumption on f, i.e. f” > ¢y >0, a
unique minimizer of F) exists and is Lipschitz continuous in time, independently
of A, with values in L*((2).

Our main result generalizes this to the setting of abstract Banach spaces. In doing
so, we extend the applicability of the result to the theory of rate-independent
processes, providing new insights into the regularity of such systems.

In this very general context we were able to prove the following result.

Theorem 2.1. Let (Z,||||z) be a real Banach space and X C Z be a subspace
equipped with another norm ||||x such that:

(X, |lllx) is a reflexive Banach space

25
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| - ||z is lower semi-continuous with respect to the strong topology of X

Let £ € C*([0,T] x Z;[0,+cc]) and F : Z — [0, +oc] satisfy for all t € [0,T):
E(t,-) is co-uniformly convex with respect to ||||x

0:E(t,-) is co-Lipschitz continuous with respect to ||| x
There ezists Cs > 0 such that |0 (t,x)| < Ce(E(t,x) + 1) forallz € Z
F is convex and 1-Lipschitz-continuous with respect to ||||z

Finally, assume that there exists a family of finite dimensional subspaces (Xg)a>1
of X such that for all x € X one can find a sequence (Tq4)a>1 with x4 € X4, x4 — @
with respect to |||z, and satisfying E(t,xq4) — E(t,x) with E(t,x4) < E(t,x) + 1,
for all t € 10,T).

Then there exists a unique minimizer of

f(v):F(v(o+))+/ eMHdeZJr/O e MAE(t, v(t)) dt

(0,77
among curves v € BV([0,T]; Z) N L*([0,T]; X). Moreover, the minimizer is Lips-
chitz continuous and satisfies

C
la(t)| x < C—O for a.e. t €10,T]
0

Observe that we have not imposed an initial condition u(0) = ug for the vari-
ational problem, mirroring the approach of [6]. This choice is motivated by the
special role of Dirichlet boundary conditions in the BV setting: any curve v which
takes the value ug at ¢t = 0, but has a different right-limit value «(0%), is still con-
sidered to satisfy the condition u(0) = wg. In particular, one can freely choose the
value of the curve on (0,7] to minimize the functional and then insert a jump to
up at t = 0, adding a cost ||u(0") — ug||z to the total variation. Thus, we identify
the value of the curve at t = 0 with its right-limit and replace the Dirichlet condi-
tion with a penalization term F', where a typical example satisfying the theorem’s
assumptions is F'(v) = ||v — upl|z for some wuy.

However, we also prove that if a Dirichlet initial condition is imposed, and the
initial value satisfies an additional assumption

IDE(O, o)

z+ <1

then the minimizer has no jump at t = 0.

This condition means precisely uy € S(0), the stable set at time ¢ = 0 of the rate-
independent process associated to ¥ = |||z and £. Indeed, as shown in Chapter 1,
when the initial value is stable, we know that the solution to the rate-independent
process is continuous at ¢ = 0.
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Theorem 2.2. Consider the functional
T
f(v):/ e_’\t||dv||z—i—/ e MAE(t,v(t)) dt
[0,7] 0

among curves v € BV([0,T]; Z) N L*([0,T]; X) such that v(0) = uy € X. Assume
that, in addition to the hypotheses of Theorem 2.1, one also has

1DE(0; uo)|

z» <1

Then, there exists a unique minimizer of F. Moreover, this minimizer is Lipschitz
continuous on [0,T] and satisfies

C
la(t)][x < C—O for a.e. t €10,T]
0

Using this regularity result and Theorem 1.8, one can immediately obtain the
following;:

Theorem 2.3. Under the assumptions on X,Z and £ of Section 1.4 and those
required in Theorem 2.1, there exists a unique energetic solution of the rate-
independent system associated to W = |||z and & with initial value ug € S(0).
Moreover, the solution is Lipschitz continuous on [0,T] and satisfies

C,
a(t)]x < C—O for a.e. t €0, 7).
0

This can be seen as a generalization of Theorem 1.4, proved in Section 1.2, to
the setting of Theorem 1.3. Notably, our result applies only to the case where ¥
is given by a norm ||||z. However, we expect that, with some additional technical
work, our proof could be extended to the more general setting discussed in Section
1.4.
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Chapter 3

Proofs

3.1 Proof of Theorem 2.1

As we anticipated in the previous Chapter, the proof of Theorem 2.1 will consist
of several approximation steps. In Section 3.1.1, we state and prove an analogue
of Theorem 2.1 in finite-dimensional spaces, under the additional assumption that
the norms |||z and ||||x are smooth. In Section 3.1.2, we present a way of ap-
proximating nonsmooth norms by smooth ones, which will allow us to extend our
regularity result in finite dimension to generic nonsmooth norms |||z, ||||x. Fi-
nally, in Section 3.1.3, we prove Theorem 2.1 by using some finite dimensional
approximations for which the regularity results of Section 3.1.1 apply.

3.1.1 Regularity in finite dimension

In this section we prove the regularity result for a simpler problem on a finite
dimensional real vector space V' equipped with two smooth norms || - ||z, || - ||x-
Recall that, after having chosen a basis (e;); of V', we can define a scalar product
(,) on V (and its associated norm | - |) by simply imposing (e;,e;) = 9;; for
i,7 € {1,...,d} (d being the dimension of V' over R), with this structure V is
isometric to R? when equipped with the euclidean scalar product. In what follows,
the gradients (and higher order derivatives) of functions over V' will be defined with
respect to this linear structure; the same is true for the dual norms || - |
For example for w € V we have

2o ||+ |-

[w|[z= = sup{(w, v} : ||v]|z <1}

We also recall that, since V' is finite dimensional, any two norms |||, ||||2 are
equivalent, i.e. there exists a constant A > 1 such that

1
vl < flvllz < Affolls, Vo eV,

29
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and, thus, their respective topologies coincide. However, in some cases, we will
still indicate the norm we are considering, by adding a subscript, as we did for
infinite dimensional spaces; for instance we will write u € L% ([0, T]; V) if

T
| Tl < +oc;
0

We are now ready to state and prove the main result of this Section.

Theorem 3.1. (Regularity in finite dimensional spaces) Let V' be finite dimen-
sional real vector space, equipped with two norms |||z, ||| x, such that ||||x, |lllz €
C®(V\{0}) and ||||% is uniformly convex with respect to |- |, i.e. Iy > 0 such that
D*(|| - 11%) (W) w, w) > y|wl|?, for all v,w € V.

Let £ € C*([0,T] x V; [0, +00]) be an energy-storage functional such that, for some
constants cqo, Cy > 0,

(D?E(t, v)w,w) > col|w|%, and ||GDE(t,v)|x < Co,

for allv,w € V and t € [0,T). Let F : V — [0,400) be a I1-Lipschitz function
with respect to ||| 7.
Then, there exists a unique minimizer u of

F(v) = F(u(0%)) + / e\ dvl 2 + /0 e MAE(, v (L)) dt,

(0,77

over BVz([0,T],V) NL3([0,T); V). Moreover, the minimizer is Lipschilz contin-
uous and satisfies the estimate

lu(t)|lx < S—s, for a.e. t €10,T). (3.1)

Proof. We start by proving the desired regularity result for the regularized func-
tionals Fs. . : H'([0,T]; V) — [0, +00), defined by

Fsealv) =aF(v(0%)) + /o e M[Ls(0(t)) + AE(t, v(t))] dt,

where Ls. € C*°(V\{0}) N C'(V) is an approximation of |||| 7, defined by

9
Lse(v) = /8 + ol + 5llolk, Yo eV

The existence and uniqueness of a minimizer of F5., can be readily established
using the direct method. Indeed, one can obtain a uniform bound in H*([0, T7; V)
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for any minimizing sequence, by leveraging the definition of L;. and the uniform
convexity of £(t,-); thus, we obtain precompactness of the minimizing sequence
with respect to the weak topology of H'([0,7]; V). Finally, using the continuity
and the convexity of Ls., £(t,-) and F, we can see that Fj., is sequentially
lower semi-continuous with respect to the weak topology of H'([0,7]; V). The
uniqueness of the minimizer follows because of the uniform convexity of (¢, -).
In the following, when no confusion can arise, for fixed J,¢ and «, we will denote
by u the unique minimizer of F;.,, instead of using the more precise notation
Us e,

Let us now turn to the proof of the uniform bound (3.1). We begin by observing
that the optimality conditions for u are given by the following system

DL (u(t)) + DE(t, u(t)) — D’ Ly (u(t))ii(t) =0, vt € (0,T),
DLs((0)) = aDF(u(0)),
DL(;’E(QKT)) = 0;

the first equation involves derivatives of u of order higher than one; this is not a
problem, since using the regularity and uniform convexity of £ and Ls., we obtain
that u is differentiable up to three times (at points where 4 # 0). In particular,
with our choice of Ls., we see that u is continuous in [0, 77.

Let us now introduce an auxiliary function h € C*(V\{0}) N C°(V), defined by

h(v) = (DLse(v), ) = Lse(v),

and look for a point of maximum ¢, € [0, 7] of h(u(t)), which exists because of the
regularity of & and h. We will prove that we have

(to)|lx < Csepas
for some constant Cj., > 0 such that

Co
Cé,e,a — —
Co
for some appropriate choice of parameters §,¢ — 07 and o — 17. From this, a
direct computation gives

52 5
+ -|loll%,

ho) = —————
W ==JehE 2

hence we obtain . .
h(u(to)) < 5’\71(750”\3( < §C§a,a-
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By definition of ¢y, for any ¢ € [0,7] we have

a0l = o) < b)) < SO

VRt lla®)ly 2 2

which implies

. 20
el < Ciea+—, VEE[0,T]. (3.2)

At this point, observe that the right hand side of (3.2) is bounded provided one
also impose

é—>0.
g

This will be used later in order to obtain equi-continuity for the family of mini-
mizers.

We have two possible cases to analyze: ¢ty € (0,7) or to € {0,7}. We will treat
each one separately.
Let us first suppose that t, € (0,7"), we want to obtain a bound on ||4(to)| x. If
u(to) = 0 then we are done, otherwise, since

Dh(v) = D*Ls.(v) v,
the optimality conditions for h(u(t)) at t = ¢y read
(D?Ls,e(t)ii, ) = 0,
and
(D? L e(4) @i, ) + (D Ly (i) [ii, @1], i) + (D* L ()i, i) < 0.

(where @ and its derivatives are computed at ¢ = ty)

Let us now differentiate in time the Euler-Lagrange equation, compute it at t = %
and take the duality product with w(¢y) € V. One then obtains (again omitting
the evaluations at ¢ = ty for u and its derivatives)

0 = (D*Ls ()i, 1) + (D*E(tg, u)u, 1) + (0:DE (to, u), )
1

— (DL (@), ], ) — 5 (D* L o(() 1, )

(D?E (tg, w)i, u) + (0, DE (Lo, u), i) +

> —Collillx + collullk

v

where one uses respectively, the optimality conditions at ¢ = ¢y, the assumptions
on £(t,-) and the convexity of Ls.. So in conclusion one obtains

) C
la(to) I x < =,
Co
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which is the desired estimate for ||u(to)||x-

Let us now consider the case ty € {0,7}. More specifically, we will only analyze
the case ty = 0 as the case t = T is analogous. If u(0) = 0 there is nothing to
prove, otherwise we obtain the desired estimate on ||@(0)|x in two steps. First,
we prove the preliminary estimate

VA,

[4(0)]|x < 5 (3.3)
where C' > 0 is some constant independent of €. Note that this is already an
estimate on [|u(0)||x, however the right hand side deteriorates as ¢ — 0. Hence,
in the second step, we will refine this estimate by using the transversality condition
at t = 0.

In order to show that (3.3) holds, consider again the Euler-Lagrange equation on
(0,7) and take the scalar product with i(t) to get

(D*Ls((t))ii(t), ii(t))) = MDE(t, u(t)) + DLse(u(t)), i(t)).

At this point by using the uniform convexity assumptions on || - ||% and E(t,-) we
obtain
s 3 . C 67
(DL (a(t))it), (1)) > (DIl - 5 (@(t)) (), it))) = Sl

and

(DE(L, ut)) + DLsc(a(t)), u(t)) < [la(t)]|z (IDEE, u(t)) + DLs.(u(t))]
< Collii(t)[[2(1 + [lu(t)]2)
< Co(1+ Gy)fi(t) |z,

z+)

where Cy, Cy,C3 > 0 are some dimensional constants for which |- |* > C1]| - ||%,
IDE(t, u(t)) + DLse(u(t))|| 2z« < Ca(1 + |lu(t)|) and ||u(t)||z < Cs (this constant
exists since the minimality of u allows us to obtain a uniform bound on its total
variation, thus in particular on sup, ||u(t)||z). In conclusion we have

.. cA
li®llz <=, ¥te(0,7).

205(1
for some constant ¢ = %4;03) > 0.

Thus by Taylor’s theorem we have
el|u(0)]lz

. 1. .
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hence, using the minimality of w and Ls.(v) > ||v||z, we obtain

T t
C52/ La,e(u(t))dtZ/ Ls.(u dt>/ a(t)| zdt > 5”1;()3”2
0 0

which finally implies the existence of a constant C' > 0 such that (3.3) holds.
Let us now consider the transversality condition at ¢ = 0 for the minimizer u,
which reads

DLs (u(0)) = aDF(u(0)).
We now use the fact that F' is 1-Lipschitz with respect to |||z, which is equivalent
to |[DF(v)||z» <1, for all v € V; this implies

IDLs e (4(0))]

7 < a <l

A direct computation gives

DLau(0) = 1 4 oDl ()

for v # 0; which, in turn, implies

=1
A

v v D(|| - )| 5+
H HZ —||DL5 (U)HX* < H HZH (H HZ>( )HZ —||DL575(’U)|X

T € >~
0* + [lvll% VO + lvllZ

*

< ellollx 1D - [[x) (V)] z+ < Kellv]|x
where we K > 0 such that || - ||z < || |x < K| - ||z (hence also +|| - [|x+ <
|- Mz < K- [lx-)-
In conclusion we get
(0 (3.3)
y“”” _ <a+Kella0)x < a+ KOV,
6% + [lu(0)[IZ
which implies
: 2 (a+ KOV )e)?
L)% < K LD (3.4
1 —(a+ KCV)Xe)

observe now that, by choosing § and « appropriately with respect to ¢, the right
hand side in the previous estimate can be made arbitrarily close to zero.

In conclusion we have been able to prove that for €, d, a fixed, the minimizer of
Fse,a satisfies

02 (a+ KCVAe)? } 55)

u(to)||% < C2., = max< —> K
Jitto) I < C2,., {% G Rove
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To complete the proof of the Theorem we will show that with J, = £ and
a. = 1—¢7, the minimizers (u.)eso of (Fz)eso over H'([0,T]; V) (that now depend
only on the parameter ¢), converge uniformly to the unique minimizer u of F over
BV([0,T]; V) N L2([0,T]; V).
Indeed, as e — 07, we have 6, — 07, a. — 1~ and

2 2
b L0 ana K2t KOV
£ 1 — (ap + +KCV)e)?

then thanks to (3.5) and (3.2), for € small enough, we have

C,
()| x < —CO +1, Vtel0,T]
0

this is saying that the family of minimizers (u.).>¢ is equi-Lipschitz continuous.
Moreover, by comparing u. with the constant curve « = 0 and using the uniform
convexity of £(t,-) we can obtain the following uniform bound

T
[ lypar < o
0

where M is some positive constant independent of ¢; this, together with the equi-
continuity just proved, implies equi-boundedness of (u.)c~o. So by Ascoli-Arzela’s
theorem, there exists a function u € C([0,T]; V') such that up to subsequences
u: = uwin [0,7] as € — 0" and @ — 1~. This curve is Lipschitz continuous and
satisfies the desired estimate (3.1). We now prove that it is indeed the unique
minimizer of F over BV([0,T]; V) N L*([0,7]; V). The optimality of u., together
with L.(v) > ||v||z implies that, for every curve w € H*([0,7]; V), we have

T
aEF(uE(OJr))—i-/ e’\tHdugHz—l—/ e MAE(t, u.(t))dt
0

(0,11
< aEF(w(O+))+/T6_ML€(w(t))dt+/Te’\t)\g(t,w(t))dt.

If we now send ¢ — 07 and use the lower semi-continuity of the weighted total
variation integral with respect to uniform convergence, we obtain

T
F(u(0+))+/ e’\tHduHZ+/ e MAE(t, u(t))dt
(0,7 0
T

T
gF(w(0+))+/ e’\t||dw\|zdt+/ e MAE(t, w(t))dt,
0 0
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where we have also used have used a. — 1, u-(07) — u(0"), L.(v) — ||v]|z and
the dominated convergence theorem. This proves that u is a minimizer of F over
H'([0,T]; V). To conclude it is now enough to approximate any BV N L* w curve
by H' curves (wy); such that

limksup Fl(wg) < F(w) (3.6)

A simple way of obtaining w;, is by convolution of w with a smooth compactly sup-
ported kernel p; tending to the identity. Indeed wy = w * py is uniformly bounded
and converges to w at all its continuity points, so in particular the convergence
holds almost everywhere and at the boundary points. Moreover, we also have

[oeulz= [ eMawepllz < [ e dullz
(0.1] (0.7] 0.7]

which, together with the dominated convergence theorem, allows us to obtain
(3.6). We have just proved the existence of a minimizer of F over BV([0,7]; V)N
L?([0,T); V), the uniqueness follows, as before, from the uniform convexity hy-
potheses on £(t, -). O

3.1.2 Approximation of norms

One major requirement in the proof of Theorem 3.1 is the smoothness and uniform
convexity of the norms involved. Clearly, two generic norms |||z and ||||x over a
real vector space do not satisfy this assumption. Consider, for instance, the ¢!
norm over R? which is not differentiable on the axes {z; = 0}, or the ||| norm
over R? when p > 2, for which its square is not uniformly convex.

This complication can be resolved by approximating the norms of our problem
by smooth and uniformly convex norms, in such a way that the functional F
computed with these new norms I'-converges to the one with the original norms
in some appropriate topology. This will be the content of Proposition 3.1.1.
However, before giving a proof of the I'-convergence result, let us present a possible
way of performing the approximation of the norms.

In what follows ||| denotes a general norm on a finite dimensional real normed
vector space X. Let us recall that, after having fixed a basis (e;)1<i<4, We can
easily define a scalar product (,) on X which makes X isometric to R? (d being
the dimension of X). Thanks to this isometry one can also define a measure over
X, such that the unit cube {3>C x;e; : |;| < 1,Vi} has unit measure. As before,
we will denote by | - | the euclidean norm associated to this scalar product on X,
while the ball of center 0 and radius r with respect to | - | will be denote by B,.
What we will show is that for every o > 0 small enough, there exits a norm |||/,
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such that for every vector v it satisfies
[olle = (1 + 05 (1)|Jv]l, for o — 0" (3.7)

We will construct the norms ||||, by approximating the unit ball B = {z € X :
||z|| < 1} of the original norm ||| by smooth and uniformly convex sets. These sets
will be constructed as sublevel sets of smooth and strongly log-concave functions
that approximate the indicator function 15 of B, defined by

Ly(z) = 1 forxz € B,
570 for z ¢ B.

A common way of obtaining smooth approximations of a function is by convolution
with a smooth kernel. Let us define N, : X — [0, 4+00), the density of the normal
distribution over X of variance o2, by

No(@) = (27:0)3 P (_%> |

in particular, we have N, € C*(X), N,(z) > 0, Ny(—z) = N,(x) for all z € X
and [, N;(y)dy = 1. Then we define U, : X — [0, +00) by

Us(a) = [(e " 1a) £ 03] (0) = [ & "Ll — )N o)
s

This will be our smooth approximation of the indicator function 1z. Indeed, by
properties of convolution U, € C*(X), U,(x) > 0, U,(—x) = U,(x) for all x € X.
Moreover U, = exp(—V,) for some uniformly convex function V, € C*(X); this
is because U, is the convolution of two functions that have this property, which
in the literature are usually called strongly log-concave functions (for a proof of
this see for instance [17]); as such it possesses a unique maximum point, which by
symmetry has to be 0. We now have the following Lemma:

Lemma 3.1.1. Let V € C*(X) be such that V(z) > 0, V(z) = V(—z) and
D?V(x) > al for some a > 0, for all v € X. For some ¢ > 0, define f : X —
[0, +00) by

flz)=inf{t >0: V(tx) <c}, VrelX,
then f is a norm on X such that f € C*°(X\{0}) and f? is uniformly conver with
respect to | - |.

Proof. We only prove the uniform convexity of f2. Directly from the definition we
get that for all z € X\{0} we have

(i)
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by taking the gradient of the previous equation we obtain
oV

f Y
in the previous identity and for the subsequent ones, the function f and its deriva-

tives are computed at x. After taking another gradient we obtain the following
identity

o (EY _ 1 (e (2 _
DV(f) f(DV(f)x)®Df
1 o (2 ) — L/ pey (2
o (30 (3)2) 108 () -1
+Df®DV(§)+<DV(§),:c>D2f—<DV<§>,x>Df®Df;
if we use (3.8) and%:fDQerDf@Df, we conclude that
<DV (;) :v> —D2(2f2) — D2V <§> + <D2V (;) :m:> Df®Df
-|(v (5) =) eprepre (o () )]
il ) oo

To conclude we just have to observe that by construction

(ov () ) >0

and that for any vector w € X, applying these bilinear terms to (w,w) € X x X,
we have that the right hand side is equal to

F(ov (%) oy uprwp+ (0 (3) v - . ujel, fo - 0f wa])

which is greater than 3|w|? for some 8 > 0 using the uniform convexity of V. [J

DV = (3.8)

By applying Lemma 3.1.1 to V,, with ¢ = log2, we can define a smooth norm
|lllo over X such that its square is uniformly convex and for which the unit ball is
given by the set

{r e X :V,(x) <log2} = {x €X:U,(x) > %}
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To conclude we just need to show that with this construction, (3.7) holds.

In the following C' > 0 denotes a constant for which £|z| < ||z|| < C|z] for all
x € X (such C exists since X is finite dimensional).
First, we observe that (3.7) is equivalent to proving that there exists § = 0,(1) as
o — 07, such that for o small enough, the boundary of the unit ball of ||||, lies in
a d-neighborhood of the boundary of B.
We will show that 6 = 2C'o works. Indeed, choose € X such that ||z|| < 1-2C0,
then we have

Us(x) = /X eV (2 — y)N, (y) dy

> e C% / No(y) dy
{le—yll<1}

2

3 1
2 €_C O’/ Ng(y) dy Z e_CQG_ > —,
{ly|<20} 42

for o small enough; similarly, choose x € X such that ||z|| > 1 + 2C0o, then

Us(7) = /X e~V g(x — y)N, (y) dy

< / N, () dy
{llz—y||<1}

1
S / Na(y) dy S - <
{ly>20} 4

N | —

Where for the previous estimates we have used that, for all £ € N,

1
No(y)dy < —.
/{ylz%a} k?

We are now ready to state and prove the I'-convergence result mentioned above.
For all 0 > 0 small enough define the norms |||| z, and |||| x », using the construction
just describe. Moreover, define

]-"U(u):F(u(OJr))—F/ e—M||olu||Z,c,+/0 e MAE(t,u(t)) dt

(0,7

Proposition 3.1.1. We have F, L F, with respect to the uniform convergence
mn X.

Recall that the notion of uniform convergence in X is independent of the norm,
since at this point X is finite-dimensional. Secondly, observe that the family of
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minimizers (u,), of (F,)s (over BV([0,T]; X) N L*([0,T]; X)) is precompact with
respect to the uniform convergence. Indeed, with the previous construction we
have that, for all z,w € X, ¢t € [0,T],

C
Ao llfke and 19VEE)xre < (1+ 05 (1)Co

Thus, from Theorem 3.1, the minimizer u, of F, satisfies

(D*E(t, z)w,w) >

. C
o ()llxs < (1+00(1))°—, vt e [0.T].
0

So for o small enough, using again || - ||x., = (14 0,(1))|| - ||x, we get
. C
lio(t)llx < =2 +1, ¥te[07],
0

uniformly in . Moreover, similarly to what was done in Theorem 3.1, by compar-
ing u, with a constant curve, we can obtain a uniform bound of the form

T
/n%@ﬁ&sa
0

which, together with the equicontinuity of u, with respect to ||||x, implies equi-
boundedness. Hence, we obtain the desired precompactenss by Ascoli-Arzela’s
theorem.

Proof of Proposition 3.1.1. The proof of the I' — liminf part of the Proposition
is almost immediate. Indeed, if v, = v, then v,(07) — v(0T), which, together
with the continuity of F, implies F(v,(07)) — F(v(0%)). Then, using || - ||z, =
(14 0,(1))] - ||z and the lower semi-continuity of the total variation with respect
to the uniform convergence, we get

/ e M|dv||z < liminf/ e M| dvs ]| 70
(0,77 7 (0,77

Finally, by Fatou’s Lemma we also get

/ e MAE(t,v(t)) dt < liminf / e MAE (L, v, (1)) dt.
(0,77 (0,77

g

For the I' — limsup part of the I'-limit we can just choose the constant recovery
sequence. Indeed, given u : [0,7] — Z such that F(u) < +oo (if infinite there is
nothing to prove), define u,(t) = u(t) for all ¢t € [0,7]. Then, trivially u, = u,
and, using || - ||zo = (1 4+ 05(1))]| - ||z, we also have

lim sup F, (u,) = limsup F,(u) < F(u),

which concludes the proof. O]
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As a consequence of Proposition 3.1.1, the precompactness of (u, ), with respect
to the uniform convergence, and the estimate

2Co
7

[0 ()| x,0 < (1 +05(1))
Co
we obtain the desired Lipschitz regularity result in finite dimension

Theorem 3.2 (Lipschitz regularity in finite dimension). Under the hypotheses
on € of Theorem 3.1, there exists a unique minimizer u of F over BV([0,T]; Z)N
L2([0,T], X). Moreover, u is Lipschitz continuous with respect to ||||x and satisfies

the estimate o
) 0
i@l < 22,

for a.e. t €10,T).

3.1.3 Regularity in infinite dimension

In this section we finally prove Theorem 2.1. As we already explained, the proof
is based on the regularity result in finite dimension contained in Theorem 3.1 and
a [' convergence result for the functionals in finite dimension, contained in the
following proposition.

Proposition 3.2.1. Let (Z,||||z) be a real Banach space and X C Z be a subspace
equipped with another norm ||||x such that

o (X, |lllx) is a reflexive Banach space;

o || - |lz is lower semi-continuous with respect to the strong topology of X.
Let £ € C*([0,T] x Z;[0,+00)) and F : Z — [0, 400) satisfy

o E(t,) is co-uniformly convex with respect to ||||x;

e 0,&(t,-) is Co-Lipschitz continuous with respect to ||||x;

o [0,E(t,x)| <Ce(E(t,z)+ 1)

e F'is conver and 1-Lipschitz continuous with respect to ||| 7.
Finally, assume that

o There exists a family of finite dimensional subspaces (Xq)a>1 of X such that
for all x € X one can find a sequence (xq)g>1 with xq € X4, x4 — x with
respect to |||z, and E(t,xqy) — E(t,x) with E(t,xq) < E(t,x) + 1 for all
t 0,77
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Then F, L 7 with respect to the weak L3 convergence, where

Fa(u) = F(u(0T)) + /(OT] e M| du| z +/0 e MNE (L, u(t))dt + Ix,(u)

and
0 if u(t) € Xq, for a.e. t €0,T],
]Xri(u) = {

+00 otherwise.

Proof of Proposition 3.2.1. We begin with the proof of the I'-liminf part of the I'-
limit. Let us first observe that it suffices to prove that F is lower semi-continuous
on BV([0,T]; Z) N L*([0,T); X) with respect to the weak L3 convergence; indeed,
if this was true then for every vy — v in L3 we would have

F(v) < limdinf Flug) < limdinf Fa(vq),

since F < Fy for all d > 1.
In order to prove the lower semi-continuity of F, let us fix a small parameter ¢ > 0,
and consider the new functional

Fo(u) = e™F ({u(t) dt) + V. (u; [e,T]) + /OT e MAE(t, u(t))dt,

where
t+5
V.(u;[e,T]) = sup Ze W ||y, — ||, e :][ u(s)ds
to=e,tn=T t—%
tp1>tp+e

We only need to prove lower semi-continuity of this new functional and later take
the limit as ¢ — 0%. Since we have by Jensen’s inequality

F ({u@) dt> < ]f Fu(t)) dt < F(u(0%)) + ]f u(t) — u(0*)]| £t

< Plu(0) + [ [dulz
(0,¢)

e F (7[ u(t) dt) < e MF(u(0h)) + e)‘e/ || du|| 2
0 (0.¢)

<P+ [ ez
(0,)

hence
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And similarly
VowlaT) < [ el

(0,7]

But the lower semi-continuity of F. is immediate since if v; — v in L§( then, for

all 0 < s <t <T, one has
t t
f va(r)dr —>][ v(r)dr.

For the I'-limsup part of the I'-limit we would have to check that for any
v € BV([0,T); Z) N L*([0,T]; X) with F(v) < +oo there exists a sequence (vg)g>1
such that vy — v in L% and

lim sup Fy(vq) < F(v).
d

Let us assume, for now, that one just needs to check this for any v : [0,7] — Z
which is right-continuous, piecewise constant with a finite number of jumps and
with F(v) < +00. We recall that this last condition implies that v takes values in
X.

In particular, we have
U(t):’l)kEX, forte[tk,l,tk), O=tg<...ty="1T.
We have to find (v4)4>1 such that vy — u in L3 and

lim sup Fy(vq) < F(v).
d

By the last assumption, for all k = 1,..., N, there exists a sequence (vjq4)i>1
such that vy q € Xy, ||vka — vkllz — 0, and for which E(¢,vkq) — E(t,vi) with
E(t,vpa) < E(t,vg) + 1 for all £ € [0,T]. Define, then, vy by

Ud(t> = Ukd € Xd, for ¢t € [tkfl,tk), O=ty<...ty=T1T.

Clearly we have F(vg(0%)) — F(v(0T)), since F' is 1-Lipschitz continuous with
respect to ||||z. Moreover, by working on each interval [t;_i,t;) separately, by
strong convergence in Z we have

hmw/ewmms/eMWM
d (0,7) (0,77

and by dominated convergence we have

T T
lim / e NNE(t, valt)) dt = / eMAE(E, v(t)) d.
0 0
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In conclusion, since with our choice Iy, (vg) = 0 for all d > 1, we have proved

lim sup Fy(vg) < limsup F(vg) < F(v).
d d

Now it only remains to prove vy — v in L3. We clearly have vy — v in LY;
moreover, the uniform convexity of £(¢, -) with respect to ||| x and the upper bound
on F(vg) we just proved imply that (v4)gs; is equi-bounded in L%, so because of
reflexivity of (X, ||||x) (up to taking a subsequence) there exists w € L3 ([0, T]; X)
such that vy — w in L%. If we are able to prove that v = w we are done.

To do so, it suffices to show that if family of vectors (x4)q converges strongly to
x1 in Z, and weakly to x5 in X, then x1; = x5. Indeed, if this is true, then for any
0<s<t<T, the vectors t

/ va(r)dr,

t t
S s

would converge strongly to [ v(r)dr in Z and weakly to [ w(r)dr in X. Thus

/stv(r)dr _ /:w(r)dr,

which would imply v = w on [0,7] due to the arbitrariness of s and ¢. In order
to prove the equality between the strong limit in Z and the weak limit in X, we
can show that there exists a norm on X which is weaker then both |||z and |||| x.
Consider the following definition:

|z]| zox = inf{[|z1]|z + ||z2]|x : 21 + 20 = 2}

It is clear that || - ||zex < || - llz, |l - llx. Moreover, ||||zex can be easily shown
to define a norm on X. The only non-trivial property to verify is the positive
definiteness of |||| zex. Suppose a vector x € X satisfies ||z||zox = 0. Then, there
exist sequences (z}), and (z2), such that z;, + 22 = 2 and

lzllz + llnllx = [zl zex = 0.

In particular 1 — 0 in Z, and 22 — 0 in X. It then follows immediately that

1

) — z in X, since ||z — zl||x = ||#%||x — 0. Hence, using the lower semi-

continuity of |||z with respect to the strong topology of X, we conclude
|||z < liminf ||zl]|z =0,
which implies x = 0.

The reduction to right continuous piecewise constant curves with finite number
of jumps is possible because, as we are about to show, the class P of such curves is
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energy dense in BV([0,T]; Z)NL*([0, T]; X) for F and the weak L3 topology; that
is, for every v € BV([0,T]; Z) N L*([0,T]; X), there exists a sequence (vi), C P
such that v, — v in L3 and

lim sup F(vg) < F(v).
k

(see [3] for an abstract presentation of this energy-density argument) Let v be a
generic curve in BV ([0, T]; Z)NL*([0, T); X) with F(u) < 400 (otherwise there is
nothing to prove) and fix § > 0 small. Consider a partition 0 =ty < ..., Ty =T
of [0,T] such that |ty — tg_1| < 6 for all £ = 1,...,N. For each subinterval
(ty_1,tx] = Ix we can choose a point t; such that

flk e ME(t, v(t)) dt
Jy, et

Define vs : [0,7] — X by
vs(t) =v(ty) € X, fortel,, k=1,...,N.
We will prove that vs — v in L% and

lim sup F(vs) < F(v).
§—0+

The argument to prove weak L3 convergence of vs to v is analogous to the one we
used in the I' — lim sup above, with the minor difference that in this case we only
have vs — v in L'([0, T]; Z), since for every k we have

los(t) — o(t)] 2dt = / o) — v(®)lldt < § / dvlz
Iy I, Iy,
and thus .
/ l0s(£) — v(8)]| 2t < 6T F(v) — 0.
0

Moreover, we clearly have F(vs(0%)) — F(v(0")) since F is 1-Lipschitz continuous
with respect to |||z and

Jos(0) = w091z < [ dellz 0.
(0,9)

Then, we also immediately have

/ e_MHdv(;HZ < e’\‘s/ e_)‘t||dv||z.
(0,77 (0,7
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It remains to prove that

T T
limsup/ e MAE(t, vs(t)) dt §/ e MAE(t,v(t)) dt (3.9)
1 0 0

Let us first work on each interval I, separately. With our choice of f, we have
that

/ e ME(t, vs(t)) dt < / e ME(t,v(ty)) dt + / e Mp(t) dt

g/ e*ts(t,v(t))dH/ e Mop(t) dt,
Ik Ik

where o(t) = |E(t,v(tx)) — E(tg, v(t))| for t € I;,. But then o(t;) = 0 and

' ()] < [3E(t, v(E))] < Ce(E((t,v(Ex))) + 1)
< Ce(p(t) + E(tr, v(tr)) + 1)

-~

A

hence, using Gronwall’s Lemma we obtain for ¢ € I},
p(t) < A [ec‘f(t’“_t’“—l) - 1} <A [6055 — 1} < 20ACE,

which, when combined with the previous estimate, allows us to obtain

/ e ME(t,vs(t)) dt < / e ME(t,v(t)) dt + 25 ACs / e Mdt.
I I I
If we sum over kK =1,..., N we obtain the desired estimate (3.9), which, with the
previous estimates, gives (3.1.3), concluding the proof of the Theorem. O]

We are now finally ready to prove Theorem 2.1. The proof will be very similar
to the one of Theorem 3.2.

Proof of Theorem 2.1. Let ug be the unique minimizer of F over BV([0,7]; Z) N
L2([0,T]; X4) (or equivalently the unique minimizer of F,; over BV([0,T]; Z) N
L?([0,T]; X)). By comparison of u; with the constant zero curve and using the
uniform convexity with respect to ||||x of £(¢,-), we can obtain that there exists a
constant C' > 0, independent of d, such that

T
| Tl < c.
0

But then (ug)q is equi-bounded in L?([0,T]; X), which implies precompactness
with respect to the weak L% topology because of the reflexivity assumption on
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(X, |||lx)- Hence, up to taking a subsequence, we can assume that vy — u in
L2([0,T); X) for some u.

But now, using Proposition 3.2.1, we obtain that u is a minimizer of F over
BV([0,7]; Z)NL3([0,T]; X4). This concludes the existence part of the result. The
uniqueness of the minimizer follows from the uniform convexity of £(¢,-). Finally,
in order to obtain the bound

C
la(t)||x < =2, forae. t e[0T,
Co
one can just observe that, again because of Theorem 3.2, the minimizers uy satisfy
C
ug(t) — ua(s)|[x < =2|t —s|, for all ¢, s € [0,T], (3.10)
Co
which implies
Co
|lu(t) —u(s)||x < —|t—s|, forallt,sel0,T].
Co

This follows since, at almost every point 7 € [0,7], for some small parameter
e — 07, we have

T+e

(14 0.(1))ua(r) = ][ ugdr % ][_ Cwdr = (14 0.(1))u(r).

T—E€

This concludes the proof of Theorem 2.1. O]

3.2 Proof of Theorem (2.2)

In this Section we present our proof of Theorem 2.2. The proof is almost equal to
the one of Theorem 2.1, presented in the previous Section. One can easily prove
analogues of Propositions 3.1.1 and 3.2.1 for functionals F which do not contain
a penalization F' for the initial value, but impose a Dirichlet initial condition
u(0) = ug. Indeed, the I'-convergence result contained in Proposition 3.1.1 is with
respect to the uniform convergence of curves, which allows the Dirichlet initial
condition to pass to the limit. On the other hand, the I'-convergence result of
Proposition 3.2.1 is with respect to the weak L3 convergence; in this case the
Dirichlet initial condition passes to the limit since, for all € > 0,

(1 + 0.(1))ug(0) = ]€ ugdr % {udr = (1 + 0.(1))u(0).

The only place where a real new argument is required is the proof of the analogue
of Theorem 3.1.
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Proof of analogue of Theorem 3.1. Consider, for fixed §,e > 0, the approximation
functionals

]ﬁJU)Z:A MLy ((t)) + AE(E, u(t))]dt,

where as before Ls.(v) = 1/0% + ||[v[|5+5|v]|%. Call u its unique minimizer among
curves v € H', continuous at time ¢ = 0 and such that v(0) = g (existence and
uniqueness follows once again by the direct method and the strict convexity of

We would like to obtain a uniform bound (in d,¢) on |[u(t)||z for all ¢ € [0,T],
which would allow us to conclude exactly as in the proof of Theorem 3.1.

In this case the optimality conditions for u become

DLs(u(t)) + DE(t, u(t)) — %DQL(;’E(u(t))ﬁ(t) =0, VYtel0,7),
u(0) = uyp,
DL(S,G(U(T)) = O;
the major difference with the system of Theorem 3.1 is that the transversality

condition at ¢ = 0 is not available anymore, and is replaced by the Dirichlet initial
condition. We can still introduce the auxiliary function

h(v) = (DLse(v), v) = Ls(v),

and look for a maximum point to of h(4(t)) in [0,7] to obtain a bound on ||@||x.
If ty € (0,77, the proof contained in Theorem 3.1 still works, however, if t; = 0 we
have to find a new way to bound A(%(0)), since we do not dispose of a transversality
condition. However, by recalling

Dh(v) = D*Ls.(v) v,
we get
(D Ls <(1(0))ii(0), (0)) < 0;
thus, the Euler-Lagrange equation and the Dirichlet condition at t = 0 give us

1

(D? L «((0))ai(0), @(0)) <0,
from which we obtain

h(@(0)) + Lse (4(0)) < —(a(0), DE0, uo)) < [[a(0)|z;

where we have used the additional stability assumption [|[DE(0,ug)||z+ < 1; but

now we can use Ls.(v) > ||v]|z in the previous expression to get

max h(a(t)) = h(a(0)) < 0.

te[0,T]
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So, from

o & € i) II2
h(u(t)) = T T + 2|| %,

we obtain that, for all all ¢ € [0, 77,

—0+ gllu(t)\|§< < h(a(t)) < h(a(0)) <0 = [a(t)]lx < 2;6

This can be used in place of the bound (3.4) in Theorem 3.1. Thus, the remainder
of the proof proceeds by simply replacing Cs. o by S—S O
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