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Abstract

The central themes explored in my research include different areas within the field
of Calculus of Variations, with a particular emphasis on applications to materials
science and image analysis.

The first chapter collects the results that are a common base for other chapters,
among which the main ones are related to the topics of Orlicz—Sobolev spaces,
Supremal functionals, Young measures, BD spaces.

In the second chapter, we prove I'-convergence results in the framework of general-
ized Orlicz spaces, extending theorem from [46] [83]. The proofs follow the general
approach of these papers but developing improved techniques with weaker assump-
tions. Indeed, we can consider non-doubling functionals as well in our scenario.
We cover both norm- and modular-type energies with much the same method. See
[38] as a reference.

The third chapter presents the results from [39], which can be regarded as a contin-
uation of the previous work. We aim to weaken the convexity assumptions on the
density f. More precisely, we assume that the density satisfies a milder condition
(know as curl(,~1)- Young quasiconvexity, introduced in [I37]) than level convexity
of f(z,u,-) adopted to prove the results in [83] [38]. On the other hand, we are also
able to remove this assumption, under the restriction that f(z, -) satisfies a growth
condition of type | - |7, also from above, and assuming that ¢, (x,t) := tP(®) with
sup,, g—“t < g, for a > 0, where p; = esssup,cqp(x), p,, = essinf,cq p,(z).

The fourth chapter is dedicated to homogenization. It includes the introduction of
two-scale Young measures, their characterization, and homogenization results, as

developed in [40]. Our aim consists of studying the asymptotic behavior as ¢ \, 0"
of I : LP(Q;R?) — R* defined as

I(u) == // w (x, ' z, z,u(a:), u(a:’)) dxdz’.
QxQ € &€

This kind of non-local functional appears in the mathematical modeling of peridy-
namics [143], ferromagnetics [139], etc. Here, we follow an analogous approach in
terms of suitable Young measures, considering LP embedded in the space of Young
measures equipped with the narrow topology.

The fifth chapter focuses on Orlicz spaces and the relaxation of variational func-
tionals defined in such settings, referring to the results of [41]. We start from the
study of integral functionals defined in variable exponent, both in the context of
regularity theory and applications to electrorheological fluids and homogenization.
The main contribution of [41] is to introduce the first model which features both
quasi-convex anisotropy of [9, [88], 89] and the combination of linear and super-
linear growth of [100] 101l 82]. We obtain an integral representation in the space



of functions with bounded variation of generalized growth of this functional in
terms of a suitable point-wise recession function.

In the last chapter, we deal with image reconstruction problem. In order to coun-
teract such problems, several higher-order models have been introduced. A par-
ticularly successful one is the second-order Total Generalized Variation, defined
as

TGV?2(u) := sup {/ wdivipdr : 1 € Cf(Q;R?yfﬁ), |V]loo < ag, [|[dive)|le < 042} ,
Q

for every u € L, (), with @ = (a1, a2) € RT x RT. Our contribution is twofold.
First, we introduce a novel anisotropic functional setting of functions with bounded
deformation, namely the space BD¥ of bounded deformation fields with general-
ized Orlicz growth. Second, we analyze a Musielak-Orlicz anisotropic Total Gener-
alized Variation class of regularizers (T'GV.#?). After studying the basic properties
of TGV#2, we identify a dual representation, and show how classical existence and
stability for classical Total Generalized Variation carry over to our Musielak-Orlicz
setting. See [42] as a reference.



Introduction

The aim of this thesis is to present the results of my research work, including
published articles, preprints, and ongoing projects. These works have been devel-
oped in collaboration with various co-authors across different areas within the field
of Calculus of Variations, with a particular emphasis on applications to materi-
als science and image analysis. The central themes explored in my research include:

o A significant part of my research has focused on the study of generalized
Orlicz—Sobolev spaces, developed in collaboration with P. Harjulehto and P.
Héasto. These spaces can be seen as an extension of the classical Sobolev
or variable exponent Lebesgue spaces. They were first introduced and stud-
ied by Z. W. Birnbaum and W. Orlicz in [43], with the aim of providing a
more flexible functional framework. The main motivation behind their use is
to construct an ideal setting for establishing I'-convergence results for more
general classes of functionals. These results are later complemented by more
specific results obtained in variable exponent Lebesgue spaces—which are,
in a sense, special cases of Musielak-Orlicz spaces (also known as General-
ized Orlicz spaces). These later contributions were carried out with several
collaborators, notably including M. Eleuteri.

 Supremal functionals, first introduced by G. Aronsson (see [13], [14], [17]),
are functionals defined in terms of the essential supremum of a given function.
These are particularly well-suited for modeling situations where the interest
lies not in the average behavior of a system, but rather in the worst-case
scenario. Moreover, their formal Euler-Lagrange equation is the so-called
oo-Laplacian, a degenerate and highly nonlinear operator that arises in the
theory of absolutely minimizing Lipschitz extensions. For this reason, the
study of approximations of supremal models with integral functionals via
I'-convergence becomes essential.

o Homogenization theory is a fundamental tool for deriving effective models
in the presence of fine-scale oscillations. In this context, nonlocal function-
als play a central role: unlike classical integral energies depending only on

4



pointwise or gradient information, they account for long-range interactions
through kernels that couple pairs of points in the domain. Such energies nat-
urally arise in models of peridynamics, phase transitions, image processing,
and fracture mechanics, where nonlocality captures behaviors that cannot
be described by purely local variational principles. Within the framework
of I'-convergence, homogenization theoryallows one to identify the effective
energy, ensure stability of minimization problems, and understand how non-
local microscopic interactions influence the limiting local or nonlocal models.
In a dedicated chaper, an homogenization result —obtained in collaboration
with E. Zappale and A. Torricelli— for nonlocal integral functionals is pre-
sented.

o Among the various topics addressed in this thesis, problems related to BD
(functions of bounded deformation) spaces and image reconstruction are pre-
sented. The focus has been on extending classical results to a more general
Orlicz setting, where the growth of the functional depends on a function ¢.
In this context—as part of a broader effort to lay the groundwork for fu-
ture developments—certain statements required considering the specific case
¢(z,t) = t?®) corresponding to the variable exponent framework.

Although not central research themes of this work, several fundamental tools play
a crucial role in establishing the results of this thesis. Among them:

o [-convergence is a fundamental tool in the Calculus of Variations, partic-
ularly for the optimal approximation of functionals. Its strength lies in its
ability to preserve the convergence of minimizers and minimization problems
under suitable compactness assumptions. In particular, by the fundamental
theorem of I'-convergence, if a sequence of functionals {F,} I'-converges to
a functional F' and is equi-coercive, then not only do minimizers of F;, con-
verge to minimizers of F', but the existence of minimizers is also inherited in
the limit. This notion, first introduced by De Giorgi ([76]), and then devel-
oped by and refined in the works of authors such as, Dal Maso and Braides
(see [49] and [73]), plays a central role throughout this thesis, both as a
methodological foundation and as a unifying theme across various research
directions.

« Young measures, originally introduced by L. C. Young in [I50], are proba-
bility measures designed to capture oscillatory and concentration effects in
sequences of bounded functions. They are particularly useful in describ-
ing weak limits of nonlinear functionals and in preserving fine information
about the limiting behavior of variational problems. Beyond their extensive
use in the proofs of various I'-convergence results throughout this thesis, a



dedicated chapter presents a characterization result as well as a specific ho-
mogenization result formulated in the topology induced by Young measures.

Convex analysis also plays an essential supporting role throughout this thesis.
Tools such as convexity and lower semicontinuity of functionals, properties of
convex conjugate provide a robust framework for establishing compactness,
stability, and variational inequalities. Although not a primary research topic
in itself, convex analysis offers the foundational techniques needed to han-
dle nonlocal energies, prove I'-convergence results, and characterize effective
limits of variational models.

The structure of this thesis is the following:

Chapter [1] collects the results that are a common base for almost all the
following chapters;

Chapter 2| collects the results from [38], which include I'-convergence results
for supremal functionals in the Orlicz-Sobolev space setting under power-law
type growth;

Chapter (3| presents the results from [39], which can be regarded also as a
generalization of the previous work. Similar variational results are estab-
lished under weaker convexity assumptions and, in some specific cases—such
as those involving variable exponent spaces—even without convexity assump-
tions;

Chapter [4] is dedicated to non-locals functionals and homogenization. It
includes the introduction of two-scale Young measures, their characterization
as developed in [40];

Chapter 5| focuses on Orlicz spaces and on the relaxation of variational
functionals defined in this framework, building upon the results of [41]. In
particular, it introduces—for the first time in this context—a variational
model involving functions of bounded variation in the Orlicz setting, thereby
extending classical relaxation techniques to a broader and more flexible func-
tional framework.

Chapter [6] the final chapter, builds upon the previous one to study total
variation within the Orlicz space framework, following the results of [42].
This chapter further introduces a Musielak—Orlicz version of the Total Gen-
eralized Variation (TGV), naturally leading to an associated image recon-
struction analysis based on these generalized regularization tools.

Each chapter begins with an introduction aimed at contextualizing the results and
presenting the relevant mathematical background.
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Chapter 1

Preliminaries

In this chapter we collect the main results that will be used as a base for the
theorems presented in future chapters. Most of these results will be used in all, or
at least in most, of the chapters.

1.1 Notation

Throughout this work, 2 C R is an open bounded set, A(£2) denotes the family
of the open subsets of €2, and for any m € N, L™ is the Lebsegue measure in R™.
Also, we denote with By the family of all Borel sets of R*. @Q := (0,1)" is the
unit cube in RY. The symbols (-) and [-] stand, respectively, for the fractional and
integer part of a number, or a vector componentwise. The Dirac mass at a point
a € R™ is denoted by d,. For every Lebesgue measurable set A C R™, the symbol
f, stands for the average (L™(A))™" [,.

Let U be an open subset of R™. Then:

- For any linear space X, by X’ we denote its dual space.

- C.(U) is the space of the continuous functions f : U — R with compact
support.

- C= (Q) is the space of Q-periodic functions on R¥.

per

- C(U) is the space of the smooth functions f : U — R with compact support.

- Co(U) is the closure of C.(U) with respect to the uniform convergence; it
coincides with the space of the continuous functions f : U — R such that,
for every n > 0, there exists a compact set K,, C U with |f| <non U\ K,,.

- Co(U;R™) is the space of continuous and bounded functions from U to R™.
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- M(U) is the space of real-valued Radon measures with finite total varia-
tion. We recall that, by the Riesz Representation Theorem, M(U) can be
identified with the dual space of Co(U) through the duality

<u,¢>=/U¢du, je M), 6 € ColU).

- P(U) denotes the space of probability measures on U, i.e. the space of all
w € M(U) such that > 0 and pu(U) = 1.

- Instead, M(2,R™) denotes the space of R™-valued Radon measures with
finite total variation.

- L°(Q) is the set of measurable functions f: Q — R
- LY(Q,Co(U)) is the space of maps ¢ : 2 — Co(U) such that:
(1) ¢ is strongly measurable, i.e. there exists a sequence of simple functions
Sy 0 0 = Co(U) such that ||s,(x) — ¢(x)||cewy — 0 for a.e. x € Q;
(1) = = [lo(@)lleowy € LH).
- L2(Q, M(U)) is the space of maps v : 2 — M(U) such that:
(1) v is weak™ measurable, i.e. = +— (v,,¢) is measurable for every ¢ €
Co(U);

(1) © — |[Va]lmwy € L°(R). The space Ly (2, M(U)) can be identified
with the dual space of L'(Q,Co(U)) via the duality

(1, 6) = / / o, )y (€)dz, € L2 M(U)), 6 € LN Co(U)),

where ¢(z,&) = ¢(x)(§) for all (x,£) € Q x U.

- In case one of the previous sets is considered with respect a specific proba-
bility measure pu, the set will be indicated with u as a subscript, for example
as in L, (U,RY)

- The space L2, (Q) stands for the LP-closure of all functions f € C(R") which

per
are ()Q—periodic.

Furthermore, the notation f ~ g means that there exist two constants c;,cy > 0
such that ¢;f < g < ¢of. Given an exponent p € (1,400), we denote by p’ its
Holder conjugate exponent, namely p’ := ]ﬁ. If p =1, then its Holder conjugate
exponent is p’ = +o0o and viceversa. We denote with | - | the Frobenius norm for
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matrices, i.e. |[M|*:=tr(MM7T) where M € RV*¥ and with : the scalar product
associated with the Frobenius norm, i.e. A : B := tr(AB") for A, B € RV*V,
With the same notation, namely |-|, we also indicate the standard vector Euclidean
norm, and with - the scalar product in R¥.

We say that a function w : [0, +00) — [0, +00] is a modulus of continuity if it is
increasing and such that w(0) = lim, .o+ w(t) = 0. Note that we do not require
concavity and we allow extended real values

We denote by RY*N the space of real-valued N x N symmetric matrices. Given a

Sym

set O C X, we denote by I the indicator function of the set O, namely

0 if x € O,

lo(x) := {+oo ifxé¢O

and with yo the characteristic function of the set O, namely

1 ifzxeO,

xolw) = {0 if 2 ¢ O,

Given a function v : € — R™, we denote by Du its distributional gradient.
We define BV (£2;R™) as the space of functions u € L'(Q;R™) such that Du €
M(Q;R™). If m =1, we simply write BV ().
When N = m, for any function u : Q@ — R™ we use the notation Eu for the
distributional symmetric gradient of u, namely Fu = %(Du + Dum), where DuT
stands for the transpose of Du. We write

BD(Q) :={u e L'(4RY) : Bue MR}
We will often indicate by ¢ a generic constant, whose value may change from line
to line.

1.2 Level convexity

Definition 1.2.1 (Lower semicontinuity). A function f : RY — R is said lower
semicontinuous in zy € RV, if

liminf f(z) > f(zo).

T—TQ

We are in position to recall the convexity notions which are key in the supremal
setting, referring to [I37] for a general review.

Definition 1.2.2 (Level convexity). We say that f : RY — R is level convex if
the level-set {& € RY : (&) <t} is convex for every t € R.
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The following is a substitute for Jensen’s inequality for level convex functions.

Lemma 1.2.3 (Theorem 1.2, [30]). Let f : RY — R be a lower semicontinuous and
level convex function and let u be a probability measure in the open set U C RV,

Then
f(/ ud,u) < pess-supy fou
U

for every uw € L), (U,RY).

1.3 Young measures

In this subsection we briefly recall some results on the theory of Young measures
(see e.g. [26], [37], [147, 48] and [87, 138]). Let Q@ C RY be an open set and
d,k > 1, we denote by C.(Q;R?) the set of continuous functions with compact
support in 2, endowed with the supremum norm. The dual of the closure of
C.(2;R?) may be identified with the set of R%valued Radon measures with finite
mass M (Q; R?), through the duality

(e)i= [ POdE),  we MORY, ¢ eCUnRY.
We recall also the normal integrand and the weak*-measurability notion:

Definition 1.3.1 (Normal integrand). A function f : Q x R x RF — R is called
a normal integrand if

o fis LV x By x Biy-measurable;
e f(xz,-, ) is lower semicontinuous for a.e. z € 2.

Definition 1.3.2 (Weak*-measurability). A map u: Q — M (;R?) is said to be
weak*-measurable if o — (u,, ) are measurable for all p € C,(Q;R9).

The next result is known as the Fundamental result on Young measures (in
[122, Theorem 3.1] the reader can also find a proof). Young measures, indicated
in the statement as p,, have the property to describe the oscillatory behavior of
a sequence of bounded functions, in probabilistic terms. For this reason they will
be exploited in the proof of several main results of this thesis.

Theorem 1.3.3 (Fundamental Theorem on Young Measures). Let E C RY be
a measurable set of finite measure and let {V,}, be a sequence of measurable
functions, V,, + E — R Then there ewists a subsequence {Vi b and a weaks
measurable map p : E — M(R?) such that the following statements hold:
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(1) Mz > 0, ||Mz||M(Rd) = fRd d,uac <1 fO?” a.e. x € FE;
(2) Vi € Co(QRY)
p(Va) = ¢ in L2(RY),
where
p(@) = (e, )5
(3) for every compact subset K C R?, if dist(V,,, K) — 0 in measure, then

supp iy C K for a.e. x € F,

(4) ||zl pmmey =1 for a.e. x € E if and only if
. N A,
Jim_sup £ (Vs = M[}]) = 0 (13.1)

(5) if ||ta|lprey = 1 for a.e. x € E then in (3) we may replace "if" with "if and
only if";
(6) if 1ol pray = 1 for a.e. © € E and A C E is measurable and if ¢ € C(RY)
is such that p(V,,,) is equi-integrable in L'(A) then
p(Var) =@ in L'(A).

Remark 1.3.4. If p > 1 and © C RY is a bounded open set and u, — u in
WhP(Q,R?), then the sequence {Du,}, is equi-integrable and generates a Young
measure [t = { i }ocq such that .|| prey =1 for a.e. 2 € Q and

Du(r) = [ €du(©).

Such a Young measure j is usually called a W'P-gradient Young measure, see [121].

The previous theorem has been presented in order to provide a complete frame-
work for this kind of object to the reader, but the main properties that will be
needed in the proof can be summerized in the following Lemma.

Lemma 1.3.5. Suppose that Q is bounded and u,, — u in WH4(Q;R?), ¢ € (1, 00).
Then there exists a family of probability measures { iz }req on RN such that

Du(x) = Edug (&) forae. x €

RNd

and, for any normal integrand f : Q x R? x RV? — Rt

lim inf /Q F(@,un (), Du(x)) dz > /Q [ @), dua(€) d,

n—oo
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With the notation of the previous lemma and v € L°(2, R?), [83, Remark 2.11]
states that

P

lim </Q . flz,v(x), )P dug(§) da:) = €8S-SUD, cq Hae5S-SUDgcgr f (2, 0(1), §).

p—00

Combined with the inequality ji,ess-supgcgs f(z,v(7),§) > f(z,v(x), Du(z)) from
Lemma [1.2.3], this implies the following:

Corollary 1.3.6. With the assumptions and notation of the previous lemma, we
have

i ([ [, oo €7 (o dx)’l’ > essesupy o f (2. (@), Du(a)

p—o0

provided that f(x, z,-) is level convex for every z € RY and a.e. x € .

1.4 Generalized Orlicz spaces

In this subsection, we provide background on generalized Orlicz spaces. The main
references have been [60, 98], which are an ideal starting point for Orlicz spaces
literature. The main goal for Orlicz-Spaces is to give a suitable setting in order
to extend the notion of classic Lebesgue spaces, where instead of controlling a
function with its p power, we will work on the composition ¢(f), where ¢ is a
suitable function yet to define.

Firstly, we need to define the space (and so the properties) that given function has
to satisfy. The next conditions, which measure the lower and upper growth-rate
of the function ¢, will play a fundamental role in defining the main properties we
want to exploit.

In order to define the spaces we use in our work, we need to give different notions
of norms and modulars that generate our spaces. Note that our terminology differs
from the original one in [123], but follows the lines of [82 [104] in order to get a
clearer connection between the modulars and their associated norms.

Definition 1.4.1. Let X be a real vector space and let || - || : X — [0,400] be a
function on X. Consider the following conditions:

(N1) ||f|l = 0if and only if f =0,
(N2) |laf]] = |a| || f]| for all f € X and a € R,

(N3) [[f +gll < L7 + llgll for all f, g € X,
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(N3’) there exists ¢ > 0 such that || f + g|| < c(||f]] + ||g]|) for all f,g € X.
We say that || - || : X — [0, +o0] is

« a quasi-seminorm if and only if it satisfies (N2) and (N3’),

 a seminorm if and only if it satisfies (N2) and (N3),

 a quasinorm if and only if it satisfies (N1), (N2) and (N3’),

« a norm if and only if it satisfies (N1), (N2) and (N3).

Note that conditions (N2) and (N3), equivalently (N2) and (N3’), already im-
ply that if f = Ox then ||f|| = 0, namely condition (N1) only adds one of the two
implications.

Definition 1.4.2. Let X be a real vector space. A function g : X — [0, +0o0] is
called a quasi-semimodular on X if and only if

(ii) the function A — p(Ax) is non-decreasing (i.e. p(A1x) < o(Aex) if Ay < Ay)
on [0,+00) for every x € X,

(iii) o(—z) = o(x) for every x € X,
(iv) there exists § € (0, 1] such that for every z,y € X and every 0 € [0, 1]

0 (Bbx + (1 =0)y)) < bo(x) + (1 = 0)o(y).

If (iv) holds with 8 = 1, then p is called semimodular. A quasi-semimodular is
called a quasimodular when p(z) = 0 if and only if z = 0x. A modular is defined
analogously from a semimodular.

Definition 1.4.3. Let X be a real vector space. If p is a quasi-semimodular in
X, then the modular space

X, ={zeX : |z, < +oo}

is defined by the quasi-seminorm

Iz, = inf{)\>0 : Q(i) g1}.
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1.4.1 Generalized ¢-functions and Orlicz spaces

In this subsection we give some definitions regarding ®-functions and we then
define generalized Orlicz (or Musielak-Orlicz) spaces, following the lines of [98].
Since we are also going to make use of singular measures, the assumptions always
need to get adjusted to hold for every point, as in [104].

Definition 1.4.4. A function f : @ — R is called L-almost increasing if there
exists L > 1 such that f(s) < Lf(t) for every s < t. If this inequality holds
for L = 1, the function is called non-decreasing. We define analogously L-almost
decreasing and non-increasing functions.

Definition 1.4.5. We say that a function ¢ : Q x [0,4+00) — [0, +00] is a weak
$-function, and we write ¢ € ®,,(Q2), if the following conditions hold:

the function x — ¢(z, | f(x)|) is measurable for every function f € L°(),

the function ¢t — ¢(x,t) is non-decreasing for every x € Q,

e ¢(x,0) = lim ¢(x,t) =0 and tl}er o(x,t) = +oo for every x € €,

t—0t

the function ¢t — @ is L-almost increasing on (0,4o00) for every x € 2
with a constant L independent of z.

If, moreover, ¢ € ®,,(2) is convex and left-continuous with respect to t for every
x € ), then ¢ is a convex ®-function, and we write ¢ € ®.(2). If ¢ does not
depend on z, then we omit the set and write ¢ € ®,, or p € P,.

Note that since we deal with conjugates of functions possibly with linear growth
at infinity, it is needed to allow for extended real-valued ®-functions. Now we are
in the position of defining generalized Orlicz spaces.

Definition 1.4.6. Let ¢ € ®,,(£2) and define

0,(f) = /ng(x, |f]) dx for every f € L°(Q).
Then, the set
L?(Q) == (L°(Q)),, = {f € L) : 0,(\f) < +oo for some A > 0}

is called a generalized Orlicz space with quasinorm given by || f{|, = || fl,,. We
use the abbreviation || f||, := [|[f]]|, for vector-valued functions.
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Thanks to [98, Lemma 3.2.2], it is known that || - ||, is a quasinorm in L¥(2)
if p € ®,(2), and a norm if p € P.(Q).
Now we need to define some standard conditions on ®-functions that grant them
additional properties, which sometimes are inherited by their conjugate functions
as well.

Definition 1.4.7. Let ¢ : Q x [0,400) — [0,400] and let p,q > 0. Then we
define the following conditions:

(AO) There exists 5 € (0, 1] such that ¢(z,5) <1 < p(z, %) for every x € Q.

(alnc), There exists L, > 1 such that t — “"(g,’t) is L,-almost increasing on (0, +00)
for every x € Q.

aDec), There exists L, > 1 such that ¢ — 2@ is I, almost decreasing on (0, +o00
q q tq q
for every x € Q.

We say that (alnc), respectively (aDec), holds if (alnc),, respectively (aDec),,
holds for some p > 1, respectively ¢ > 1.

Remark 1.4.8. Note that, by Definition every function ¢ € ®,,() satisfies
(alnc);.

Note that if ¢ € ®,,(£2), then ¢(-,1) ~ 1 implies (A0). Moreover, if ¢ satisfies
(aDec), then (A0) and ¢(-,1) &~ 1 are equivalent. (alnc) and (aDec) are quanti-
tative versions of the V5 and Ay conditions and measure lower and upper growth
rates.

Example shows that generalized Orlicz spaces cover also L*°-spaces with-
out the need for special cases. This is of special importance in this thesis as the
main focus for the use of these spaces is the limit when the growth-rate tends to
infinity.

In this example and in future analogous cases, we use the convention co-0 = 0.

Example 1.4.9. Define ¢og € ®,(Q) by @oo(®,t) := 00X(1,00)(t). Then ¢ is a
generalized weak ®-function. From the definition of modular we see that

0, if|f]<1ae.

oo, otherwise.

P%o(f) = {

It follows from the Luxemburg norming procedure that || - ||,.. = || - [|cc and so
L#=(Q) = L*(Q).
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Other examples of generalized Orlicz spaces are (ordinary) Orlicz spaces where
¢(x,t) is independent of x, variable exponent spaces LP®) where ¢(x,t) = t?(*)
[79], double phase spaces p(z,t) = t¥ + a(x)t? 29, 96], variable exponent double
phase spaces ¢(r,t) = t*@ 4 a(x)t4® [71] and many other variants (e.g. [22]).

The Orlicz—Sobolev space is defined based on L¥(2) as usual:

Definition 1.4.10 (Orlicz—Sobolev space). Let ¢ € ®,(Q). The function u €
L?(Q) N W51 (Q) belongs to the Orlicz-Sobolev space W#(Q), if the weak partial
derivatives B:Z’ i=1,...,N, belong to L?(£2). We define a modular and quasinorm
on Wh#(Q) by

N Ou , u
p1p() == po(u) + Y py £ and |ju||y,, ;= inf {)\ >0 p1g ()\) < 1}.
i=1 i

1.5 ['—convergence

This subsection introduces I'-convergence and justifies its importance in the frame-
work of the Calculus of Variations. The idea is to formalize a framework that allows
one to approximate a given functional by a sequence of functionals, in such a way
that the corresponding infima converge to the minimum of the original functional.
In the first place, we recall the topological definition of I'-convergence.

Definition 1.5.1 (Definition 4.1, [73]). Given a topological space X, the I'-lower
limit and the T-upper limit of the sequence {F}},, F,, : X — R, are functions
from X to R defined as

I' — liminf F,,(z) :== sup liminf inf F,(y)

n—oo UGN(m) n—oo yelU

I' —limsup F,,(z) :== sup limsup inf F,(y),

n—00 UeN(z) n—oo yeU

where N (z) is the family of all neighborhoods of the point x.

If there exists a function F' : X — R such that F = T' — liminf, ,, F,(z) =
' — limsup,,_,., Fn(x), then we say F = T' — lim,,_, F;, and that {F,}, is T-
converging to F' or that F' is the I'-limit of {F}, },.

In the following, whenever we refer to the I'-limit (provided that X is a metric
space), we will use the sequential characterization, proved to be equivalent to

Definition [1.5.1] as described in the next Proposition [1.5.2]
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Proposition 1.5.2. [Proposition 8.1, [73]] Let X be a metric space and let F,, :
X — RU{+oo} for every n € N. Then {F,}, I'-converges to F with respect to
the strong topology of X (and we write I'(X)-lim,,_,o F,, = F) if and only if

(i) (T-liminf inequality) for every x € X and for every sequence {x,}, converging
to x, it 1s
F(z) <liminf F,(x,);

n—oo

(i) (T-limsup inequality) for every x € X, there exists a sequence {x,}, converg-
ing to x such that
F(x) = lim F,(z,).

n—oo

It follows from the previous definition that the I'-lim,,_.., F}, is lower semicon-
tinuous on X (see [73, Proposition 6.8]). This implies, as the next example shows,
that a constant sequence of functionals may converge to a different I'-limit.

Ezxample 1.5.3. Let’s consider the sequence of functionals F,, = F : R - R, n € N,

defined as
lifz=0
Foa)=4{ "
0 if x # 0.
In this case F;, converges pointwise to F' everywhere, but F}, does not I'-converge
to F: indeed, F,, = G, where G(z) =0, for every x € R.

An analogous definition can be given for I'-convergence with respect to the
weak™® topology on X, since it is metrizable on compact sets. We denote it by
[(w*-X)-lim,_, F,,. Hence we recall also that the function F' = I'(w*-X)-lim,,_,o. F},
is weakly™ lower semicontinuous on X and when F,, = ¢ Vn € N then F' coincides
with the weakly* lower semicontinuous envelope of v, i.e.

F(x)zsup{h(x): Vh: X - RU{£oo} w"ls.c., h <1 on X}

(see Remark 4.5 in [73]).

The reasons for the interest in I'-convergence rely on the statement of the next
theorem, which provides a converging sequence for the minimum of the limit func-
tional, under a I'-convergence assumption (see [73, Chapter 7]).

Theorem 1.5.4 (Fundamental Theorem of I'-convergence). Let
F,: X — (—o00,400] be a sequence of functionals such that

i%f F.(x) > —o00,Vn € N.
Let x, € X,¥n € N and let €, > 0 such that £, — 0, as n — oo and

F.(z,) < igl(f F.(z)+¢e,, Vn e N.
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If 2, — x for some v € X and if F, = F for some F: X — [—00, +00] then

F(z) = m}}nF and lim F,(z,) = min F.

n—-+o0o

For more details about I'-convergence, the reader can refer to [73] and [49].

20



Chapter 2

Convergence of generalized Orlicz
norms with lower growth rate
tending to infinity

2.1 Introduction

In recent years, supremal functionals, i.e.

F(u) :=ess sup f(z,u(z), Du(x)), (2.1.1)
BAS

with Q C RY open, u € Wh*(Q;R?), and f: Q x R? x R4 — R a suitable Borel
function, have being object of growing interest in view of the many applications.
Indeed many variational models are expressed by means of energies which are not of
integral form since the relevant quantities entering in the modeling do not express
a mean property. As a matter of fact, minimization of L* functionals enters in
the description of yield set in plasticity, in optimal design, in the description of
the dielectric breakdown (see e.g. [48, 611, 95, ©94]), in optical tomography ([109]),
in connection with the infinite laplacian as in the seminal papers [13] 14} [15] [16)
17] and recently in [21) [68, 136]. Indeed functionals as in can be seen
as the counterpart of integral functionals, which give rise to the Euler-Lagrange
(Euler-Aronsson in this setting) equations (or systems) of A-type. On the other
hand, for minimization problems involving , it is important to consider the
pointwise behavior of the energy density also on very small sets as long as they
appear in a very natural way in variational problems, where the relevant quantities
do not express a mean property and the values of the energy densities on very small
subsets of {2 cannot be neglected.
Motivated both by the above mentioned applications of power-law approximation,
and by the fact that L*>°-norm of a measurable function is the limit, as p — +oo of

21
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its LP-norms, many authors (see e.g. [11], 47, 48, 58, 63} [83], [77), 133, 134]) studied
the variational convergence of the energies

1/p
I(u) := </Q f(z,u, Du)? dx) (2.1.2)

as p — 00, obtaining a (I'-)limit of supremal type described in terms of a suitable
limiting density, not necessarily coinciding with the original one f. More precisely,
the limiting density satisfies suitable convexity properties, for instance in the scalar
case (i.e. d or N = 1) it is level convex in the last variable.

Still under level convexity assumptions, the energy I, has been generalized to two
complementary cases: Orlicz growth by Bocea and Mihailescu [46] and variable
exponent growth by Eleuteri and Prinari [83]. Instead, in the paper [38], we con-
sider the same problem in the context of generalized Orlicz spaces, which covers
both of these as special cases. Generalized Orlicz spaces (also known as Musielak—
Orlicz spaces) and related PDE have been intensely studied recently, see, e.g.,
[66], 102], 105, [106|, T08] and references therein. In fact, both the L>- and the
non-standard growth energies are related to image processing [61], [64) [99).

The proofs follow the general approach of previous papers but developing im-
proved techniques with weaker assumptions. The tools used in [46] [83] led to the
unexpected assumption that ratios of the lower and upper growth-rates of the ap-
proximating functionals (denoted ¢ and p= in these papers) are bounded. Thanks
to more precise estimates we improve in the paper, we manage to avoid this as-
sumption. Indeed, we need no assumptions about the upper growth-rate and can
consider non-doubling functionals as well. For instance, the energy | Du|"*/#| that
was excluded from previous results. In addition, we manage to deal with open sets
of finite measure, whereas previous results required regularity of the boundary.
We cover both norm- and modular-type energies with much the same method (cf.
Theorems [2.3.3)). The general ¢-growth highlights the exact properties that are
needed for the results more clearly than the LP-case, as a comparison of the as-
sumptions in Theorems [2.3.2) and [2.3.3] shows, see also Example [2.3.4]

In Section [2.2] key tools for transferring results for constant exponents to the gen-
eralized Orlicz case are proved. Section with the main convergence results
concludes the chapter.

2.2 Asymptotically sharp embeddings

In this section, we present some auxiliary results, which are the main tools to prove
the I'-convergence result. These Orlicz-related propositions are a generalization of
classical ones in different settings, such as variable-exponent Lebesgue spaces.
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The first in order, the unit ball property, is a fundamental relation between the
Orlicz quasinorm and the related modular.

Lemma 2.2.1 (Unit ball property, Lemma 3.2.3, [98]). If ¢ € ©,,(R2), then

Iflo<1 = p(f)<1 = |fll, <1

A stronger result can be obtained adding left-continuity on the ¢, but this
version is enough for our purpouses.
The following proposition plays a significant role in reducing our main problem
to the classic Lebesgue space L9({2), where we can use the results about Young
measures previously presented. The embedding is well-known (see [98, Lemma
3.7.7]) but we need a version with an asymptotically sharp constant as p — oc.

Proposition 2.2.2. Let Q have finite measure, ¢ € ©,,(Q) and ¢, L > 1. Assume
that

o 1<) <c forae xe
» o satisfies (aInc), with constant L for some p > 1.
Then L#(Q) — LP(QQ) and
I llze < LA + )7 ]| - [l (2.21)

Proof. The condition (A0) follows from £ < ¢(z,1) < ¢ and (alnc),, and so the
embedding holds [98, Lemma 3.7.7]. By the unit ball property (Lemma [2.2.1]), the

norm inequality ||u||r» < C||ul|, follows once we prove that

p¢<C|u|> = / go(x, CM) dr > 1.
[Jul| Q [[ull

Let us derive a lower bound for ¢. By (alnc),,

1 1
t) > —t* 1) > —tP
plat) = Tplw1) = T

when t > L'/P > 1. If we subtract % from the right-hand side, we obtain a function
which is negative when ¢ < L'/? and therefore a suitable lower bound also when ¢
is in this range. It follows that

1 1
1) > —tP — =
w(w,)_LC .

for every t > 0. Applying this in the modular, we see that

/ ( C|u|> / 1 <C|u|>p 1 cr Q|
ol z, dxr > — ——dr = — — —.
Q [[ullp o Le \ [lull, c Le ¢

Thus the desired norm-inequality holds if the right-hand side is greater than 1,
which is equivalent to C? > L(|Q| + ¢). O
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The next proposition essentially takes care of the lim sup-part of the estimate
in the main results. The almost increasing assumption is satisfied (with L = 1)
for example when (/P is convex.

Proposition 2.2.3. Let Q) have finite measure, @, € ®,(Q) forn € N and ¢, L >
1. Assume forn € N that

o < p(x,1) <c forae xe
o o, satisfies (alnc),, with constant L for some p, > 1.
If pp, — o0, then lim,_, ||ull,, = ||ull for all u € L>(2).

Proof. 1f ||ul]|cc = 0, then u = 0 and there is nothing to prove. It suffices to
consider the case ||u||oc = 1, since the general case can be reduced to it by the
normalization 4 := m

By the definition of limit, we have to find for every ¢ € (0,1) a number ny € N

such that q

1+¢ 1—¢

for all n > ng. By the unit ball property (Lemma [2.2.1)) this inequality follows
from

Pen (L= )u) <1< pg, (1 +€)u).
Fix ¢ € (0,1). By (alnc),,, ¢n(z,1 —¢) < L(1 —e)Prpp(x,1) < Le(l — €)Pn.
Since |u| < ||ulloo = 1 a.e. and ¢, is increasing, we conclude that

P ((1—e)u) = /QQOTL(JC, (1—e)|ul)dx < /ann(x, 1—¢)dr < Le(1—¢)P Q] =3 0.

Thus we can find ny such that p,, ((1 —¢)u) < 1 for all n > ny.
To deal with the second inequality, we consider A := {(1 + ¢)[u| > 1+ 5}.
Since ||ul|o = 1, it follows that |A| > 0. By (alnc),,,

(T, 1+ 5) > L1+ 5)pn(z,1) > E(1+5).

The inequality 1 < p,, ((1 + €)u) follows for large n from the estimate

/%(x, (1+9)ul) de > / onm, 1+ 2)dr > L1+ ™A S oo, O
Q A

The previous two results used the assumption % < pn(x,1) < ¢, which is
stronger than (A0). This is because (A0) is not sufficient, as the next example
demonstrates. Indeed, the sequence ¢,, defined in the next example satisfies all the
assumptions of Proposition , but does not satisfy % < pn(z,1) < ¢, although
it does satisfy (A0).



2.3 MAIN THEOREMS 25

Ezample 2.2.4. Define ¢, € ®,, by p,(t) := (a,t)", where § < a, < % Then
¢y, satisfies (A0) with constant 3. If a, — a # 1, then || - |, = || - |lpuee =
al| - |loe, Where g00(t) := 00X (1/a,00)(t). Therefore, the conclusion of the previous
proposition does not hold in this case. If @ > 1, then the inequality |ul,, <

¢n||ul|so of Proposition similarly does not hold with any constant ¢, — 1.

The second example shows that the assumption that each ¢, satisfy (alnc),,
with the same constant L is also needed for the conclusion.

Example 2.2.5. Define ¢ € &, by ¢(t) := max{0,2t — 1} + ¢ (t). We consider the
constant sequence ¢, = ¢, whose Luxemburg quasinorms converge to | - ||, not
| - |loo- Since ¢,(1) = 1, the first condition of Proposition is satisfied. Let
{pn}n be a sequence converging to co. We show that ¢, satisfies (aInc),, with a
constant L, > 1. If ¢ < £, then ¢(¢) = 0, and if ¢ > 1, then ¢(t) = co. Thus it is
enough to show the second inequality in the following when % <M<t <1:

on(M) = 2M — 1 < (2t — )X < LA (2 — 1) = LA, (1),

This inequality holds when L, > A~P». Since A > £, the choice L, := 2/~ works
for (alnc),,.

Note that both examples are of Orlicz type as the dependence of ¢ on x is not
used here.

2.3 Main theorems

In this chapter, the main results of the paper are presented and proved. In partic-
ular, two different I'-convergence results are proved for a sequence of functionals
defined in the Orlicz spaces, which rely respictevely on a norm-based and modular-
based version.

Let ¢ € ,(Q) and f: Q x R x RN? — R. We define E,,, F, : L'(, R%) — [0, o0]
by

Pw(f(H u, Du)) ifue mlog(Qv Rd)a

o0 otherwise,

E,(u) == {

and

F,

®p

(U) — {Hf(?ua Du)”sﬁ ifue mlogl(QaRd)a

00 otherwise.

The abbreviations F,, and F,, refer to the case ¢ = ., from Example [1.4.9]
related L.

Remark 2.3.1. It follows from Theorems [2.3.2| and [2.3.3| that {F},}, and {Ey, }»
I-converge to F,, and E,, respectively, with respect to the L'-weak topology.
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Specifically, we prove the lim inf-property of I'-convergence and show that we can
use a constant recovery sequence.

Theorem 2.3.2. Assume that ) has finite measure. Let f : Q x R? x R¥4 5 R
be a normal integrand such that

o f(x,u,-) is level convex for a.e. x € Q and every u € R%;

o fla,u,&) > alé]” for some o,y >0, a.e. x € Q and every (u, &) € RY x RV,
Let @, € ©,(Q) forn € N and ¢, L > 1 and assume that

. % < pul(z,1) < c forae x €

o @, satisfies (alnc),, with constant L for some p, > 1.
If p, = 00 as n — oo, then

limsup F, (u) < Fio(u) < liminf F,, (u,)

n—oo n—00
for all u,u,, € LY(Q,R?) with u, — u in L*(,RY).
Proof. For simplicity we abbreviate F,, := F, , n € N. Let us first show that

limsup F,,(u) < Fio(u)

n—oo

for u € LY(Q,RY). If F(u) = oo, this is clear. Otherwise, Fi(u) < oo so
f(-;u, Du) € L>(2) and Proposition [2.2.3| gives that

Tim Fy(u) = lim | f( Du)llp, = £ Du) e = Fuolu).

We next deal with the lim inf-inequality. Let {u,}, C L'(Q, R?) converge weakly
to u € LY(Q,RY). Without loss of generality, we assume that

liminf F,(u,) = lim F,(u,) = M < cc.

Then every subsequence of {u,}, also has limit M. Recall that p, — oco. Fix
q >~ and let ng € N be such that

Dn > 4 nd Fo(u,) < M+1 for all n > ny.
Y

From p, > £ it follows that ¢, satisfies (alnc)q/, with the same constant L as in
the assumption. By Proposition [2.2.2]

1£Cottns Dun)llysy < (2120 + )7 £+t D)y, < CH(M +1). (2.3.1)

=:Cy
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for every n > ny. We note that C;, (1 as ¢ — oo. We use this inequality and the
assumed lower bound on f to estimate the norm of the gradient:

1Dually = 1Dl < 315t D)y < SO +1),

It follows that {||Duy||4}n is bounded. Then, up to a subsequence (depending on
q), {Duy}, weakly converges to a function w in L4(Q2, RN4). Since {u,}, weakly
converges to u in L'(Q, R?), w is the distributional gradient of w.

Fix an open ball B C 2. We use a version of the Poincaré inequality where
Li-integrability is required only for the gradient. By the theorem in Section 1.5.2
[118, p. 35], we obtain that

||unHLq(B,JRd) < lun — (un)BHL‘Z(B,Rd) + ||(Un)B||Lq(B,Rd)
1_
< ¢(N, B)HDunHL’I(B,R‘i) + [ B4 1||un||L1(B,Rd)v

Since {||Dun|l4}n is bounded and w, — w in L'(Q,R?), the right hand side is
uniformly bounded. Thus reflexivity in L4(B,R?) yields that {u,}, has a weakly
convergent subsequence. We have found a subsequence, denoted still by {uy,}n,
with u, — u in WH9(B,R%). Let {i,}zep be the family of probability measures
(the “Young measure”) from Lemma corresponding to this subsequence. We

use the first inequality from (|2 in B and Lemma _ 5|for the normal integrand
f9/7 to conclude that

ol
q

lim inf £, (u,) >hm1nf</ F(x, un(z), Dun(2))7 dm)

</ RNdf T U ) 5)%(1”1’(5) dx)

Take the limit inferior on the right-hand side as ¢ — oo and use C; — 1 as well
as Corollary [1.3.6}

<R

QR

lim inf F,, (u,) > hmlnf (/ szdf x,u(zx), §)%d,ua,(§) dm)

n—0o0
> esssup, e/ (z,u(x), Du(x)) = sup_f(z,u(x), Du(x))
z€B\A
where A C B is the exceptional set of measure zero related to the essential supre-
mum. We can write {2 = U;cyB; as a countable union of balls B; and then we
obtain an estimate for the supremum in Q \ U;enA; C Uien(B; \ A;), where A; is
the exceptional set corresponding to B;. Since also U;cnyA; has measure zero, this
gives the essential supremum in 2. Thus we have proved the lim inf-inequality and
completed the proof. O
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We conclude with a similar result for the modular-based energy functional. We
use the notation ¢~ (1) := ess iélfcp(x, 1) and ¢ (1) := ess-sup,cqp(, 1).
Te

Theorem 2.3.3. Assume that ) has finite measure. Let f : Q x R? x R¥4 5 R
be a normal integrand such that

o f(x,u,-) is level conver for a.e. v € Q and every u € RY;

o fla,u,&) > alé]” for some o,y >0, a.e. z € Q and every (u, &) € RY x RV,
Let ¢, € ©,(Q) forn € N and L > 1 and assume that

e limsup, . ¢} (1) =0 and liminf, . o, (1)"/P» > 1;

o o, satisfies (alnc),, with constant L for some p, > 1.

If p, = o0 as n — oo, then

limsup F,(u) < Ex(u) < lim inf E,(uy)

n—oo

for all u,u, € LY(Q,R?) with u, — u in L*(Q,RY).
Proof. We again abbreviate E, := E, , n € N. Let us first show that

limsup E,(u) < Ex(u)

n—o0

for any u € LY(Q,R?). If E.(u) = oo, this is clear. Otherwise, E . (u) = 0 so
1/ (-, u, Du)|loe < 1. Thus we obtain that

limsup F,(u) = limsup/ on(x, f(-;u, Du)) dz < limsup |Q| ¢ (1) =0
QO n—oo

n—o0 n—o0

and the inequality follows.
To deal with the liminf-inequality, let {u,}, C L'(Q,RY) converge weakly to
u € L' (2, R?). Without loss of generality, we assume that

liminf E,(u,) = lim E,(u,) = M < co.
n—oo n—oo

Define ¢,, € ®,,(2) by ¢n(x,t) == %. Let ny € N be such that E, (u,) < M+1
for all n > ng, so that

M+1
©, (1)

/ O, f(2,Up, Duy)) de <
Q



2.3 MAIN THEOREMS 29

Since ¢, satisfies (alnc),, with the same constant L, this yields by Corollary 3.2.10
of [O8] that

17t D), S { (£ (s D) 1 < e { (FELED) )

and consequently

lsn sup |-, tn, D), < max { limsup g (1) 777, 1f = 1.
n—oo

n—oo

Since ¢, satisfies the requirements of Theorem [2.3.2] with the same L and ¢ = 1,
it follows that Fao(u) < 1, ie. u € W (Q,RY) and | f(-,u, Du)|lse < 1. Thus
FEoo(u) < peo(1) = 0, and hence the lim inf-inequality holds. O

The assumptions of Theorem [2.3.3] differ from Theorem [2.3.2] The next ex-
ample shows that the condition % < pn(z,1) < ¢ is not sufficient in the latter
theorem.

Ezample 2.3.4. Let p, := n for all n. Then ¢,(t) := t" satisfies (aInc), and
L < ¢u(x,1) < ¢ but not the condition limsup,,_,. ¢, (1) = 0 of the previous
theorem. Moreover, the claim of the theorem also does not hold: if f and u are
such that f(x,u, Du) = 1 a.e., then E,(u) = |Q| for every n € N but F,(u) =0
so that
limsup F,(u) > Ey(u).
n—oo

On the other hand, the energy ¢, (t) := %t” does satisfy the conditions the previous
theorem.

The theorems proved above extend the results previously obtained in [46] and
[83]. In contrast to these works, which focus respectively on Orlicz growth and vari-
able exponent growth, within the present analysis we are able to consider the same
problem in the context of generalized Orlicz spaces (or Musielak—Orlicz spaces) un-
der more general assumptions. In particular, we manage to avoid the assumption
that ratios of the lower and upper growth-rates of the approximating functionals
(denoted ¢F and p in previous papers) are bounded. More precisely, we need
no assumptions about the upper growth-rate and can consider non-doubling func-
tionals as well. In addition, we are able to deal with open sets of finite measure,
whereas previous results required regularity of the boundary. As a consequence,
the classical results of [46] and [83] are recovered as particular cases of our frame-
work.



Chapter 3

Approximation of L°° functionals
with generalized Orlicz norms

3.1 Introduction

In this chapter, as in the previous one, the main focus is I'-convergence of a
sequence of energies whose growth-rates tend to infinity. As mentioned in the
last chapter, we recall here some motivation and earlier studies: Garroni, Nesi
and Ponsiglione [95] studied dielectric breakdown using I'-convergence of power-
growth functions as the exponent tends to infinity. A more complicated functional
of power-type was considered by Katzourakis [109] in a model for fluorescent optical
tomography. Prinari and co-authors [63, 133] [134] considered an abstract version
with the convergence of the energy

I,(u) ::/Q;f(x,u, Du)P dx

as p — 0o. A similar problem without dependence on the derivative was considered
in [I11, 47, [48] and related to applications in polycrystal plasticity. If the energy
is of non-standard growth-type [I16], then the I'-limit can contain singular parts
[119]. The energy I, has been generalized to two complementary cases: Orlicz
growth by Bocea and Mihailescu [46] and variable exponent growth by Eleuteri
and Prinari [83].

Instead, the main idea in [38], presented in the last chapter, consists of gener-
alizing the approach of previous papers by means of improved techniques, with
streamlined proofs and weaker assumptions. In particular, assumptions about the
lower and upper growth-rates (denoted ¢F and pE in [46, B3]) of the approxi-
mating functionals are not needed, differently from [46] and the just-mentioned
literature. In addition, in [3§] the authors are able to deal with open sets of finite
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measure, without requiring boundedness of the sets and regularity of their bound-
aries. The new setting spaces are known as Generalized Orlicz spaces (also known
as Musielak—Orlicz spaces). These spaces and related PDE have been intensely
studied recently, see, e.g., [66], 102} 105} 106, 108] and references therein. Both the
L>- and the non-standard growth energy have been related to image processing
[61], 64, [99).

In the present chapter, the first aim is to weaken the convexity assumptions on the
density f. More specifically, given ¢ € ®,,(2), (see Section for more details on
the class ®,,) and a normal integrand f : Q x R? x RV — R, we define, as in [38],
F,, E,, Fy, Ey : L'(Q,R?) — [0, 00] by

yu, D if o (2, R

Fw(u) = {”f( ) U, u)HLP Irue I{Vloc( ) )7 (311)

otherwise,
_ {p<p Ju, Du)) if u € WiiH(Q,RY), (31.2)

otherwise,
_ {Ilf 4 DUl i w Wl (Q,RY), 3.13)

otherwise,

and
() = {O, if u e Wh(Q,RY) and |f(-,u, Du)| < 1 a.e. (3.1.4)
o0, otherwise,

where p,, stands for the classic notion of modular, i.e. p,(f fQ o(x |) dz
(see [98] and Definition 2.3 for the precise meaning). More pre(zlsely7 we assume
that f satisfies the following assumptions:

(H1) f(z,u,-)is curls1)—Y oung quasiconvex for a.e. z € Q and for every u € R?,

i.e.

esssup f (m,u(x), §d,uy(§)> < esssup (,uy —esssup f(z, u(x),§)>
RNd

yeQ YyeR E£CRNd

whenever p = {u,},eq is a WHP—gradient Young measure for every p €
(1,00), where @ is the unit cube of R™ centered in the origin with side
length 1, (see Chapter [l for details about Young measures and convexity
notions);

(H2) there exist a,y > 0 such that

f(z,u,&) > alg]” for a.e x € Q and for every (u,¢) € R x RV
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Assuming also that for every n, ¢, € ®,,(Q), satisfies (alnc),, with constant L for
some p, > 1, i.e.

(H3) there exists L > 1 such that @, (z, A\t) < LA p,(z,t) for a.e. z € Q and all
£>0, <1,

and there exists ¢ > 0 such that
(H4) L < opu(z,1) <cforae ze€Q,

then, letting F, := F, , E, = E,, : L'(;R?) — [0, +0oc] be defined by
and (3.1.2), respectively (with ¢ = ¢,) we prove that (F},) sequentially I-converge
to F, with respect to the L'-weak topology, as p, — +00, so we can state the
following result.

Theorem 3.1.1. Assume that Q has finite measure. Let f : Q0 x RY x RN4 — R
be a normal integrand such that (H1) and (H2) hold. Let p, € ®,(Q) forn € N
and ¢, L > 1 and assume that (H3) and (H4) hold. If p, — oo as n — oo, then

limsup F,,(u) < Fo(u) < lim inf Fo(uy)

n—oo
for all u,u,, € L*(Q,R?) with u, — u in L'(Q,RY).
Reinforcing (H4) by

(H5) limsup ¢} (1) = 0 and liminf ¢y, (1)1 > 1,

n—oo
where ¢ (t) := esssup p,(z,t) and ¢, (t) := ess ingf2 on(z,t), in the following the-
z€Q TE

orems we show the (sequential) I'-convergence of {E,}, towards E., with respect
to the L'-topology.

Theorem 3.1.2. Let ), f, ¢, and L as in Theorem satisfying (H1) — (H3)
and (H5) Let E,, be the functional defined by (3.1.2) (with ¢ = ¢,). If p, — ©
as n — 0o, then
limsup F,(u) < Ex(u) < lim inf E,(uy)
n—oo n—oo
for all u,u,, € L'(Q,RY) with u, — u in L'(Q,R?). where Ey, is the functional in
B14).

At this point it is worth to observe that (H1) is a milder condition than level
convexity (i.e. the convexity of the sublevel sets) of f(x,u,-) adopted to prove
the results in [83, B38]. Indeed condition (H1) has been first introduced in [63]
eq. (3.1)] to prove LP-approximation for L*-type norm functionals, and later
characterized in [137], see also [I1} 12] for similar related notions.
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Furthermore, if 2 is bounded with regular boundary, then Rellich theorem and
(H2) guarantee that the weak L' convergence could be replaced by the strong one
and the notion of I'-convergence coincides with the one in Proposition [1.5.2

On the other hand, in Theorems [3.4.2] and [3.4.4] we are able to remove assumption
(H1), i.e. the curly,>1)- Young quasiconvexity assumption on f : Q x RV? — R,
in its last variable, under the restriction that f(x,-) satisfies a growth condition of

type | - |7, also from above, and assuming that o, (z,t) := t*»®) with sup,, ]’;—E < B,
for a > 0, where p;} = esssup,cqp(z), p,, = essinf,cq p,(2). ’

The result obtained gives an extension of [I33, Theorem 2.2], to the modular
case allowing also to consider p(-)-type Sobolev spaces and more general growth
conditions. We would like to underline that, differently from [134, [77], we dealt
with Carathéodory integrands instead of measurable ones, since the available re-
laxation results in WP and W1P() (crucial for the proofs) for integral functionals
with only measurable integrands (see [59, [72] and [I19], respectively) provide an
integral representation in terms of a generic quasiconvex function, which in princi-
ple, in the case p constant, may differ from the one obtained in the case p variable.
Hence no comparison among the two densities obtained relaxing F, either in W1
(o(x,€) = |€P) or in WP (p(x, &) = [£]PC)) would be possible. In contrast, in
the arguments to obtain a supremal representation by means LP()-approximation,
we rely in the case p constant, passing from p(+) to a suitable constant exponent p.
On the other hand, in this setting, due to our techniques, authors had to require
a certain regularity on (2.

The chapter is organized as follows.

In Section [3.2] we recall some specific results needed for the main theorems (mainly
concerning variable-exponent spaces and convexity notions).

In Section [3.3] we derive supremal functionals as limits of the generalized Orlicz
norms under mild convexity assumptions.

We remove in Section this latter assumption in the case where the Orlicz spaces
reduce to Lebesgue spaces with variable exponents.

3.2 Preliminaries

For the purpose of this chapter, we consider the case when Q0 C RY is an open set
(where N > 1) and denote by LY (U) the N-dimensional Lebesgue measure of any
measurable set U. In the sequel we consider functions u : Q — R¢, with d > 1 and
we denote by k£ any dimension different from Nd.
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3.2.1 Variable exponents Lebesgue-Sobolev spaces

In this subection, we present the variable exponent, as a special case of generalized
Orlicz, with ¢(x,t) = tP®) for some measurable function p : Q — [1, 4+oc], called
variable exponent on 2. In this subsection can be found a collection of some
specific results concerning variable exponent Lebesgue and Sobolev spaces. For
more details we refer to the monograph [79)].

Definition 3.2.1. For any (Lebesgue) measurable function p : Q@ — [1, +00] we

define

p~ = essinf p(x) pt = esssup p(x).
LSS zeQ

If p© < +o0o we call p a bounded variable exponent, and we can define the
variable exponent Lebesgue space as

LPO(Q) = {u : 2 — R measurable such that / u(2) [P dx < —i—oo} :
Q

which is a Banach space endowed with the Luxemburg norm.
By Corollary 3.3.4 in [79], if 0 < £LY(Q) < 400 and p and ¢ are variable ex-
ponents such that p < ¢ a.e. in Q, then the embedding L) (Q) — LPO)(Q)
is continuous. The embedding constant is less or equal to 2(LY(Q) + 1) and
+ —
2 max {EN(Q)(;_;) ,EN(Q)(é_%) }
For any variable exponent p, we define p’ by setting
1 n 1

p(z)  p(z)

with the convention that, if p(z) = +o0 then p'(z) = 1. The function p’ is called

the dual variable exponent of p.
Consider the following result (for more details see Lemma 3.2.20 in [79]).

Y

Theorem 3.2.2. (Hélder’s inequality) Let p,q,s be measurable exponents such
that

a.e. in Q. Then

+ +
1ol < ((p) +(q> ) T

for all f € LPO(Q) and g € L1 (Q), where in the case s = p = q¢ = 00, we use the
convention £ = 2 = 1.
In particular, in the case s = 1, we have

1 1
[ rois]< [ 1flalas < <+,_) 1o gl
Q Q p

-
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The modular in this setting specializes as,

()= [ Jula)) da.

In particular, when p* < +oo, by Lemma 3.2.5 in [79], for every u € LPO(Q) it
holds

min { (5 ()7 (o) 7 } <l
< max { (pp(.)(u)) ”%, (pp(.)(u)) T#} . (3.2.1)

In conclusion, for what concerns variable exponent Sobolev spaces, the reader can
refer to[79) Definition 8.1.2], for more details.

Definition 3.2.3. Let k,d € N, k£ > 0, and let p be a measurable exponent. We
define

WHPOQRY) = {u: Q= R : u, u € L'O(Q,RY),
Va multi-index such that |a| < k},

where
LPOQRY = {u: Q=R |u| € LPO(Q)}.
We define the semimodular on W*?)(Q) by
Pwk.p()(Q) (u) == Z IOLP<'>(Q)<’8&U|)

0<]al<k

which induces a norm by
||U||Wk,p(-)(Q) := inf {)\ >0: ka,p()(Q) (> S 1} .

Clearly Wo0)(Q) = LP0)(Q).
Variable exponent Sobolev spaces will play a major role in the following chapters
(in particular Chapters 5| and [6]), so more properties will be presented in dedicated
sections.

3.2.2 Convexity notions for supremal functionals

In this section, we provide more information following the Section [I.2]
The level convexity is proved to be necessary and sufficient condition for the lower
semicontinuity of supremal functionals in the scalar setting, [1, B0] and sufficient
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for L? and LPU)- approximation, see [83, [134], and the references therein.

On the other hand such condition is not necessary for the lower semicontinuity of
supremal functionals in the vectorial setting as firstly shown in [30]. Indeed, in this
latter paper the authors characterized the lower semicontinuity of L*>-functionals
by the so-called strong-Morrey quasiconvexity, which we recall next and rename,
as in [137], BJW quasi-level-convexity.

Definition 3.2.4. A function f : RN — R is said to be strong Morrey quasiconvex
(BJW quasi-level-convex)if

Ve>O0VEECRY YK >038=0(,K,&) >0:

p € Wh(Q; RY)
1Dl ooy < K 3 = f(€) < ess Sup f(E+Dop(z)) +e.
max,caq |p(z)| <0

On the other hand the relaxation in the supremal setting is currently open, as

well as the understanding of the sufficiency of BJW -quasi level convexity (strong
Morrey quasiconvexity) for LP-approximation, hence several other notions have
been introduced in the literature [11], 12, (63, [137].
In particular, we recall the notion of curl,>;-Young quasiconvexity as in [137],
which generalizes the concept of level-convexity (see Definition and reduces
to it in the scalar setting. The reader can refer to [63] [IT] for previously introduced
related notions and to [137] for a comparison.

Definition 3.2.5. Assume that f is lower semicontinuous and bounded from be-
low. f is said to be curl,s) — Young quasiconvex, if

esssup f (/ {dux(§)> < esssup (l/m — ess sup f(f))
RNd

z€Q z€Q EERNd

whenever v = {v, },eq is a WHP—gradient Young measure for every p € (1, 00),
where @) is the unit cube of R" centered in the origin with side length 1.

The following result, which provides characterizations of curl(,.)- Young qua-
siconvexity has been proven in [137].

Proposition 3.2.6. Let f : RV — R be a lower semicontinuous function and
bounded from below. Then the following conditions are equivalent.

(i) f is curlps1y — Young quasiconvex;
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(ii) f wverifies

f ( fdvx(§)> < v, —esssup f(§), fora.e xeEQ
RNd

EERNd

whenever v = {v,}req is a@ W'P—gradient Young measure for every p €
(1,00) and Q is the unit cube of R™ centered in the origin with side length 1;

(1ii) f verifies
£([, cn(©) < v—esswrie)

§€RNd

whenever v is a homogeneous WP —gradient Young measure for every p €
(1,00).

Moreover, in the definition of curls1) — Y oung quasiconverity the domain @ can
be replaced by any open, bounded, connected set Q C RN with Lipschitz boundary.

In the main results we prove that curl(,~) — Y oung quasiconvexity is sufficient
for power law approximation also in the generalized Orlicz-Sobolev setting.

3.3 Lower growth approximation

In this section we study the approximation as the lower growth rate tends to
00, via ['-convergence, of supremal functionals in terms of generalized Orlicz-type
quasinorms. In the following we consider a normal integrand f : Q x R¢xRY4 — R,
satisfying (H1), (H2).

3.3.1 Statement of the main results

We start by recalling from the introduction all theorems to easily compare the
results obtained according to the different set of hypotheses and topologies con-
sidered.

Let ¢ € ®,(Q), we recall the functionals F,, E, : L'(Q, R?) — [0, oc], introduced
in (3.1.1) and (3.1.2)), defined by

F,

[ .
00 otherwise.

(u) = {Ilf(-,u, Dull, it we Wi (2 RY),
and

po(f(su, Du)) if u € WhH(Q,RY),

oc

%) otherwise,
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The functionals F,, and E,, in (3.1.3)) and (3.1.4)) refer to the case ¢ = @, from
Example [[.4.9] related to L>, i.e.

00 otherwise.

. . 1,1 d
Fu) = {Ilf( D)l i u € Wil (2 RY),

and

: 1,1 d ) <
Eoo(u) —= {07 lfu E M/Z <Q7R ) and |f( ,Uz,D’U,)l -~ 1 a.e.,

oc
oo, otherwise,

Let {F,}, and {E,}, defined by (3.1.1)) and (3.1.2)), respectively, as
F,=F, and E, = E_,.

We prove in Theorems and that {F,}, and {E,}, (sequentially) I'-
converge to F,, and E., respectively, with respect to the L'-weak topology. Specif-

ically, we prove the lim inf-property of I'-convergence, i.e. (i) of Proposition
and show that we can use a constant recovery sequence for (ii) in Proposition[L.5.2]

Theorem Assume that Q has finite measure. Let f : QxRIx RN — R
be a normal integrand such that (H1) and (H2) hold.

Let p,, € ©,(2) forn € N and ¢, L > 1 and assume that (H3) and (H4) hold.

If p,, = o0 as n — oo, then

limsup F,,(u) < Fo(u) < lim inf Fo(uy)

n—oo
for all u,u,, € LY(Q,R?) with u, — u in L*(Q,RY).

Corollary 3.3.1. Let X € {L>=(Q,R%),C(Q2,R%)} be endowed with the norm
||+ [loo- Under the same assumptions of Theorem let F,, Fso : X — [0, 4+00]

be the functionals defined by (3.1.1) (with ¢ = ¢, ) and (3.1.3), respectively. Then

the sequence {Fy,}, I'- converges, with respect to the L>-strong convergence, to the
functional F, as n — +00.

We conclude with similar results for the modular-based energy functional. We
use the notation

v (1) := esseiélf ¢(z,1) and p" (1) := ess-sup,cqp(z, 1).

Arguing as in the proof of [38, Theorem 4.4] and exploiting the previous theorem,
the following corollary holds.
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Theorem Let Q, f,p, and L as in Theorem satisfying (H1) —
(H3) and (H5) Let E, be the functional defined by (3.1.2) (with ¢ = ¢,). If
Pn — 00 as n — 00, then

limsup E,,(u) < Ex(u) < lim inf E,(uy,)
n—00 n—0e0
for all u,u, € LY(Q,RY) with u, — u in L*(Q,RY), where Ey, is the functional in
B14).

Corollary 3.3.2. Let X be as in Corollary|3.53.1. Under the same assumptions of
Theorem let By, Es : X — [0,4+00] be the functionals defined by equations
(3.1.2) (with ¢ = p,) and (3.1.4), respectively. Then, (E,) I'- converges E, as

n — +oo, with respect to the L>- strong convergence.

3.3.2 Proofs of Theorems

Proof of Theorem The proof is very similar to the one of [38, Theorem
4.2], presented in the previous chapter. The main steps are written for the readers’
convenience.

Let F,, := F,

vns M € N, be the functional in (3.1.1)), with ¢ = ¢,,. To show that

limsup F,(u) < Foo(u)
n—oo

for u € LY(Q, RY), we assume, without loss of generality, that Fl,(u) < +00, hence,
by Proposition [2.2.3], it follows that

We next deal with the lim inf-inequality, following line by line [38, Theorem 4.2],
hence we can assume without loss of generality that Q is a ball B. Let {u,}, C
LY(B,R%) converge weakly tou € L'(B,R?). Without loss of generality, we assume
that

liminf F,,(u,) = 7}1—{20 Fo(u,) =M < +00.

n—oo
Then every subsequence of {u,}, also has limit M in energy. We will prove that
it will converge in any L? for every q > ~. Recall that p, — co. Fix such a ¢ and
let ng € N be such that

Dr > 9 and Fo(u,) < M+1 for all n > nyg.
Y

From p, > £ it follows that ¢, satisfies (a/nc)s with the same constant L as in

the assumption. By Proposition [2.2.2]

1F G ttms Dun)lgy < (2L(12] + )

=:Cy

X
q
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for every n > ng, and C, \, 1 as ¢ — oo.
By this inequality and (H2), it follows:

|Dually = 1Dl < ENFC s D)oy < GH(M + 1),

hence {||Duy||;}» is bounded in n for every ¢ > ~. Then, up to a subsequence
(possibly depending on q), {Du,, },, weakly converges to a function w in L4(B, R"9).
Since {u, }, weakly converges to u in L'(B,R?), w is the distributional gradient of
u. By Poincaré inequality where L%-integrability is required only for the gradient,
cf. [I18, Section 1.5.2, p. 35|, we obtain that

1
||un||L‘1(B,]Rd) < ¢(N, B)HDUnHLq(B,Rd) + | B 1||Un||L1(B,Rdl)7

Consequently {u,}, has a weakly convergent subsequence in W14(B,R?). The
metrizability of weak topology W14(B;R%) in compact sets allows us to apply
Urysohn property, hence to conclude that the entire sequence {u,}, is such that
U, — u in WH4(B;RY). Let {v,}.ep be the family of Whi-gradient Young mea-
sures generated by (Du,,) for every ¢ > min{~, 1} (with barycenter Du(z)). Ar-
guing as in [38, Theorem 4.2]

x
q

liminf £, (u,) > hmlnf (/ RNdf x,u(x), g)%dzjx(ﬁ) d:v)

> esssup,ep f (2, u(r), Du(r)),

where in the last inequality we have exploited the fact that f(z,u,-) is curly,sq)-
Young quasiconvex for a.e. z €  and every u € R? and (ii) in Theorem
taking into account that

Du(x) = Edv,(€). (3.3.1)

RNd

Thus we have completed the proof. O]

Proof of Corollary As in the proof of Theorem [3.1.1] the I’-lim sup inequal-
ity follows the same arguments as in Theorem [3.1.1} In order to get the I-lim inf
inequality, it is sufficient to note that if (u,) C X is a sequence L*-converging to
win X, then {u,}, weakly Li-converges to u for every ¢ > 1. As in the proof of
Theorem [83, Theorem 5.3, we get that the sequence {Du,}, weakly converges
to Du in L(Q,R?) for every ¢ > 1. In particular {u,}, converges weakly to u in
Wha(Q, RN for every ¢ > N. Then {Du,}, generates a Young measure {v, },cq
such that v, (RYY) = 1 and holds, for a.e. = € Q. Thus the I-liminf
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inequality follows by applying Jensen’s inequality in Definition and (iii) in
Theorem [3.2.6} in order to get (3.1.3)). O

Proof of Theorem [3.1.20 The proofs follows the lines of the proof of [38, The-
orem 4.4], by applying Theorem instead of [38, Theorem 4.2]. ]

Proof of Corollary [3.3.2] It is sufficient to argue as in the proof of Corollary
,applying Theorem to the sequence {F,},, defined in X by equation
(3.1.2) (with ¢ = ¢,,), to get that it T-converges to F : X — (0,400) with
respect to the L strong convergence. O

As emphasized in [38], the assumptions of Theorem differ from Theo-
rem since the condition % < n(x,1) < ¢ is not sufficient in the latter
theorem. To this end we refer to Example [2.2.4]

3.4 LPY- approximation of supremal functionals
under no convexity assumptions

In this section the main aim is to remove assumption (H1), i.e. the curl,~;- Young
quasiconvexity assumption on f : Q x RV — R, in its last variable, under the
restriction that f in and does not depend on the second variable, i.e.
[ OxRN — [0, +00) and f(x, -) satisfies a growth condition of type |-|7, also from
above, and assuming that ¢, (z,t) := t?(®) ie. the functionals appearing in
and will be specialized in and , respectively. Indeed, the
result below provides an extension of [I134, Theorem 2.2], to the case of modulars
in the variable exponent Sobolev spaces and with more general growth conditions.
On the other hand, in contrast with [I34], we consider Carathéodory integrands
instead of measurable ones (or normal ones as in the previous section). This is due
to the exploited technical tools relying on integral representation of envelopes of
integral functionals. Indeed, the relaxation and representation results available for
integral functionals with only measurable integrands in W' and W'?() (see [72]
and [I19], respectively) provide a representation in terms of a generic quasiconvex
function (see Definition below), which in principle, in the case p constant,
may differ from the one obtained in the case p variable, and, in principle, no
comparison among the two integrands is possible. In contrast, in our arguments
to obtain a supremal representation by means LP()-approximation, we rely in the
case p constant, passing from p(-) to a suitable constant exponent p. We also
observed that, differently from the results in Section (3.3 we assume Lipschitz
regularity for 02 and a control on the growth rates, see assumptions and
below. Furthermore in Remarks |3.4.3| and [3.4.5] we discuss the removal of
the Lipschitz assumptions and the fact that @]} is not necessary for Theorem
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B.4.4
Now we recall the notion of quasiconvexity (see e.g. [72]), that will be used in the
sequel.

Definition 3.4.1. Let g : R¥Y — R be a Borel function and let Q := (0;1)".
Then g is said quasiconvex (in the sense of Morrey) if

g(€) < /Q 9(€ + Du(z)) de

for every and for every u € W, ™(Q; R%), € € RNY,

Theorem 3.4.2. Let Q C RY be a bounded open set with Lipschitz boundary. Let
f:QxRY — [0, 400 be a Carathéodory function satisfying (H2), such that

3C > 0: f(z,6) < O(E]" + 1) for a.e. x € Q and for every € € RN, (3.4.1)
Let F, : L*(Q,R?Y) — [0, +00] be the functional defined by

Fo(u) == { 1f(-, Du) pa() U UE lepn(')(Q’]Rd)

400 otherwise,

(3.4.2)

where p, : Q@ — [1,400) is a sequence of bounded variable exponents such that

nl_lgloop; = 400, (3.4.3)
and
ot
38 >0:=—= <3, for everyn € N, (3.4.4)

n

Then {E,}, sequentially T'(L'(2))-converges with respect to the L*(€; RY) weak
topology, as n — oo to the functional

b () = (1S (. DW)lse, i € Wi (0, RY)
h 00, otherwise,

where

Qoof<x> ) = Sup(an)l/n(l‘7 ')7 (345)

n>1
being Qf" = Q(f™) the quasiconvexr envelope (in the last variable) of f™ , i.e.

Q(f™)(x,-) := sup{h : RN = [0, +00] : h quasiconvex and h(¢) < f*(z,€)}.
(3.4.6)
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Remark 3.4.3. (i) We underline that, in general Q) f is not level convex, but
it is a strong Morrey quasiconvex (also called BJW-quasi-level convex) func-
tion, see [I34, Section 5] for a proof. We stress that this property is a
consequence of the lower semiconinuity of the I'-limit functional (see
[30] and [137]).

(ii) We observe also that Q. f is curl — oo quasiconvex (see [11), 12} 137)), i.e.

0 f(an6) = tim it § [ (@urPlac+ D)) su e Wiz Qi)
= lim (Q((Qxf))7(.9).

in view of [I37, Proposition 4.6, Theorem 4.8] (we also refer to [11] where the
curl — co-quasiconvexity is deduced as a consequence of LP-approximation).

(iii) For the sake of completeness (again referring to [137, Theorem 4.8]), we
also remark that Q.. f(z,-) is curl-Young-quasiconvex, i.e. it satisfies the
inequality in Definition for every Wh*-gradient Young measure.

(iv) We conclude this remark, recalling that we have provided a direct proof
of the lower bound in Theorems [3.4.2| and [3.4.4] since, besides we rely on
LP-approximation results of [134], our growth conditions differ (i.e. they are
milder) from those considered therein.

(v) The boundedness of €2 and the Lipschitz regularity of 02 are used only in
the proof of the lower bound inequality. They can be removed relying on
the results of Section 4, assuming that the constant v in (H1) and
is 1. Indeed the same growth is inherited by Q. f, that turns out to be
curl,1)-Young quasiconvex (see [I37, (7) of Theorem 4.8] for a proof) and
such that Q. f < f, hence it suffices to exploit the lower bound inequality
of Theorem B.4.2]

Proof. The proof will be obtained in two steps, first by proving the lower bound
estimate and then the existence of a recovery sequence, in accordance with Propo-
sition [L5.2

Concerning the I-lim inf inequality, let {u,}, C L*(€;R?) converge weakly to
u € L'(;R?). Without loss of generality, we assume that

liminf F, (u,) = lim F,(u,) = M < cc.
n—oo n—oo

For this first step we rely on the results contained in [I34, Theorem 2.2] for the case
p(z) = p constant, indeed, a careful inspection of the proof of [I134, Theorem 2.2],
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guarantees that the latter result holds with f satisfying (H2) and instead
of the linear growth condition therein. Furthermore, the Lipschitz regularity of
09 and Sobolev and Rellich’s theorems ensure the validity of the I'-convergence
result in [134) Theorem 2.2] also with respect to the sequential weak convergence
in L1(Q;RY).

In detail, we observe that in view of the Lipschitz regularity of 9, (H2) and
, for any constant p sufficiently large, the functionals

(u) := </Q fp(a:,Du(x))d:c> " if u e Whr(Q; RY),

I,(u) =
+ otherwise in C(Q; R?),
1/p
Gp(u) = (/Q fp(x,DU(:v))d:v> if u e Wlm(Q;nEd),
+00 otherwise in C(Q; R?),
1/p
Hy(u) := ( /Q i, Du(zv))d:v) if w e WHY(Q;RY),
00

+ otherwise in C(Q; R?),
coincide. For the readers’ convenience we refer to [83] where similar arguments
have been used to pass from one convergence to another one in the proof of their

['-convergences results.
At this point, for all n € N, let {u,}, C WP (Q;RY) and

1
Py

IN

s Sup Qo f (-, Du(-)) lgr_r}i&fc; (/Q Q(fPn (x,Dun(x))dx>

< lim infC1 (/Q fr (:I;,Dun(x))d:c>pn (3.4.7)

n—-+0o —
Pn

S h%jliggf Hf<'7 Dun)||pn(')7

1
where C - denotes the quantity <2Ln(|Q| + c))ﬁ appearing in (2.2.1)) which goes
to 1 when p, — oo. We remark that the first inequality is given by [134, Theorem
2.2], taking into account that the I-convergence result stated therein with respect
to the uniform convergence, holds also with respect to the sequential weak L!-

convergence, while the second one is obtained by using Q(g) < g. Finally the last
inequality is deduced by Proposition with the choices @, (x,t) = t"*(*) and
1

p = p; : moreover we can consider L, = L = 1 in (2.2.1)) as long as ¢, (z, )= is
convex, with ¢, (x,t) satisfying (alnc),,. Taking into account that the convexity
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assumption applied to t; =t and t5 = 0, gives

1 1

On(x, Xt)Pn = @p(x, Mty + (1 — )\)tg)ﬁ
1 1 1
< Ap

n(x,tl)ﬁ + (1 = Npn(z,t2)rn = App(z, 1), (3.4.8)

which is equivalent to (alnc),, with L = 1 uniformly in n € N.
This implies the I'—liminf inequality.

For what concerns the upper bound, we first observe that it suffices to consider
the case ||Qu(f(z, Du))|lso = 1, since the general case can be reduced to it by the
normalization 0 := mi— with v := Qu(f(z, Du)).

In order to estimate inf{limsup || f(z, Du,(x))|lp.¢) : un — win L'}, taking into

n—-+0o
account (3.2.1)) we exploit the following inequality

| f (=, Dun@))Hpn(')

max{( /Q fpn<ff>(x,pun(x))dx) " ( /Q fp”(“)(x,Dun(:c))d:c>&}], (3.4.9)

for every n € N.

At this point, we remark that, since we are dealing with an upper bound es-
timate for I'-convergence we are entitled to pass from sequences w, — wu in
LY RY) to sequences u, — u in LY(Q;R?). Furthermore by [73, Proposi-
tion 6.11], and by the fact that the right-hand side of can be written
as @, ([, f7"@(z, Du,(z))dz), with @, : [0, +00) — [0, 400), defined as

<

o
®, (H) = Hi if |[H| <1,
Hv it |H| > 1

continuous and increasing, so that ®,, commutes with the operation of taking the
lower semicontinuous envelope, in view of [73, eq. (6.3) in Proposition 6.16], we
are allowed to deal with the relaxed functionals appearing in the right hand side
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of (3.4.9) which, in view of [119, Theorem 4.11] leads to
inf{lim sup || f(x, Duy ()| p () : Un — w in L'(Q;RY)}

max { </ fr@ (g, Dun(x))dm> g : </ 1P (g, Dun(x))dx> p;}]
Q Q

LU, — uin Ll(Q;Rd)} (3.4.10)

<inf {lim sup

Pn

—=inf { limnsup [max { (/Q Q(fp"(z))(:n,Dun(a:))d$> :

P

(/Q Q(fpn(m))(x,Dun(x))dx> H ‘U, — uin Ll(Q;Rd)}

where Q(fP"®))(z,-) is defined in (3.4.6)).
On the other hand, [134, Remark 5.1] and (3.4.5]) ensure that

Q7)) (x, Du()) < (Qeo )" (z, Du(z)),

hence, it suffices to consider for any sequence {u,}, converging to u in L*(€;R%),

lim sup [max { </Q(Qoof)p"(x)(x, Dun(x))dx) o ,

n

i
3+"“

< /Q (Qoo f)P®) (x, Dun(:v))d:v>

Since ||Qu(f(x, Du))||so = 1, we have that

f

/Q(Qoof)pjl(x,Du(a:))dx < /Q(Qoof)p"(x)(m,Du(x))dx < LN(Q). (3.4.11)

Following [83, (3.4), (3.5) and (3.6)], for every n € N, and, thanks to (3.4.11]), we
get that

a
P

1= lim (,CN(Q))l/f"z > lim sup (/Q(Qoof)p"(x)(x, Du(x))dx)

n—+00 n—+00
> Timsup ( @y Du@))dx)”* 10wl Du(x)) | = 1.
n—-+0o00 Q

Observing that we can replace lim sup by lim inf we can conclude that the lim sup

is a limit and )
=

lim ( /Q (Qoof)pn@)(x,pu(x))dx) ~1 (3.4.12)

n—-+o0o
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By , we have that 1 < 3, := g_ < [ and
L 5
3 pn () Pn — i pn(T) P
i ( [ @ Du(x))dx) i ( @y Du(w))dx>
_ 1 (3.4.13)

By (3.4.12) and (3.4.13]), we can conclude that

lim sup max { (/Q(Qoof)p"(x)(aﬁ, Du(x))dx) " ; </Q(Qoof)pn(x) (z, Du(a:))dx) pi}

n—-+00

n——+o00

=, lim maX{ (/Q(Qoof)p"(x)(x,Du(x))d:z:> pi, (/Q(Qoof)pn(x) (z, DU(x))dx> ; }

=1

Y

which, together with (3.4.10)), concludes the proof of the upper bound and proves
our statement. O

Theorem 3.4.4. Let Q C RY be a bounded open set with Lipschitz boundary. Let
f:QxR¥ — [0, 400 be a Carathéodory function satisfying (H2) and (3.4.1]).
Let E, : L*(Q,RY) — [0, +00] be the functional defined by

@ DuleNde i u e WO (Q. R
o (u) { /Qpn(g;)f (z, Du(w))dz if w e WHE(QRY) gy 14y

~+00 otherwise,

where p, @ Q — [1,400) is a sequence of bounded variable exponents satisfying
(13.4.3)).

Then {E,}, T’ converges with respect to the L'(2; R?) weak convergence, asn — oo
to the functional

. 1,1 d .
o) = {O, if ue W, (Q,RY), and |Quf(-, Du)| < 1 a.e. (3.4.15)

oo, otherwise,

where Qo f(x,-) has been introduced in (3.4.5)).

Proof. Concerning the I'—liminf inequality, let {u, }, C L'({;RY) converge weakly
to u € L*(Q;RY). Without loss of generality, we assume that

liminf E,(u,) = lim E,(u,) = M < cc.

n—oo n—oo
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Define
pn(@)

pn(z)
By the right hand side of the inequality contained in [98] Corollary 3.2.10], with ¢
which satisfy condition (a/nc),- and with the constant a replaced by the constant

L,, given by condition (al nc)p;, see (3.4.8), with ¢, = p,,, we get

on(x,t) =

1/pn
1£ (-, Dug)llg, < maX{(/Q ! f”"("“”’(x,Dun(x))dfC> ,1}

pn(l’)

and hence
limsup | £, Du)lp, < 1.
n—oo

For all n € N, let {u,}, C WP« (Q;RY).
By (3.4.7), we get

ess sup Qo (-, Du()) < lim inf | (-, Du)l,, < 1.

e

In this way we are able to conclude that
eSS'SuperQOOf(xJ Du(m)) S 17

which proves the lower bound taking into account definition (3.4.15).

Now, we prove the I'-lim sup inequality.

Without loss of generality we can assume that F.(u) < oo, otherwise the thesis
is trivial.

Arguing as in the proof of Theorem , by [73] Proposition 6.11], we can assume
that the functionals FE, under consideration coincide with their relaxed ones, i.e.
we can assume, in view of [I19] Theorem 4.11], that

u) = ! Pn(®) (1 Du(z T
E,(u) /Qpnmg(f (x. Du())) d

for every u € WhPrO)(Q; R?). Since ||Quf(-, Du)||os < 1, recalling that for a.e.
1

r € Q and for every £ € RV Q(fP)»(z,&) is increasing in p,
thanks to the definition of Q. (3.4.5)), we have

n—0o0 n—0o0

lim sup/Q pntiﬂ)Q (fp"(x)(a:, Du(m))) dr < lim sup/Q pln(Qoof)p”(x) (xz, Du(x)) dx
=0,

and thus the desired inequality follows and the proof is concluded. O
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Remark 3.4.5. Observe that in both Theorems |3.4.2| and [3.4.4} the proof of the I'-
lim inf inequality holds for more general ¢, (x,t), not necessarily of p,-power type,
provided that (alnc),, holds for the same constant L for all n, without imposing
(3.4.1),(3.4.3) and (3.4.4).

In view of this last observation, in the case 2 has Lipschitz boundary, when f :
Q x RV — R, as a consequence of Theorems [3.4.2| and 3.4.4] in view of (iv)
in Remark [3.4.3) and taking into account that the proofs of the upper-bound
inequalities in Theorems Corollaries |3.3.1] and [3.3.2| (for which it is
sufficient to consider a constant recovery sequence), we could replace in Theorems
, , Corollaries|3.3.1|and [3.3.2 the curl(,~1)- Young quasiconvexity of f(z, -)
by curl,-quasiconvexity. This latter assumption is in general weaker than the
previous one, see [137].

The same observations regarding the Lipschitz continuity of 0f) contained in Re-
mark (3.4.3)(v), apply to Theorem [3.4.4]

We also remark that is not been exploited in the proof of this theorem, in
contrast to Theorem [3.4.2] where it has been used in the proof of the upper bound
inequality.



Chapter 4

Homogenization of non-local
integral functionals via two-scale
Young measures

4.1 Introduction

Homogenization has attracted much attention in last five decades, due to the
many applications that mixtures and finely heterogeneous media have in applied
science and technology, see for instance [I17] and [69] among a wider pioneering
literature. In fact both classical and more recent theories of ferro-magnetics and
mechanics provide an accurate macroscopic description of phenomena occuring in
materials which incorporate fine structures at the microscopic level. The reader
can refer to [7, 23], 25, 31, (74, [77, 90, O1, ©92] for applications to the theory of
structured deformations, thin structures, non simple materials, evolution problems
with nonstandard growth, elastomers, electromagnetic phenomena and constrained
models. Here the idea is to adopt the homogenization techniques to formalize how
the effects at micro-level emerge at the macro-level in the study of more general
phenomena, such as peridynamics, where classical gradient are replaced by non
classical one and, consequently non-local integral functions take over the role of
standard integrals.

Indeed, adopting a different view point than [50], the aim of this chapter consists
of studying the asymptotic behavior as ¢ \, 07 of I. : LP(Q;RY) — R* defined as

L(u) = //M W <m g i,u(m),u(m’)) duda’ (4.1.1)

where Q C RY, is an open subset, u : @ — R? is in some Lebesgue space LP,
1 < p < oo and the integrand W : 2 x Q x RY x RY x R? x R — [0, +00) has

20
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some measurability and continuity properties to be specified later and W (-, -, &, n)
is periodic in the first two variables, i.e. we will equivalently denote I. by

L(u) = //M W <x z) <‘;> <“Z> u(x),u(x’)) dedd’,

where (t) denotes the vector in (0, 1) whose components are the fractional parts
of t € RV,

This kind of non-local functional appears in the mathematical modeling of peri-
dynamics [I43], ferromagnetics [139], etc. For instance, in the first setting, i.e.
peridynamics: €) represents the reference configuration, u is the deformation and
1. is the associated energy.

In general I. is not lower semicontinuous hence the existence of minimizers is not
guaranteed, and one should look for its relaxed version, for which we refer to [36],
for instance, in order to detect the microstructure of the material in the context
of nonlinear elasticity. Here we follow an analogous approach in terms of suitable
Young measures, extending first L to the space of Young measures equipped with
the narrow topology.

Thus, we can provide a full characterization of the I'-limit. In fact, the Young mea-
sures are so far a crucial tool for obtaining a limiting formula. The reader can refer
to [20], 87, 138], etc., for background on Young measures and to [24], 27, 28] [129] for
the two-scales Young measures that are a key tool in this homogenization setting.
As already emphasized in [36, 113 131, 132], the relaxation and homogenization
of in L? is a very delicate issue; in fact, it is not clear if the limiting energy
(as € — 0) has still the same form.

In the subsequent analysis, the two-scale Young measures introduced by [81] and
later developped by [149] , defined in Definition [4.2.1] will play a crucial role to
compute, via ['-convergence with respect to a suitable topology, the limit energy
of , under the assumption on the energy density W of being an admissible
integrand (as introduced in [45]) in the sense of Definition [£.2.9] We also stress
that there is no loss of generality in assuming that W is symmetric, as observed
in [130] and [36€], i.e.

W<x7$0>yay0>£a€0) = W($O>x7y0,y,€0,€) (412)

for a.e. z,20 € Q, and all ¥,y € Q, &, & € R

Theorem 4.1.1. Let p > 1 and assume W : Q x Q x Q x Q x RY x R? — [0, o0
is a symmetric admissible integrand and there exists a,a € L'(Q x Q) and ¢ > 0
such that

1
alz, @) + g < Wz, 2y, 4, €,€) < alw, ') + ([ + [€'F) (4.1.3)
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for a.e. ;2" € Q, all y,y' € RY and £,& € RL. Let ¢ > 0 and let {I.}. be the
family of functionals in (4.1.1). Then, {I.}. I'-converges, with respect to the weak
LP(S;RY) convergence, to Inom : LP(Q,R?) — [0, +00), where Ihop, is defined as

Tnom(u) := min // // / Wiz, 2, y,y', & &)V sy () dviw 4 () dydy dada’
veMu Jfaxa JJgxQ JIRIxRY

where

M, = {1/ € LX(Q x Q, M(RY) {t/(w) }wy)caxq s a two-scale Young measure
such that// §dv(g ) (§)dy = u(x)} (4.1.4)
Q JRE

Remark 4.1.2. We would like to underline that in the previous theorem we chose
the image set [0,+oc] for semplicity’s sake. Indeed, the result still holds if we
assume W bounded from below and having values in R U {oo}.

In order to prove Theorem {4.1.1 we characterize two-scale Young measures by
proving the following result. We use the strategy introduced in [110, [111] and later
adopted in [24], (and in [93] for the Sobolev-Orlicz setting). See also [27] and [138)]
where some parts of our results have been proven.

Theorem 4.1.3. Let Q := (0,1)Y, Q be an open and bounded subset of RN with
Lipschitz boundary, and v € LY (Q2xQ, M(R?)) be such that v(, ) € P(R?) for a.e.
(z,y) € 2 x Q. Then, the family {v(zy)}zy)caxq s a two-scale Young measure if
and only if the following conditions hold

i) there exists 1 < p < +oo such that
() [ 6P (©) € L@ x Q)
R

it) there exists uy € LP(S2, LP, (Q)) such that

per

/]Rd gdy(;t,y) (é) = U (‘7:7 y>>

for a.e. (z,y) € QxQ;

iii) for every f € &,

/Q/Rdw (Y, 8)dv(ay)(§)dy > from(u(x)) for a.e. x € Q,
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where
& ::{f :Q x R = R continuous and such that exists (4.1.5)
im uniformly with respect to y € Qy¢, 4.1.6
T e formly p y € Q) (4.1.6)

ule) = /Q w2, y)dy,

and for every & € R, from(€) =

) 1. . » N md
lim Nmf{/(O’T)Nf(@:),ﬁ+v(:c))d:c. € L7((0, 7)™, RY),

T—+o00 T’
/ v(x)dr = 0}. (4.1.7)
0,7~

For a generalization of the above characterization when p = 1, in the con-

strained case (i.e., u satisfying a suitable PDE, not necessarily curl), we refer to
[18], leaving to future investigation the study of non-local models as in
when W satisfies a linear growth condition (i.e. for p = 1). To conclude
this introduction, we point out Theorem holds true in the multi-scale case
(see [27, 129] for a discussion on the topic). Indeed, the techniques used in the
proof (under appropriate symmetry conditions) can be similarly replicated in the
case of multiple scales.
The chapter is organized as follows. Section is devoted to notation and pre-
liminaries. In section some technical results are presented and, in particular,
Theorem [{.1.3] Finally, in section the homogenization result, i.e. Theorem
[4.1.1) is proved and a comparison between our limiting formula with the relaxed
energy obtained in [36] in the homogeneous isotropic setting is presented.

4.2 Preliminaries

4.2.1 Young measures

In this section, we provide further and more specific results concerning Young
measures. For previous notions we refer to Section [I.3]

Two-scale Young measures (introduced in [81] and later developed by Pedregal in
[128] and Valadier in [149]), are a key tool in our subsequent analysis. We recall the
definition, as introduced by [129] and later developed by [27, 28, 24] and recently
extended to the case p =1 (i.e. generalized two-scale Young measures) by [18§]
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Definition 4.2.1 (Two-scale Young measures). Let v € L(Q x Q; M(R?)). The
family {v(z4)}(2y)caxq is said to be a two-scale Young measure if v, € P(R?)
for a.e. (z,y) € Q x Q and if for every sequence {e, },, — 0 there exists a bounded
sequence {uy, }, in LP(Q, R?) such that for every z € L*(Q) and ¢ € Co(RV*9),

tim [ 2@ ((Z) (@) de = / / / ()9, ) (€)dyd

Namely, {({:/en), un)}, generates the Young measure {v(,,)®@dy}.cq). Finally, we
may call {V(y)}y)coxq the two-scale Young measure associated to the sequence

We refer to [27, Theorem 3.5] and [24] Subsection 2.3] to compare the two-scale
Young measure associated with {u, },, (according to the above definition), with the
Young measure associated to {((i), un($)) }n, which, in principle, at a naive look,
could seem a different element in L°(Q; TV x RY), where T? is the torus in RY.
In fact, for a better understanding of the above notion, it is important to recall
the notion of two-scale convergence introduced by [124] and later developed by [3]
and exploited by many authors.

Definition 4.2.2 (Two-scale convergence). Let {uy}, be a sequence in L*(Q, R%).
The sequence {uy}y, is said to be two-scale convergent to a function u = u(x,y) €
LY x Q,RY) if, for every component u} of uj and u’ of u, i =1,...,d.

Jim [ oo (2 ) vire = || ooy

for any ¢ € C°(Q2) and any ¢ € C¢,.(Q). We simply write uy, ~ u.
We recall [129, Proposition 2.3].

Proposition 4.2.3. Given a two-scale Young measure {V(y)}(zy)coxo as in Def-
inition[{.2.1], then the mapping ui : Q x Q — R defined by

ul(xyy) = /Rd Ady(ar,y)(/\)

is the two-scale limit of the sequence {uy}, generating {V(zy) }@y)caxq-

Now, we also recall the definition for the underlying deformation and we show
that it does not depend on the generating sequence but only on the two-scale
Young measures.
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Remark 4.2.4. Consider {e,},, {ty}n and {v(zy)}@y)caxg as in Definition [4.2.1]
Since {u,}, is bounded in LP, then there exists a subsequence {u,, }; such that

Up, ~> uy (see for instance [3, Theorem 0.1]). By [27, Proposition 3.4], u,, — v in
LP with

u(z) = / ui (7, y)dy.
Q
It is important to notice that u is uniquely defined. Indeed, by Proposition
it holds
uy(z,y) = / Adv(z ) (N).
Rd

So, if we consider another subsequence {u,, }; two-scale converging to some func-
tion vy, then since v is the same for both {e,, }x and {e,, };, it holds

uy(z,y) = /d Adv(z ) (A) = vi(z,y).
R

In particular, it follows that

u(z) = /Q/Rd Adv () (N)dy,

and that u does not depend on the chosen subsequence {e,, }x. The function u is
called the "underlying deformation" of {v/(z )}z y)caxo-

The proof of the following result is omitted, being easier than the one of [24]
Lemma 3.4], since the generating sequences are only in L” and not in W1».

Lemma 4.2.5. Let D be a Lebesgue measurable subset of ), and consider p and v
in L2 (Qx Q, M(R?)) such that {{i(z4) } wy)eaxo and {V(my) }wyeaxeo are two-scale
Young measures with the same underlying deformation v € LP(Q,R?). Let

o — H(z,y) 'Lf (xvy) €D x Q7
(e0) Vg if (1,) € (Q\ D) x Q.

Then o € L (Q x Q, M(R?)) and {0(4y) }@yeaxq s a two-scale Young measure
with underlying deformation wu.

Next we consider the homogeneous case.

Definition 4.2.6 (Homogeneous two-scale Young measure). Given a two-scale
Young measure {V( ) }@yeaxo € L2(Q x Q, M(R?)) we say that it is homoge-
neous if the map (x,y) — v(y ) is independent of . In this case it can be identified
with an element of L3°(Q, M(R?)) and we may write {1, },eq = {V(wy) twy)caxo-
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This yields the definition of average for a two-scale Young measure and we can
also prove that this is an homogeneous two-scale Young measure.

Definition 4.2.7 (Average). Given a two-scale Young measure {V/(z ) }(zy)cox0 €
Le(Q x Q, M(R?)), its average is the family {7, },co defined by

)= £ [ 0O (©dn, o€ Col)

As observed in [24], if {v(54)}@y)caxg is a two-scale Young measure, then it
can be seen that i := 7, ® dy is the average of {i;}zeq With i, 1= v, ® dy
and p € L2(; M(RY x R?)). Thus, 7 is a homogeneous Young measure by [127,
Theorem 7.1, pg. 117]. Following the same strategy as [24, Lemma 2.9], we prove
that {7, },c0 is actually a homogeneous two-scale Young measure. We consider
the case of constant underlying deformation F' € RY.

Lemma 4.2.8. Let v € L2 (Q x Q, M(R?)) be such that {v(zy) } @y ecoxq is a two-
scale Young measure with underlying deformation F, with F € R®. Then {1, },cq
is a homogeneous two-scale Young measure with the same underlying deformation.

Proof. First we note that v = {7,},cq € LX(Q, M(R?)), indeed by Fubini’s
Theorem and by Definition we have that y — v, is weakly™ measurable. Our
aim is to show that for every sequence {&,}, there exists {v, }, € LP(Q,R%) such
that the sequence {((;}, vn) }n generates the measure i = v, ® dy and v, — F

in LP. Let {u,}, C LP(Q,R?%) be the sequence generating the two-scale Young

measure v and assume that v, — F in LP. Let ¢, — 0 and define p, := ¢, { \/1?}
By construction there exists m,, € N, al € p,ZN (@, and a measurable set E,, C )

such that LY (E,) — 0 and

mn

i=1

Let

v (.T) = U’Pn/fn (x;::?) ) if x S CL,? -+ an and 7 € {1, e ,mn}
" F otherwise

By construction, v, € LP(Q,R%) and v,, — F. Let z € C.(Q) and ¢ € Co(RY x RY),
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then

/QZ(JEW (<§L> ,Un(x)) dx = g; i z(x)o <<:n>  Up,, Jen (m ;:Lf)) dx
+ /En z(x)o <<;> ,F)
S (2o (5

+% (2(x) _Z(a?)>¢<<:ﬂ>>“pn/sn <x—a?)>dx

i=1+7ai+pn@Q

+/nz(9§)¢<<i>,F>.

By the uniform continuity of z and the fact that LY (E,) — 0 it follows that

[ o ((Z) @) e =32 peta) [ o ({25 g ) d o),

i.e. that

[ st@a () unto) e = S2ata) [ o({ 27}t @) o)

and so passing to the limit for n — oo and by Definition we get

nh_)rgo Qz(x)¢ <<:n>,vn(x)> dx:/Qz(x)dx/Q/Q qub(y,f)du(gﬁ’y)(f)dyd:v

_ /Q (@) /Q / 0Ly, )i, (€)dy
= <177¢>/Qz(:p)dx.

By a density argument it is easy to see that the previous identity holds for every
z € L}Q) and so that {7, },co is the homogeneous two scale Young measure
generated by {v,},. O

Now we introduce our class of functions, according to the notion introduced in
[45], and later adopted by [24], 27, [149].

Definition 4.2.9 (Admissible integrand). A function f : QxQxQxQxR4xR? —
[0, +00] is said to be an admissible integrand if, for any n > 0, there exist compact
sets X7 C QO xQ, Y7 C QxQ,with L2((Ax )\ X7) <n, L2Y(QxQ)\Y") <n

and such that f . . Is continuous.
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Remark 4.2.10. 1) We observe that by [27, Lemma 4.11], if f is an admissible
integrand then for any fixed € > 0 the functional

(z,2",8,&) = f(z, 2, x/e,2'[e,£,€)

is L2V(Q x Q) ® B(R*)-measurable, where B(R?*?) is the o-algebra of Borel
subsets of R??. In particular, the functional I. (defined in (4.1.1))) is well
defined in LP(Q, R?).

ii) Moreover, we recall that by the Scorza-Dragoni Theorem it is possible to
prove that a Carathéodory function is an admissible integrand.

The next result, stated for generic spaces and dimensions, is a two-scale analog
of the [Fundamental Theorem of Young Measures [(iv), (v)], and it was proved in
[28, Theorem 2.8]. We recall it here since it is a crucial tool to prove Theorem

41Tl

Theorem 4.2.11. Let k,m € N, R C R* be open and bounded, and S be the unit
cube in R*. Let {e,}, be a vanishing positive sequence. Let {u,}, C L'(R,R™) be
a bounded sequence. Then, there exist non relabeled subsequences and a two-scale
Young measure {V(zy)}(zy)crxs such that it holds

(1) if W:R xS xR™— [0, +00] is an admissible integrand then

n—-+00

lim inf/RW (m, <:n> ,un(x)> dx > /RXSW(:c,y)da;dy, (4.2.1)

where

W(z,y) = W(x,y, \)dv(z,)(N);

RM
(i) if W: R xS xR™— R is an admissible integrand and
{W (-, <a> ,un())} is equi-integrable for any v € R, then W(x,y, ) 15 V(z)-

integrable for a.e. (x,y) € R x S, the function W is in L'(R x S) and

lim RW (:c, <x> ,un(x)) dr = /RXSW(J:, y)dzdy. (4.2.2)

n—-+oo n

Remark 4.2.12. We would like to point out that the statement of Theorem
is slightly different compared to [28, Theorem 2.8]. Indeed, in [28, Theorem 2.8-
i)] the integrand function W is assumed to be positive and finite. As far as we
understand the proof still works for W having values in [0, +-00] as long as the set
where W = oo has null measure.
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Remark 4.2.13. 1) We remark that it is possible to look at Young measures

ii)

iii)

from a different perspective than previous definition. In fact, if @ ¢ RV
is an open bounded subset and p > 1, we can say that a Young measure
in {2 x R™ is a positive measure g in €2 x R™, such that its push-forward
measure mo#4, obtained through the projection mq is the £~ measure on €,
i.e. for all Borel subsets B of {2

maftu(B) == (B x R™) = LY(B).

This set of measures is denoted by Y(2;R™). By [20, Theorem 4.2.4],
V(4 R™) C Leo(2; M(R™)), with the identification = { iy }req ® LV.

On the other hand, [20, Theorem 4.3.1] ensures that in Y(£2; R™), the weak™*
convergence in L (€ M(R™)) of {1}, C Y(2;R™) towards p € Y(;R™)
is equivalent to the narrow convergence, where the latter is defined as follows

nru<:>hm// W(x, N)dpy, (x, \) = // Wz, N p(x, N),
QxR™ QxR™

for every ¢ € Cy(2;R™). For more details on the narrow topology we refer
to [20, Section 4.3].

Equivalently, by the identification p, = {(tn)z}zeq and p = {piz}req, we
say that {u,} narrowly converges to p if and only if for every g € L'(Q) and
h € Co(R™) it holds

i [ glo) [ b)) )ds = [

o) [ hw)dua(v)d.

Given p > 1, YP(2; R™) is the subset of Y(£2; R™) such that

// ly[Pdp(z,y) < +o0. (4.2.3)
QxRm

As a consequence of Holder’s inequality, YP(2; R™) C YI(;R™) if 1 < ¢ <
p.

We recall also that YP(€2; R™) is not closed in Y(€; R™) under the narrow
topology. Nevertheless, given a bounded sequence {v,}, C LP(€;R™) there
exists u € Y(£2, R™) such that {v,}, (up to a subsequence) generates y; and
e YP(Q;R™). Conversely, for any p € YP(Q2;R™), there exists a bounded
sequence {v,}, C LP(Q2;R™), generating p and such that {|v,|’}, is equi-
integrable. We refer to [20] and [36] for details.

Moreover, considering a bounded sequence {v,}, C LF(Q,R™) and v €
YP(2,R™), up to identifying each v,, with the Dirac mass d,,, € YP(£2, R™), by
[20, Theorem 4.3.1] we have that {v,}, generates v (in the sense of Theorem
1.3.3)) if and only if 4, narrowly converges to v.
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iv) Following [149] and [27], we can extend the definition of Young measure of
finite p moment to parametrized measures defined in 2 with values in 5,
with § = TV x R? equipped with the Borel o-algebra, i.e. YP(Q;S). In
this setting the test functions for the narrow convergence can be given by
C.(Q;RY) @ C.(S;RY), see [149, page 149].

These latter observations motivate the comparison of the homogenized func-
tional Ijem of Theorem (4.1.1) with the functional /., in Corollary

computed in terms of suitable Young measures in YP(; TV x R?).

In fact, we also recall that the relaxation of non-local functionals as in (4.1.1)),
but not dependent on ¢, has been obtained in [36] in term of narrow conver-
gence in Y?(;RY). The analogous stand point for the homogenization will
be given in Corollary [4.4.3] with the use of the above mentioned subset of
YP(Q; TV x RY).

4.2.2 I'-convergence

In this subsection, we expand the Section [I.5] Since Proposition [1.5.2] we can
write a [-limit as

F(z) = inf{liminf Fy(zy) : d(zg,x) — 0, as k — +oo}.

A fundamental property we want to underline is that the I'-limit is lower semi-
continuous with respect to the convergence induced by d, see [73, Proposition 6.8].
We also provide the definition for I'-convergence for a family of functionals.

Definition 4.2.14. Let (X, d) be a metric space. For a positive parameter ¢, we
say that a family {F.}. of functionals, with F. : X — R U {400}, I'-converges to
F: X — RU {400}, with respect to the metric d as ¢ — 07, if for all vanishing
sequences {ey }r, {Fr, hi [-converges to F, when k — oo.

We will write, as for the case of sequences
F(z) : inf{liminf F.(x.) : d(z.,2) — 0, as ¢ — 0}.

Finally, we state a theorem, whose proof is omitted being very similar to the one
of [60, Theorem 1.1] (for related results see also [52]).

Theorem 4.2.15. Let Q be a bounded open set of RN, let f : Q2 x R* — R be a
Carathéodory integrand satisfying

(H1) f(-,b) is Q-periodic, for all b € R%;
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(H2) there exist p > 1 and a positive constant C' such that
1

for a.e. x € Q and for every b € RY,

For every € > 0, consider the family of functionals F. : LP(RY) — (—o0, +0o0],

defined as
F.(u) := /Qf (i,u(as)) dzx.

Let F be the T-limit of {F.}. with respect to the weak convergence in LP(Q;R?),
i.e. F(u):=inf{liminf F.(u.) : uc — u in LP(Q;RY)}, then

]:(u):/fhom(u(x))dx,
Q
where from 18 the function in (4.1.7)).

4.3 Characterization

This section is mainly devoted to the proof of Theorem and to the attainment
of other related results which will be used in the sequel.

We start by recalling the space &, defined by (4.1.5) and (4.1.6). Its properties
have been presented in [24, Section 3]. We briefly recall the main ones. It is a

Banach space under the norm

yeQ,€R 1+ |§|p

Moreover, EP is isomorphic to the space C(Q x (R? U {o0})).

Before proving Theorem we start commenting on the formulas .
Under the assumptions of Theorem , if f belongs to the class , in view
of standard relaxation results (see [73, Proposition 6.11], [87, Theorem 6.68 and
Remark 6.69]),

inf {lim inf/ﬂf <<z> ,ue(x)> dr :u. — win LP(Q; ]Rd)} = (4.3.1)

e—0

inf {lim inf/Q(cof) <<§> ,ua(x)> dr :u. — uin LP(Q;Rd>} ’

e—0
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where cof stands for the convex envelope of f with respect to the second variable.
Theorem [4.2.15| (see the proof of [60, Theorem 1.1.] within a slightly more general
context), guarantees that

inf {lim %’lf/ f (<§> ,us(:c)) dr :u. — uin LP(Q;Rd)} — / Jhom (u(x))dz,
E—r Q Q
where from is as in (4.1.7). On the other hand,
inf {limi(?f/ f <<a€:> ,ua(x)) de :u. — uin LP(Q;Rd)} — /(cof)hom(u(x))dx,
Q Q

E—

where, for every & € R, (cof)nom (&) =
lim . inf {/ (cof)({z), & +v(z))dr : v € LP((0,T)N,RY),
(o~

T—+o0 TN
/ v(x)dr = 0}. (4.3.2)
©,7)N

Finally arguing as in [51, Theorem 14.7] it results that

(cof )hom (&) = inf { /(0 1)N(cof)((x>,§ + v(x))dx : v € LP((0,1)V,RY),

/(OM o(x)dz — 0}.

Hence, by easier arguments than those in [87, Proposition 6.24], we can conclude

that fhom = (0 )hom-
The next result, whose proof is omitted, as in [24, Corollary 3.8|, follows from

the fact that conditions 7), i¢), and #4) in Theorem do not depend on the
sequence {e, }n.

Corollary 4.3.1. Let {u,}, be a bounded sequence in LP(Q2,RY) and assume that
there exists a vanishing sequence {e,}n, such that {((Z-),un)}n generates the Young
measure {V(z) @ dy}eca. Then {V(z.) }eyeaxg @8 a two-scale Young measure.

We start by addressing the proof of the necessity of Theorem [4.1.3]

Theorem 4.3.2. Let Q be a bounded and open subset of RY.
Let v = {Vpy }wyeaxg € L2 x Q, M(RY)) be a two-scale Young measure.
Then there exist uy; € LP(Q; L2, (Q,R?)) and u € LP(Q,R?) such that

per

ul(xvy) = /]R'i fdy(m,y)<€>7 (433)
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u(z) = / uy(z,y)dy for a.e. x €, (4.3.4)
Q

from(u(z)) §/Q g F(y, §)dvy)(§)dy, for a.e. v €, for any f €&, (4.3.5)

where from(F') is defined as in and
/d [P dvey)(€) € LN (Q % Q). (4.3.6)
R

Proof. By definition of two-scale Young measure there exists a sequence {u,}, C
LP(Q,R?) which generates {Vy}(sy)eaxo, Whose two-scale limit is a function wu,
as in the statement, which, in particular, as observed in Proposition [£.2.3] satis-
fies (4.3.3). Also the weak limit of {u,}, is a function u € LP(€;R?) such that
Jow(z,y)dy = u(z).

Property follows from [27, Theorem 3.6 (iv)] applied to the function | - |7,
once we replace the original generating sequence {u, }, by a p-equi-integrable one,
which is always possible, in view of the Decomposition Lemma [87, Lemma 8.13].
The proof of is based on the same argument as the one for proving [24]
Lemma 3.1-(ii)], with the difference that we use an argument entirely similar to
[60, Theorem 1.1] instead of [51, Theorem 14.5]. We write the proof for the read-
ers’ convenience.

Since f € &,, then, as observed in [24, Section 3] there exists a constant ¢ such that

|f(2,8)] < c(1+ [€]P) for every (x,€) € Q x R In order to apply Theorem [4.2.15]
the function f(z,-) must also be p-coercive. Since this is not the case we introduce

an auxiliary function. Fix M > 0 and consider fy(z,§) := max{—M, f(z,§)},
with (z,£) € @ xR?Y. Now we fix a > 0 and we define fso(7,€) == far(z, &) +aléP
for every (z,€) € Q x R%. By construction

alelf = M < |fara(z, O] < (c+a)(1+[EP),  (2,6) € Q xR?.
By Theorem , it follows that for every A € A(Q),
ligr_kinf/ fMa un) dr > /(fMa)hom Ydx > / from(w)dx,  (4.3.7)

with from defined as in , since faro > f. By construction we have that

liminf/ v <<; da: < hmmf/ v un> dx—l—asup/ |, |Pdx.
A n A

(4.3.8)
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Combinig (4 and ( - and passing to the limit for o — 0 we get
liynl)inf/ fu un dx > / Jrom(u (4.3.9)

Now we consider the set

{<<>>}

and we observe that by Chebyshev’s inequality it holds

NAM<£
E(n)—M7

for some constant ¢ independent from n and M. By definition of f3; we have that

[ (o= ety (2o
< /A\A% f <<;>un) da (4.3.10)

Since {u,}, converges weakly in L then, in view of the Decomposition Lemma
([87, Lemma 8.13]), up to a subsequence, we can replace {u,}, by a p-equi-
integrable one, still denoted by {u,, },, and so, together with the p-growth condition
of f(z,-), {f(-,un)}n is also equi-itegrable and so

/ f(<$>,un> dr -0 as M — +o0 (4.3.11)
AM En
uniformly with respect to n. Combining (4.3.9)), (4.3.10)), and (4.3.11]) we get

1%gig[4f<<;>,un) deAthm(u)dx

Since {f(-,u,)}n is equi-integrable, by Theorem [1.3.3] (6) we get

i [ ((Z) )= [ [ [ s i@

the proof follows by combining the last two inequalities and using a localization
argument. ]

We start addressing the proof of the sufficiency of Theorem by introduc-
ing some preliminary notions and by proving some intermediate steps. For every
F € R? let

Mp = {1/ € L(Q, M(]Rd)) - {vy }yeo is a homogeneous two-scale  (4.3.12)

Young measure and /

Edvy(§)dy = F}
Q JR4
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Remark 4.3.3. Exactly as observed in [24, Remark 3.3], the set M is independent
of Q, ie. if v € Mp and € C R¥ is another domain, then for all vanishing se-
quences {e, }, there exists a sequence {v, }, C LP(Q, R?) such that {({(-/&,),vn)}n
generates v, ® dy. Indeed, let » > 0 such that Q' C r{2. In fact, given an arbi-
trary vanishing sequence {e,},, define §, := ¢,/r. Then there exists a sequence
{un}n C LP(,RY) such that {((-/d,),u,)}n generates the homogeneous Young
measure v, ®dy. Define now v, (x) := u,(z/r) so that {v,}, C LP(rQ, R?) and thus
C LP(€Y,R%). By changing variables it follows that the sequence {({-/€,),vn)}n
generates the homogeneous Young measure v, ® dy as well.

Lemma 4.3.4. Let F € RY, Mg as in (£.312) and &, be as in (4.1.5), then Mp

is a conver and weak™ closed subset of (E,)’.

Proof. First we show that M is a subset of (£,)". Fix v € M and identify it with
the homogeneous Young measure v, ® dy. Let {v,}, C LP(2,R?) be the sequence
such that {<<Z>’ vn)} generates v.

Up to a subsequence, one can assume that {v,}, is p-equi-integrable, see [87,
Lemma 8.12]. Consequently, by [27, Theorem 3.6, iv)] it holds that

K= //Q ey < +ox.

By assumption, for a.e. y € @), the measure v, is a probability measure on €2, so
for every f € £, we have

/ fy, €)dvy (§)dy < ||f||sp// (1+ [€17)dvy (§)dy = (1 + K)|flle,,
Q Jrd Q Jrd

hence Mp C (&,)". Since Mp C Mp, then in order to show that My is weakly*
closed it is enough to show that its weak* closure Mr C Mp. Since &, is separable
then (&,)’ is metrizable, hence for every v € My there exists a sequence {v"},, C
Mfp such that v™ = v in (€,). For every n € N, let {vp}, C LP(Q,R?) be the
sequence generating v™. Since the map (z,§) — & is an element of £,, then by the
definition of weak*® convergence it follows that

lim_ /Q /Q v (€)dy = /Q /Q vy (€)dy = F

and thus v has F' as underlying deformation. We have now to show that v is an
homogeneous two-scale Young measure. For every z € L'(Q) and ¢ € Co(RY x R9)
we have

i, ip, [ 50 [ 5((2) w00)
ZHETOO/// oty O ©iyir = [ s@ae [ [ oy Oiv(eray
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where in the second equality we used the fact that Co(RY x RY) C &,. By a
diagonalization argument we can find a sequence {k,}, such that once defined
Uy 1= vy, then it holds

Jim [ e [ ¢(<f>u<x)> o= [ syt [ [ oty v,y

It follows that v is a homogeneous two-scale Young measure, which implies that
Mpr is weakly® closed. Now we have to prove that My is a convex set. Fix

v,;t € Mp and t € (0,1). Consider D := (0,¢) x (0,1)¥~! and define

e V?/ lf (l’,y)GDXQ,
e i (ny) € (Q\ D) x Q.

By Lemma [4.2.5, {0(z4)}(zy)coxq is a two-scale Young measure, while by Lemma
4.2.8/ we have that {7, },c¢ is a homogeneous two-scale Young measure, hence an
element of Mp.

Finally, observe that for every ¢ € L(Q,Cy(R?)) it holds

| ow o= [ | [ o ooy

/ / Py, )y (& dydf“*/ / ¢y, )dp, (§)dydr  (4.3.13)
Re o\p Jq Jra
— t/cvg iy ¢(y>§)dVy(£)dy + (]. — t) /;) /]Rd (ﬁ(y) g)dﬂy(g)dy

which means that @ = tv + (1 — ¢)u. In order to conclude that & € Mp, we
have to show that fQ fRd £da,(€)dy = F. In fact, this is the case: it suffices to

apply (4.3.13) to ¢(y,&) = &, taking into account that fQ Jaa 0y, E)dpy (&)dy =
fQ fRd gb(y,g)dl/y(f)dy = F D

Now we show that conditions i), ii) and iii) of Theorem are sufficient to
characterize two-scale Young measures. As in [24] we start from the homogeneous
case. The non-homogeneous one will be obtained through a suitable approximation
of two-scale Young measures by piecewise constant ones.

Lemma 4.3.5. Let F € R and v € L2(Q, M(R?)) be such that v, € P(R?) for
a.e. y € Q. Assume that

F:/ &dv,(€)dy, (4.3.14)
Q Jre

/Q /R Jelrdy, (€)dy < +oo, (4.3.15)
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and that
From(F) < / £y, €)d, (€)dy, (4.3.16)
Q JR4

for every f € &, where from(F) is defined in (4.1.7) and &, is the space introduced

Then {vy}yeq is a homogeneous two-scale Young measure.

Proof. Let F € R and v € L (Q, M(R?) be such that v, € P(R?) for a.e. y € Q,
and that (4.3.14)), (4.3.15), and hold. We will proceed by contradiction
using the Hahn-Banach Separation Theorem. Assume that v is not an element of
Mp. By Lemma[d.3.4] Mp is a convex and weak* closed subset of (,)". Moreover,
by and the fact that {v,},eq is a family of probability measures, we get
that v € (&,) as well. Since v ¢ Mp, according to Hahn-Banach Separation
Theorem, we can separate v from My i.e. there exists a linear weak* continuous
map L : (&,)" = Rand o € R such that (L,v) g,y &,y < aand (L, 1) @&,y &,y = o
for all p € Mp. Let f € &, be such that

a < (L, m) ey = s Fe,ye // f(y, §)dpy(§) (4.3.17)
for all 4 € Mp and
(L) ey = W e / [ 109y = fuon(P). (1319
Let fg be defined as

fuF) = int [ [ . Odule)dn, FeR

HEM R Q
Then by (4.3.17)), we have that o < fy(F'). We are going to show that
fa(F) < from(F), (4.3.19)

which is in contradiction with (4.3.18|) and proves the lemma.
To prove ([#.3.19), let T € N and ¢ € LP((0,T)";R?) such that f(o ) ¢(x)dx = 0.

Extend ¢ to RY by (0, T)N-periodicity and consider the sequence
T
onle) = F+6 (),
where {g,}, is an arbitrary vanishing sequence. Let ¢ € Co(RY x RY) and 2 €

LY(Q). Then, since T' € N, the function F' +— o((y), F + ¢(y)) is (0, T)"-periodic
and according to the Riemann-Lebesgue Lemma, we get that
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T

dm [ e ()o@ )=t [ o ((Z).F40(2)) de
S R R (R R
Q (0,1)N

(4.3.20)
Observe that
1
fo el F oy = Y Ply) P+ ooy (43.21)
UrR a;€ZNN[0,T)N Y ai+Q
1
=y X p((ai +y), F + ¢la; +y))dy
a; €ZNN[0,T)N 7 Q
1
= 2 p(y, F + ¢(ai +y))dy.

a; €ZNN[0,T)N 7 Q

Thus, from (4.3.20) and (4.3.21)), the pair {({-/e,); ¢n)}n generates the homoge-

neous Young measure

1
K= ) W5F+¢(ai+y) ® dy.

a; €ZNN[0,T)N

Then,
|| camieas=r.
Q JRd

which implies that 4 € Mp. In addition,

7F dy = , d y d ’
f A0 Fotniy= [ [ s ey

and then

f(o Ty FU), F+0(y))dy = fu(F).

As a consequence, taking the infimum over all ¢ € LP((0,7)",R?) such that
f(o )N ¢(z)dr = 0 and the limit as T — +oo0 we get that fg(F) < from(F) which

implies (4.3.19). [

The following result is an unconstrained version of [24, Proposition 3.6].

Lemma 4.3.6. Let v € L (QxQ; M(R?)) be such that the family {v(y )} za)coxo
is a two-scale Young measure. Then for a.e. a € Q, {V(ay) }yeq s a homogeneous
two-scale Young measure.
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Proof. Since {V(zy) } (2.y)caxq is a two-scale Young measure, it satisfies (4.3.3)),(4.3.5))
and (4.3.6) Since u;(z,-) is @Q-periodic for a.e. x € ), integrating (4.3.3)) we get
(4.3.4). Furthermore, (4.3.6) implies that

/Q/d |£Pdv (s ydy < +oo for a.e. z € Q. (4.3.22)
R

Let E C Q be a set of Lebesgue measure zero such that (4.3.4)), (4.3.5) and (4.3.22))
do not hold. Then for every a € Q\ E,

/ £V (€)dy = u(a),
Q JR4

| [ eraan@ay < +oc.
Q JR4

/Q Rdf (Y, ) AV (a,)(§)dy > from(u(a))

for every f € £,. As a consequence of Lemma m, for every a € Q\ E, the family
{V(a9) }yeq is @ homogeneous two-scale Young measure. O

and

Theorem 4.3.7. Let Q be a bounded and open subset of R?. Let v € L() x
Q, M(RY)) be such that v, € PR for a. e. (z,y) € Q x Q. Assume that

i)-iii) of Theorem hold, i.e.
., |€|pdy(x,y)(§) € Ll(Q X Q)a (4323)
R

there exist uy € LP(; (L2, (Q;R?))) and u € LP(;R?Y) such that

ul(xvy) :/ ng(a:,y)(&)? (4324)
R
with fQ uy(z,y)dy = u(x). Assume also that
Jrom(u(z)) < / F(W, ) dvy)(§)dy, for a.e. x €Q, forany f €&, (4.3.25)
Q JR4

where from(F) is the function in (4.1.7) Then {v(izy)} @y)caxo s a two-scale Young
measure with underlying deformation wu.
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Proof. Let u = 0 a.e. on Q and Let (¢, z) be in a countable dense subset of
Co(RY x RY) x LY(Q). Define

—/Q/Rd (Y, §)dv(a,y) (§)dy

Since the average with respect to y of uy(z,y) is u(z) for a.e. x € Q, integrating
(4.3.24]) with respect to y € @, it follows that

/ / §dv(zy)(§)dy =0, for a.e. z € Q. (4.3.26)
QJRY

Let £ C Q be the null Lebesgue measure set such that (4.3.26)), (4.3.25) or (4.3.23)
do not hold. Then for every a € Q \ F

/Q /Rd EdV(ay) (€)dy = 0,

om0 < [ [ €000y

/Q/Rd €Pdv 0y (€)dy < +o0.

Now, let k£ € N. According to [127, Lemma 7.9, pg. 129|, there exist points
a¥ € Q\ E and positive numbers p¥ < 1/k such that ai + pF$Q) are pairwise disjoint
for each k,

for every f € &,, and

Q= {J(af + pfQ) U By, with L(E}) =0

i>1

and

k—>+oo

/Qz( Yp(x)dr = lim ng /W?Qz(x)dx. (4.3.27)

For each k£ € N, let my € N be large enough so that

% Plai) /JJrﬂ?Q @) =3, olad) /a§+p§m Az)de

i>1

1
—. 4.3.28
< (43.28)

For fixed i and k, by choice of a¥ and by Lemma , the family {v( ) }yeq
is a homogeneous two-scale Young measure. Hence, Remark - for every
vanishing sequence {e,},, there exist sequences {u;k}n C LP(aF + pFQ,RY) such

that
. T ik =k
dm [ e (D)) dr =gty [ st
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Summing up

mg
1
dm [ e

Let us define

©

<<;> unkf) dr = ; @(ak) /{ZM?Q 2(z)dx.

by JukR() if z € af + pfQ,
0 otherwise

and remark that uf € LP(Q,RY). Since the sets a¥ + pfQ are pairwise disjoint for
each k we have that

[ e () b)) ae =3 [ e () i) o
— :in/a%pm z(z)p (<§;> ,u;k(x)) dx + /mUDMk(a%pr) z(z)p (<§;, uﬁ(ac)>) dx.

But as z € L'(Q) and LY(Q N Ujsp, (aF + pFQ)) — 0, as k — 400, it follows that

/§20U¢>mk(af+pf§2) Ae)y <<§;> (7 )> de| =

Then, gathering ((4.3.27)) - (4.3.29))) we obtain that

lim lim = 0. (4.3.29)
k——+o0 n—+00

lim lim Qz(z)gp<<§1>, ul (z )>dx

k—+o00 n—+00

mp T A
- kgr—l{loo nl—1>r-ir-10<>z /ak+ka Z(-T)QO <<5n> ,un($)> de

=1

= lim ng /k+ mz(x)dx
@y TP;

k—)—l—oo

= lim ng /k+ mz(x)dx
@y TP;

= /Qz(:c)@(x)da:

A diagonalization argument implies the existence of a diverging sequence {k,}, as
n — oo, such that upon setting u, := u*", then

nl_lgloo : z(x) <<i> ,un(a:)> dx = /Qz(x)go(x)dx
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and u,, — 0 in LP(Q2, R?), which completes the proof whenever u = 0.
Consider now a general u € LP(2, R?) and v satisfying properties (#.3.23))-(4.3.25)).
We define 7 € L2(2 x Q, M(R?)) by

o= [ [ ] v s u@d, @, @350)

for every ¢ € LY(Q x Q,Co(R?)). We can easily check that ¥ satisfies the ana-
log properties of (4.3.23))-(4.3.25)) with v = 0. Hence, applying the first step of
the proof, for vanishing every sequence {¢,}, we may find a sequence {a,}, C
LP(Q,R?) such that {({-/£,),@n)}, generates the Young measure {7, ,) ® dy},cq.
Define w,, := @, +u. It is easily seen that {({-/e,), u,)}, generates the Young mea-
sure {V(z,) ® dy}eq. Indeed, let 1 € L*(Q, Co(RY x R?)) and define O(x,y,€) =

(x,y, €+ u(z)) where ¢ € L'(Q,Co(RY x R?)) as well. Then, by (&.3.30)

0o )= [ 5(0(2) )

n Q

Q n
=// d@%ammwwmz// (s, E)dviay) (€)dyda
QJQ JRA QJQ JRrd

which completes the proof. O

4.4 Homogenization

This section is devoted to the proof of Theorem [4.1.1l To this end we start by
showing that two-scale Young measures behave as measure products when gener-
ated by couples of sequences. This fact is a fundamental tool for achieving our
result, and it represents an extension of the pioneering [128, Proposition 2.3].

Proposition 4.4.1. Let A = {Agayy) taa yyreozxgz C L (92 x Q% M(R? x
R%)) be a family of probability measures supported on R? x R, A is the two-
scale Young measure associated with a sequence {(u,(x), un(z"))}n, with {u,} C
LP(Q,RY) if and only if Nz yy) = Viwy) @ Vi), where v = {Vu }wyeaxo C
L2(Q x Q; M(RY)) is the two-scale Young measure associated (in the sense of

Definition with the sequence {uy },.

Proof. Let {e,}, be any vanishing sequence and let A be the two-scale Young
measure associated to the sequence {(u,(z),u,(x'))}, for some bounded sequence
{upn}n C LP(Q,R?). We test A against functions 0(x,2')o(y,&,y, &) with § €
LY x Q) and ¢ € Co(RY x R? x RN x R?), (in view of the density of linear
combinations of such functions in L'(2x Q; Co(RY x R?x RN xR?)). In particular,
we choose ¢ such that o(y,&, v, &) = o1(y,§)e2(y, &) and 0(z, 2') = 61(x)05(2").
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I o ( //M I, o s )b §)dydy>dxdq:
ﬂk%/ﬁm z,4/) ( =), <:> wn(), (2 )) dzdy’

o i (2 ) (2) )
([ (2) o)) [ () )

= [ 0u) [ [ et tren@ivir [0 [ [ ot €€y

_ //Q AGEED //Q . //R P00t V1) © ) (€€ i’

The fourth equality is due to the boundedness of the sequence {u,}, and the
fact that {((i}, un(x)>} generates the two-scale Young measure v. The thesis

follows from the chain of identities. The reverse implication can be proved in a
similar way. O

Now, we prove Theorem 4.1.1} This result is a generalization of |24, Theorem
1.2]. We observe also that we will refer to the I'-convergence as it has been intro-

duced in Definition [4.2.14] since by the growth assumption (4.1.3)), we can work
in bounded subsets of LP(€2;R™), which are metrizable.

Proof of Theorem- We recall the family of functionals I, : LP(Q,RY) —
[0, +00) defined in as

:/ﬂ/ﬂw<m<i><z>u<x>u(:¢)> duda’

where Q C RY, w € LP(Q;RY) and W : QO x 2 x Q x Q x RE x R — [0, +00) is a
symmetric admissible integrand, satisfying (4.1.3)).
Let u € LP(2,RY) and let {e,}, be such that g, — 0. We start by showing that

[' — limsup I, (u)

n—-+0o0o

< inf // // // Wiz, ', y,y, & &)dv iy (§)dv (e ) (&) dydy' deda’
veMu JJaxa JQxQ JIRAxRE

(4.4.1)



4.4 HOMOGENIZATION 74

where M, is defined in - Let v € M,,, by Remark - Theorem and
Proposition {4.4.1] u there exists a sequence {u,}, C LP(Q,R?) such that Up — U
in LP(), RY), generates the two-scale Young measure {V(a) }@y)caxqg, and clearly
{(un(z),un(a"))}, is the sequence associated to the two-scale Young measure {1/, ,)®
V(at ) } (oo ) ez x@2- Extract a subsequence {e,, }x C {€,}, such that

limsup I, (un) = lim I, (un,)

and that {|u,, |P}x is equi-integrable, which is always possible by the Decompo-
sition Lemma [87, Lemma 8.13]. In particular, due to the p-growth condition
(4.1.3), it follows that the sequence {W (-, (-/eny)s (-'/€ny), Uny (+); Un,, (') }i 1s
equi-integrable in € x € as well, hence applying Theorem zz) we get that

- // // // W (2,27, ,€) Aoy (€)dv(aryry(€)lyely dd
OxQ JJQxQ JJRIxRA

Taking the infimum over all v € M, in the right hand side of (4.4.2)), yields (4.4.1]).
Let us prove now that

(4.4.2)

[' — liminf I (u) (4.4.3)

n—+oo

> i //Q . //Q . //R o W00 6 €0 (€ (€ gy dnd’.

Let n > 0 and {u,}, C L?(Q,R?) such that u,, — u in LP(Q, R?) and

liminf I, (u) <T —liminf I, (u) 4+ 7. (4.4.4)

n—-+00 n—-+00

For a subsequence {ng}, still thanks to Proposition [4.4.1, we can assume that
there exists v € L(Q x Q, M(R?)) such that {(u,(x),u,(2"))} is the sequence
associated to the two-scale Young measure {y<m’y) ® y(x/’y/)}(w,x/’y/)e(m@)z and

lim I, (u,,)=lminf I, (u,). (4.4.5)

k——+o00 n—-+0oo

We remark that {u,, }; is equi-integrable since it is bounded in LP(Q,R?) and
p > 1. Thus by the Fundamental Theorem on Young Measures (Theorem [1.3.3)
we get that for every A € A(Q),

/u(:p)d:p: lim unk(x)dx:// §dv (g4 (§)dydz.
A k—+oo [ 4 AJg Jra ’
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By the arbitrariness of the set A, it follows that
u(z) = / £dv(zy)(§)dy ace. in Q. (4.4.6)
Q J/RI

As a consequence of Corollary (4.3.1] - {V (@) }(x yeaxq s a two-scale Young measure

and, by (4.4.6), we also have that v € M,. Applying now Theorem [4.2.11}4) we
get that

- RS : :
kgrfoo//ﬂmw (m,x , <€nk > , <€nk> U, (), U, ( )) drdzx
> // // // W (2,2, o/ €, €) ey (€)dViar (€ )dydly dada’
OxQ S/ QxQ JJRIxRY
>t // // (0,29, €. €) Aty () AWt ) (€ dydy dd
veMu JJaxa JJQxQ JIRixRE

Hence, by (4 , and the arbitrariness of 1 we get the desired result.
Gathering (4 and - , we obtain that

r— hmI(

= //Q . //Q . //R W € e (O (€ gy’

To conclude the proof of the upper bound, we have to prove that the minimum is
attained. Consider a recovering sequence {i,}, C LP(2,R?) for I — lim,, I, (u).
Arguing exactly as before we can assume that (a subsequence of) {u,}, gener-
ates a two-scale Young measure {V(x7y)}(x7y)€QXQ, that v € M, and the couple

{(un(x), un(2') }r generates {V(zy) @ Ve y) Yaye y)c@x@)2, and

{W(7 ’Iv <'/5nk>7 <'//€nk>7 u”k()’ unk(/))}n
is equi-integrable. According to Theorem [4.2.11Hi), we get

I- lm L, lim // (3” 2, > < >,ﬂn(:c),€cn(:c')> drdz’
e =t JJoxa En En
// // // W (2, 2",y,9', &, &) dvizy) (§)dV(ar ) (&) dydy dxdx’.
OxQ JJSQxQ JJRIxRE

which completes the proof. O

Remark 4.4.2. i) We observe that if in the above theorem W does not depend
on ¥,y € @, the above I'-convergence result reduces to a relaxation result
with respect to the LP-weak convergence, with Ij,,, therein replaced by

min // // // Wz, ', &€ )V (&) AV ) (&) dydy' dzda’,
veMu JJaxa JJQxQ JIRIxRE
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ii)

iii)

with M, in (4.1.4)). I, in turn, becomes

Inom(u) = min //Q Q//Rd N Wiz, 2, &) dug (&) dpy (&)dadx',  (4.4.7)

HEMy,

where

M, = {u € L(Q, M(RY) {1z }req is a Young measure

such that [ &dv,(€) = u(ac)}

R4

The above equality is easily obtained in view of Definition [4.2.1] which en-
sures that any measure {V(; y)}(z.y)coxg € M, is such that v, ) @ dy = p, €

We observe that the same strategy adopted in the proof of Theorem m,
would lead directly to (4.4.7)), without using two-scale Young measures but
adopting the classical Young measures generated by sequence in LP(; R?). It
suffices to replace Theorem by Theorem and the characterization
of Young measures proved in [I127, Theorem 7.7].

Observe that equation m provides a statement analogous of [36, Theorem
6.1] replacing the narrow convergence by the LP-weak convergence, under a
slightly more general set of assumptions on W, cf. Remarks[4.1.2] and
4212

We point out that analogous arguments as those in the proof of Theorem [.1.1]
allow us to obtain a ['-convergence result in terms of a suitable narrow convergence
(see Remark . In order to do so, a preliminary step is needed, i.e. a suitable
extension of the functionals I in to YP(; TV x R?), where we recall that
TN represents the N-dimensional torus in RY.

Corollary 4.4.3. Let p, Q, W and {I.}. be defined as in Theorem |4.1.1, Let
YP(Q; TV x R?) be the space introduced in Remark and let I, : YP(Q, TN x
RY) — RU {oo}

2o () if = {0E) ) Feen,
Ie(u) = { +00  otherwise (44.8)

Then, {1:5}5 ['-converges, with respect to the narrow convergence, i.e. testing
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with functions in L' (2; Co(TY x R)), to Thom : YP(Q; TV x RY) — [0, +00], where

//Qm //(QXRd)Z Wz, 7', (y,€), (', &))dpa(y, §)dpa (v, ) dada’,

I om = :
hom (14) if {t}re = {Vay) Haycaxq @ dy,

+00 otherwise,

with v a two-scale Young measure.

Before proving the result we observe that, when Iy, is finite, the right hand
side coincides with

// // // W (s 2, g,/ €, €)dvnp) (€)dviar (€ dydy duda
OxQ JJQxQ JJRIxRY

Proof. The proof follows the same argument as [36, Theorem 6.1]. Let pu €
YP(Q; TV x RY) and {jtn }, € VP(; TV x RY) be a sequence which converges nar-
rowly to . With no loss of generality we can assume that liminf, . I., (e,) <
+00. Then, up to passing to a suitable subsequence (not relabelled) for which the
liminf is a limit, 1, = 0((2),u, () for a suitable sequence {un}, C LP(S; RY).

By ([£.1.3), {us}» is bounded in LP(Q;RY), hence (up to a subsequence) weakly

convergent, then as observed in [27] {((i), un>} is tight and in view of Theorem
the narrow limit p is of the type v ) ® dTgl/ for a suitable two-scale Young
measure {V ) }zy)caxo. Hence the lower semicontinuity of

[ova ff(Qde)Q Wz, 2', (y,€), (v, &))dus(y, &)dpe (i, € )dxdx’ with respect to the
narrow convergence, observed in [36, Proposition 3.7] proves the lower bound.
For what concerns the upper bound, if y is of the type v, ,) ® dy for a suitable
two-scale Young measure {IJ(Ly)}(%y)eQXQ, then Theorem ensures the exis-
tence of a sequence {u,}, C LP(Q;R?), weakly convergent in LP(Q2) and such that
{((i%un) }n generates the two-scale Young measure v(,,). The Decomposition

Lemma ensures that the {u,}, can be chosen p-equi-integrable. Clearly, by [27],
the sequence is also narrowly convergent to p, = v(,,) ® dy. Then ensures
that the integrand of I. (u,) is equi-integrable and, exactly as in the proof of
Theorem we can invoke Theorem [4.2.11](ii) which, in turn, guarantees the

convergence towards

//QXQ //(Qde)2 W(z, 2", (y,€), (v, €))dps(y, ) dpa (v, € ) dwda’,
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which concludes the proof in this case.

Finally if p is not of the type v(,,) ® dy for a suitable two-scale Young mea-
sure v, then Theorem says that {V(zy)}ay)coxg cannot be generated by
any {(5(<£>,un(w))}n, hence it cannot be the narrow limit of such a sequence. Conse-

quently, the {s, }, narrowly converging to y is such that the energy I., (u,) = +oo
for any n € N. This concludes the proof. O



Chapter 5

Relaxation of Quasi-convex
Functionals with Variable
Exponent Growth

5.1 Introduction and main result

Variable exponent spaces have been studied since the 1980s [112} [142]. In the 1990s,
motivated by the study of composite materials, Zhikov focused on variational
integrals with non-standard growth [I51) 152 [153] 154], [155]. Since then, integral
functionals defined in variable exponent spaces have been actively studied, both in
the context of regularity theory and applications to electrorheological fluids and
homogenization, see [79] and the bibliography contained therein.

Existence theory of several models have been considered, related to optimal
design and double phase problems, thin structures, dielectric materials, homoge-
nization and fluids: we mention [32], 133, 39} 38, [70}, [83], 84] 119} [145], among a wider
literature, where lower semicontinuity, relaxation and variational convergence for
integral functionals with densities satisfying a p(-)-growth condition have been
considered, under a variety of continuity assumptions on the exponent p. In these
papers integral representations are obtained, more or less explicitly, according to
the regularity hypotheses on p.

In the Sobolev space W1PO)(Q;R™) in [70, 84, [145] the I-limit (see [73]) of
such energy functionals is still an integral functional of the same type and growth,
provided the exponent is log-Holder continuous (Definition [5.2.3)). This condition
ensures that we can freeze the exponent on small balls and use blow-up methods
introduced by Fonseca and Miiller [88],[89]. Similarly, lack of log-Hélder continuity
entails a singular term in the measure representation of functionals, see [I54] and
132, 33].

79
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An additional challenge arises in variational problems related to imaging prob-
lems where linear growth (p = 1) energies are useful. Chen, Levine and Rao
[64] proposed a variable exponent generalization of the so-called ROF total vari-
ation model in classical BV-space. This was later extended to variable expo-
nent [100, 10T, 115] and double phase [99] BV-spaces, and recently to general
Orlicz BV*¥-spaces [82]. However, the models which combine linear and super-
linear growth have so far only been considered for convex energies while for linear
growth energies there is a well-developed theory of quasi-convex energies, see [10]
Section 5.5].

More recently, another point of view has been considered in [4, [141], taking
into account not only bulk energies but a coupling of the latter ones with surface
energies, thus leading to the study of variable exponent versions of the so-called
Mumford-Shah-type functionals (see [10, Chapter 6]) with bulk energy of type

/ F(Vu)Pde, (5.1.1)

for superlinear growth, infgp > 1. In these papers’ framework of special functions
with bounded variation with variable exponent growth, quasiconvexity of the bulk
integrand appears naturally as necessary and sufficient for a lower semicontinuous
energy, as in the standard growth case.

When dealing with composite materials, we can describe failure phenomena,
such as fracture, by zones of the domain with linear energy behavior in the re-
laxation process. Orlicz—Sobolev space bulk energies cannot captured this, which
leads us to the extension of the above non-standard growth functional to
a free discontinuity setting, where singularities may appear in the form of jump
discontinuities or Cantor measures.

The main contribution of this paper is to introduce the first model which
features both quasi-convex anisotropy of [9], 88, [89] and the combination of linear
and super-linear growth of [100, 101}, 82]. We provide sufficient conditions for lower
semicontinuity and relaxation of functionals of the form when the exponent
p may take the value 1. Once again, the log-Holder continuity ensures the lack of
Lavrentiev phenomenon and that the only concentration effect is the expected one
from the BV-space described by the recession function. However, the subtlety of
the problem is illustrated by the fact that a slightly stronger vanishing log-Hoélder
continuity is required in the linear growth set {p = 1}.

To state our main result let A C Q2 C RY be a open. We consider the lower
semicontinuous envelope of with respect to the strong LP() convergence,
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i.e. the functional
Flu, A) := inf{hmmf / F(Vup)P@ da | uy, € WHPO(A;R™),
up, — u in LPU(A; Rm)} (5.1.2)
for u € LPO(;R™); we abbreviate F(u) := F(u,§2). We obtain an integral

representation in the space of functions with generalized growth bounded variation
of this functional in terms of the point-wise recession function (see Remark [5.4.1))

1)
t

f(€) = limsup

t——+00

Theorem 5.1.1. Let Q) be a bounded open set with Lipschitz boundary, p : Q —
[1,00) be log-Hélder continuous and assume that f : R™N — [0, 00) satisfies the
following assumptions.

(HO) f is continuous and f(0) =

(H1) f(¢) < / f(€ + Vu)dz for every € € RN*™ and u € Wy °((0,1)N;R™)
(0,1~
(quasiconvezity).

(H2) There exists a constant m > 0 such that m |£] < f(€) for every £ € RN*™,

(H3) There exists a constant M > 1 such that f(§) < M(1 + [£|) for every & €
RNXm.

Then the relaxed functional has the integral representation

st
F(u, Q) /fVu dx—l—/f D] |D8u|

for all u € BVPO(Q; R™).

Remark 5.1.2. If A has Lipschitz boundary and if f satisfies (H3), then

F(u, A) :inf{hmmf/f (Vup)P @ dx | uy, € WHWPO(A;R™), uy, — w in L'(A; Rm)}

with convergence in L' instead of L") by [84, Proposition 2.8].
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Our proof is based on approximation by linear growth functionals, for which we
can use an improved version of the linear result due to Breit, Diening and Gmeinder
[57], see Lemma Based on this lemma we obtain in Proposition a lower
semi-continuity results which allows us to prove the inequality “>" in the main
theorem. The proof of the opposite inequality uses the so-called blow-up method
from [10, Section 5.5], which, as a first step, requires to prove that F(u,-) in
is a Radon measure absolutely continuous with respect to the generalized
total variation of Du, in the sense of [82, [100, T0I]. In Proposition we refine
techniques from [101] to show how the strong log-Holder continuity allows us to
separate the effect of the exponent into a multiplicative constant which tends to
1 in the blow-up process. The remaining linear growth, quasi-convex part is then
handled as in [10, Section 5.5]. Before the main result, we introduce background
material in Section and the appropriate vector-valued BV-type space with
variable growth in Section [5.3]

5.2 Preliminaries

In this chapter, we consider a bounded open set Q in R, N > 2. We recall the
following notation: for a set £ C RY, g is the characteristic function of E such
that xg(x) =1if 2 € E and xg(z) =0 if z ¢ E. We denote the Hélder conjugate
exponent of p € [1,00] by p' = p%l. A generic constant denoted by ¢ > 0 without
subscript may vary between appearances. Let f,g: E — R. The notation f < g
means that there exists a constant C' > 0 such that f(y) < Cg(y) all y € E and

f ~ g means that f < g < f.

5.2.1 Generalized Orlicz spaces

Here we extend the results from Section L4l The extension to the vector val-
ued setting is the following. Let ¢ € ®,(Q2). A measurable function v =
(g, ..., Up): @ — R™ belongs to L¥(; R™) if u, € L¥(Q2) for every o =1,...,m.
For u: 2 — R™ we write

|, = H\uwa < 00,

and note that

LP(;R™) = {u : Q — R™ measurable ‘p@(\)\u\) < oo for some A > O}.

Next we define some standard conditions on the ®-functions that imply additional
properties of the spaces.

Definition 5.2.1. Let ¢ : Q x [0,00] — [0,00] and let p,q > 0. Then we define
the following conditions:
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(A0) There exists 8 € (0,1] such that p(z,5) <1 < p(z, %) for every z € Q.

(A1) For every K > 0 there exists § € (0, 1] such that, for every z,y € Q,

p(z, Bt) < @(y, 1) +1 when ¢(y,t) € {O, \x—y\N}

Note that this slight variation of is equivalent to that of [98] if
and (aDec) hold (see [82, Section 3]). Assumption is an almost continuity
condition whereas (alnc) and (aDec) are quantitative versions of the V, and A,
conditions from Orlicz space theory and measure lower and upper growth rates.
We denote by ¢* the conjugate function of ¢, i.e.

QD*<.§C,t) = Sglg{St - (,O(SC, S)}7

for z € Q and t € [0,00). We define the associate space of the generalized Orlicz
space L¥(£2), a variant of the dual function space which works better at the end-
points p = 1 and p = oo.

Definition 5.2.2. Let ¢ € ©,,(2). The associate space (L¥(£2))" is the subset of
measurable functions with finite norm

| fll(e)y == sup /ﬂfgdx.

llgllg<1

For weak ®-functions the associate space equals the generalized Orlicz space
L (Q) [98, Theorem 3.4.6], up to equivalence of norms.

5.2.2 Variable exponent spaces

A measurable function p : Q — [1,00) is called a variable exponent. We denote for
ACQ,

Ph 1= ess-supyeap(x), py = essinfp(z), p* = pg, p~ = po-
By the symbol Y we denote the set where p equals one,
Y :={xeQ|pl) =1}

Let u : Q@ — [—o0, 00]. We recall that the variable exponent modular is defined as

prooi) = o) = [ Ssluo) )
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This defines the variable exponent Lebesgue space LPU)(€2;R™) as the special case
of L#(Q;R™) with ¢(z,t) = ﬁt”(z). In this case, the conjugate ®-function is
related to the point-wise Holder conjugate exponent:

L@ ifr e Q\Y

p'(x)
©*(x,5) =10 fxeYands<1
00 ifzeY and s > 1

[82, Example 4.3]; we will abbreviate this function as ﬁsp'(“f) also in Y. We
consider Definition in this context. Now and (alnc),- always hold and
(aDec),+ holds if p* < oo [98, Lemma 7.1.1]. For we need the log-Holder
continuity of the exponent [98, Proposition 7.1.2].

Definition 5.2.3. A variable exponent p is log-Hélder continuous if there is a
constant C' > 0 such that

C
Ip(z) —p(y)| < m

for all z,y € Q. It is strongly log-Hdlder continuous if additionally

B w(lz —yl)
pl) - 1< log(e + ﬁ)’

for some w : [0, 00) — [0, 00) with lim; ,ow(t) = 0 and every y € Y and x € Q.

A bounded exponent p is log-Holder continuous in € if and only if there exists

a constant C' > 0 such that
L' (B)Ps 75 < C

for every ball B C Q [79, Lemma 4.1.6]. Under the log-Holder condition, smooth
functions are dense in variable exponent Sobolev spaces [79, Theorem 9.1.8]. Strong
log-Hélder continuity is a generalization of vanishing log-Hélder continuity [100],
where the log-Holder constant is controlled in only the set Y rather than in all of
Q.
The wariable exponent Sobolev space W'P()(Q) consists of functions u € LP() (1)
whose distributional gradient Du belongs to LP()(€2). The variable exponent
Sobolev space WP()(Q) is a Banach space with the norm

ullwrro @) = llullipe) = lullro @) + 1 Dull o @

The norm of the latter term is the LP()-norm of the scalar-valued function |Dul,

the Euclidean norm of Du, i.e. [[Du| 1r0)(q) = H]Du| LO@"
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5.2.3 Functions of linear growth

We collect here some results about functions with linear growth that will be used
in the proofs.

The following is a special case of Proposition 5.1, [57], with A = D. The result
was originally proved by Fonseca and Miiller [89] with an additional assumption
(H5), which we avoid by using the more general recent reference.

Lemma 5.2.4 (Weak lower semicontinuity). Let 2 be a bounded open set with
Lipschitz boundary. Assume that f : Q x R™ — R is continuous, and f(z,-)
satisfies (H1), (H2) and (H3) uniformly in x € ) and that

1f(2,8) = f(y, 9] < wllz =y +[£])
for some modulus of continuity w. Then F,, : BV(Q;R™) = [0,00), defined as

dD*u
F(u) == °°( > D’
ww = [ e vude+ [ (e ) dipl,

is sequentially weakly™ lower semicontinuous with respect to BV (€2; R™)-convergence,
where f3° is the strong recession function:

Fo(r.6) o= im LD

t—o00
§—¢

=z

Lemma 5.2.5 (Reshetnyak continuity, Theorem 2.38, [10]). Let Q@ C R™ be open
and p, piy, be R™-valued finite Radon measures in 2. If up — p weakly™ in € and
|1n] (€2) = |p](2), then

i [ £ (2 Y aal = [ ()
h=eo Jo 1y Q )

provided f : 0 x S 1 — R is continuous and bounded, where S™1 C R™ is the
unit sphere.

5.3 BV-type spaces

Following [10], we say that a function v € L'(Q) has a bounded variation, denoted
u € BV(Q), if

V(u, Q) 1= sup { / udivw dz
Q

w e CHOQR™), |w| < 1} < 00.
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Such functions have distributional first derivatives Du which are Radon measures
[10, Section 3.1] and V' (u, 2) equals the total variation |Du|(£2) of the measure Du
[10, Proposition 3.6].

In the sequel, we use the Lebesgue decomposition

Du = D%u+ D?u,

where D% is the absolutely continuous (with respect to the Lebesgue measure)
part of the derivative and D*u is the singular part. The density of D%u is the
vector valued function Vu such that

/w-dD“u:/w-Vud:L’,
Q Q

for all w € C2°(£2; R™). In the sequel we will identify D% with Vu.

We generalize to the vector-valued case a formulation for BV-type spaces intro-
duced in [82]. When m = 1, these spaces reduce to BV¥(Q) := BV¥?((;R)
considered in [82] and when ¢(t) = ¢ they reduce to ordinary BV-spaces.

Definition 5.3.1. Let m € N, ¢ € ®,(Q) and v € L{ .(Q;R™). We define the

“dual norm”
©* S 1 }7

o (u) = sup { / (f:uadivwa e, |w|>) do|w e [O&@RW}.

a=1

m

V' (u, Q) = V]"(u) = sup{ > /Quadivwa dx

a=1

w € [Co (4 RY)]™, [lw

and the “dual modular”

We say that v € L#(2; R™) belongs to BV#(Q;R™) if

[ullBverm) = ||ullLo@mrm) + V" (u, ) < o0.
If p(x,t) = Iﬁtp(x), then we replace ¢ by p(:) in the notation, for example
Voo (w, Q).
Lemma 5.3.2. If p € ®,(Q0), then u = (uq,...,uy,) € BV?(Q;R™) if and only if
u; € BV?(Q), for everyi € {1,...,m}.

Proof. By [98, Theorem 2.5.10 and Corollary 3.2.5], we first observe regarding
the Lebesgue norms that ||ull, < >, [Juile, while [Ju]l, S ||ull,, for every i =
1,...,m. Thus it remains to compare the variations.

Assume first that u = (uy,...,u,) € BV?(;R™). Let w; € CHQ;R™) with
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|wi]|p« < 1. Define w := (0,...,0,w;,0,...,0) and note that w € [C}(;RN)]™
with ||wl|,» = ||wsl,» < 1. Then

/ u;divw; do = Z urpdivwy, doe < Vs;”(u, Q).
Q

Q k=1

Taking the supremum over such w;, we find that
Vi (ui, ) < V7' (u, ),

for every i € {1,...,m}, which proves that u; € BV#?(Q).

Assume then that u;, € BV¥(Q) for every i € {1,...,m} and choose w €
[CHOQ; RY)]™ with ||w||,« < 1. Then each component satisfies w; € C!(Q;RY)
and ||w;|[,« < 1 and it follows from the definitions of V,, that

/ > wdivw; de <Y Vi (w).
Q=1 i=1

Taking the supremum over such w, we find that
V' (u, Q) < > Vi(us, Q),
i=1

which proves that u = (uq, ..., u,) € BV?(Q;R™). O

The following results are vector-valued versions of results from [82]. The proofs
of Lemmas [5.3.3|and [5.3.5| are essentially identical and are thus omitted altogether
(cf. [82, Lemmas 4.6 and 5.4]). For the others we show the changed parts.

Lemma 5.3.3. If p € ®,(), then V" is a seminorm and | - || pve(orm) is a
quasinorm in BV?(Q;R™). Moreover, if ¢ € ®.(Q), then || - || pverm) s a norm.

The next result shows that pf}, is a left-continuous semimodular in L*(€; R™).
The proof follows [82, Lemma 4.7].

Lemma 5.3.4. If p € ®,(Q), then
1. p7,(0) = 0;
2. the function X — pi?,(Au) is increasing on [0, 00) for every u € L'(;R™);
3. pp (—u) = pit,(u) for every u € L'(;R™);

4. p7‘}f¢(9u + (1 —-0)v) < Qp(’/fso(u) + (1 - G)p"}f@(v) for every u,v € L*(;R™)
and every 6 € [0,1];
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5. limy- pip (M) = pit (u) for every u € L'(€;R™).

Proof. The proofs of properties (1) and (3) coincide verbatim with [82, Lemma 4.7],
so we omit them.

To show that A — p{? (Au) is increasing for every u we let A € (0,1) and
w € [CHO;RY)]™. Since ¢* is increasing,

/Q (i)\uidivwi—@*(ﬂv, ]w])) dx < /Q (guidiv()\wi)—gﬁ(x, |)\w|)> dr < pyr,(u),

i=1

as \w € [CH(€;RY)]™. Taking the supremum over w, we get pf*, (Au
Let us pecrove that py, is convex. Let u,v € LY (Q;R™), 6
w € [CHQ;RY)]™. Then

/ (é (Ou; + 0)v;)divw; — ¢*(x, \w|)> dx
= 9/9 <;uidivwi — p*(x, |w|)) dx + (1 — / (szdlvwl |w|)) x

< Opy(u) + (1= 0)p7,(v).

The claim follows when we take the supremum over such w.

Finally, we show that pf? , is left-continuous. Since A — pi7 (Au) is increasing,
PV (Au) < pit(u) for A € (0,1). We next consider the opposite inequality at the
limit. Let first pf7,(u) < oo and fix € > 0. By the definition of pi, there exists a
test function w € [CHQ; RY)]™ with py«(Jw|) < oo such that

/Q (Zuidivw,) dx > py;,(u) — € + po+(

=1

wl).

Multiplying this inequality by A € (0, 1) and subtracting p,-(Jw|), we obtain that

() 2 N () =€) + (= Dy ().

Hence
lim_ Py (Au) > pir,(u) — e.

The claim follows from this as ¢ — 07. The case pi},(u) = oo is proved similarly,
we only need to replace pi} (u) — ¢ by 1 O

Lemma 5.3.5 (BV-type approximation by smooth functions). Assume that ¢ €
®,,(Q) satisfies|(A0), |[(Al){ and (aDec). Then there exists ¢ > 1 such that for every
u € LP(Q;R™) we can find u, € C*°(Q;R™) with

u, — w in LP(SGR™)  and V] (u) < kh_{go Vo (ug) < V)" (u).
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The following result is the vectorial counterpart of [82, Theorem 5.2]

Lemma 5.3.6. Let ¢ € ®,(Q) and u € WS (Q;R™).
Then V;”(u) S ||vul|(LW*(Q;Rm))”

(1) If CHQ;R™N) s dense in L (Q; R™N) | then V2 (w) = Vull pe @mmyy -
(2) If ¢ satisﬁes and (aDec), then V" (u) = ||Vul| e @mm).-

Proof. Since u € W21 (Q;R™), it follows from the definition of V,(¢y and integration
by parts that

Vi(y(u) = sup {/QZV%‘ cwydz: w € [CHORM]™, [lw

=1

o < 1}, (5.3.1)

The definition of the associate space norm, implies that

(5 Vs wide < [ [9ulluldo < [Vl o oy ol ey
=1

Taking the supremum over w € [C}(Q;RY)]™ with [|w]|e o) < 1, we conclude
that Vi) (u) < [[Vull e @)y

To prove claim (1), we next show the opposite inequality ||Vull( e q@rm)y <
V¢ (u) when smooth functions are dense. Let w € L? (Q;R™") with [lw
and let (w;) be a sequence from C}(Q; R™*N) with w; — w in L?" (Q; R™ V) and
almost everywhere. Since also w;/||w;|l,- — w in L# (; R™N) we may assume
that ||w;||,~ = 1. By Fatou’s Lemma,

@*:1

lim inf Z Vu; - (w;); dx > Z Vu; - w; dr,

so it follows from (|6.3.17)) that

w e L (RN, [w

Vol (u) > sup{ ) ;Vui -w; dx

-

For h € L¥ (Q) we set w := %h if [Vu| # 0 and 0 otherwise in the inequality
above. Thus

he L7 (@), |Ih

Voiy(u) > sup{/ﬂ|Vu|hdm

o < 1} = HVUH(DP*(Q))“

Hence Vi) (u) = [|[Vul| (Lo () and the proof of (1) is complete.
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Then we prove (2). Fix h € C1(Q). Since w.s = (

Vu
and converges to Sulie

majorant |Vul|h|) that

IVZﬁ) % 15 is bounded

a.e. as 0 — 0, it follows by dominated convergence (with

lim lim /ZVUZ - (wesh); dz :/ |Vu| hdx.
Q=1 Q

e—0t §—0+t
o<1y

The final part of the proof coincides verbatim with [82, Theorem 5.2], so we omit
it. O

Since we sh € CH(Q; R™N), this and (6.3.17) imply that

h e C(Q), |

Vo (u) > sup{/Q|Vu|hdx

Note that a sufficient condition for the density of C(Q; R™* V) in L#™(Q; R™* )
is that ¢ satisfies and (aDec) [98, Theorem 3.7.5].

In [T00, [T0T], a BV-type space with variable exponent was defined based on the
set Y where the exponent equals 1 using the modular which is denoted poq below.
The next result connects this definition to the one given above based on [82].

Theorem 5.3.7. Let p: Q — [1,00) be lower semicontinuous. Then
BVPO(Q;R™) = BV(Q;R™) n WHO(Q\ Y;R™)
and V2 (1:.2) 2 [l s, where pua(u) == [Dul(¥Y) + procoianyeom (V).

Proof. By Lemma [5.3.2] we can argue using components and so it suffices to con-
sider the case m = 1. Furthermore, it suffices to prove that || ||, ~ ||ul|,.,, since
V2w Q) ~ || - ||y, by [82, Lemma 4.7] and the Lebesgue norms of the function
are the same in both spaces.

Assume first that u € BV (Q)NWPO(Q\Y) and pya(u) < oo. If pu-(Jw]) < oo,
then ¢*(z, |w|) = cox(1,00)(Jw]) = 0 for almost all € Y, so that |w| < 1 a.e. on
Y. Thus

1 /
pvp((u) = sup { / udivw dx —/ ——|wl” @) o ‘ w € CHQ,RY), po-(Jw]) < oo}
Q o\y P (z)

1 /
< sup {/udivw da:—/ 1 )|w\p @) da ‘ w e CHQ,RY), |w| < 1ae. onY}
Q oy P&

where p' is the Holder conjugate of p. Since p is lower semicontinuous, Y = {p < 1}
is closed. Since further v € W) (Q\ Y), D*u = 0 in the open set Q\ Y. Then
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|lw| <1 and Young’s inequality implies that

/udivwdx:/ w-Vud:E+/wdDu
Q Q\Y Y

1 1 /
< —— |VulP® + ——|w|"'® dx 4 | Du|(Y).
/Q\Y p(x) p'(z)

Using this in the previous estimate for the modular, we find that

1
p_ug/ —— |Vl dz + | Du|(Y).

We have shown that py,)(u) < poa(u). It follows by the definition of the Luxem-
burg norm that ” ’ HpV,p(~) < H ’ ||Pold'

Assume then conversely that u € BVPO(Q) so that V) (u; Q) < co. Denote
F,={p< 1—1—%}. Then F; \, Y and pq, , > 1+%. Since p is lower semicontinuous,
F; is closed in . Thus (p') 5 < 0o so that Cj(Q2\ F;) is dense in LPO(Q\ Fy)
by [98, Theorem 3.7.15]. Thus Lemma [6.3.13|(1) yields that

IVull e @myy = Voo (u; 2\ Fi) < Vi (u; 2).

By [98, Theorem 3.4.6 and Proposition 2.4.5], |[Vullze@\r) = [[Vullrer @\m)y
where the implicit constant ¢; does not depend on Do p- The previous inequality
for v := u/(cVp)(u; Q) and monotone convergence yield

x . z . +
/Q\Y V[P dy = lim - IVolP® dz < Jim max {1, ||Vv||’£p(,>(Q\Fi)} <1.
Hence [|Vo| ooy \y) < and so [[Vullpooy vy < Vi (us Q).
By [82, Example 4.2] we have BVP")(Q) € BV(Q), and |Du|(Q) = V(u,Q) <
Vo (u; Q) since o satisfies [(A0)} Thus [Jull,,, < Vp)(u; Q), which concludes the
proof. O]

5.4 Proof of main result

We recall the definition of the weak recession function

f°(€) = limsup f(;fﬁ)

t—-+o0
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Remark 5.4.1. If f: R™"™ — [0,00) is convex, then the limit superior in f* is a

limit as ¢t — M is increasing. If, additionally, f is Lipschitz, then
o _f(tg N ICIERICS o0 o0
o) = pim TUE) g TS ZIUE) o = ooy
&—¢ §—=¢

In this case there is no need distinguish the weak and strong recession functions.
As we recall below, our assumptions imply that f> = f°° for rank-one matrices,
in particular for foo(d‘fgzm).

However, the weak and strong recession functions are not the same without

uniformly linear growth: if z; € Q\ Y with 2; - x € Y, then

f(tg)p(m)
t

p(x))o0 im li
(S = Jim lim

g'—¢

= +o0 > fX(€) = (f)(€),

provided f satisfies (H1) and (H3). Thus we need to be careful when considering
recession functions in the absence of uniformly linear growth.

Proposition 5.4.2. Let Q2 be a bounded open set with Lipschitz boundary and
p e CQ). If f: R™N —[0,00) satisfies (HO), (H1), (H2) and (H3), then the
functional F,. : BVPO(Q;R™) — [0,00), defined as

st .
/f Vu)? dx—l—/f d D d|D ul,

is lower semicontinuous with respect to LPO)(§; R™)-convergence.

Proof. For j e N, x € Q and t € [0,00), define

tP(®) if t <,

¢j(x,t) == { 7@+ p(2)7@-1(t — ), otherwise.

Observe that ¢; is continuous, ¢;(x,t) < 7@ ¢i(x,t) /7@ as j — oo, and

t—1< (1) <7 +prP e — ).

Let us write ¢;(z,-) := ¢;(z, f(-)) and note it is quasiconvex as the composition
of a convex function and a quasiconvex function, by Jensen’s inequality. By (H?2)

and (H3) we find that

mlgl — 1< f(&) — 1<y, &) < j7 +pt 5" (9
37+ Mp* P (L4 1€]) < MptiPT (2 + [€)).
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We consider the strong recession function (of 9; 4+ 1)

Wz, €) == (¥ + 1) (2,§) = lim W
E’—>£

' —zx

whenever the limit exists. If f(§) < j, then

[0;(2, ) — 1;(y, €)] < |F(EP — F(EPW| < j77|1 — jlr@ PO,
If f(&) > j, then by (H3)

[5(2,€) = ¥y(y. €)] < 17" ~ "’(y)l + () = 5) Ip(2)" @~ = p(y)*|
<GP = PPN 4 M1+ [€]) [p(2) 7 = p(y)P0 .

Since p € C(Q) we obtain that |1;(z, &) —;(y, &)| < wi(|lz—y|)(1+|¢]) for suitable
moduli of continuity w;. Moreover, by assumption €2 is a bounded domain with
Lipschitz boundary. We have thus verified all assumptions of Lemma [5.2.4] and so

dD*u
uH/z/;j(x,vu)+1dx+/\1/ ( >d|Dsu|
Q Q " d| D

is weakly* lower semicontinuity in BV (€2;R™). We observe that the “4+1” in the
integral does not affect the claim (it was only used to satisfy the assumptions of
the lemma). By [57, Lemma 6.1], £ — 9;(z, §) is Lipschitz continuous, and so

(! / o o YA /
t—00 t t—00 t t—00 t
&—¢E ' >z &=
=z =z

By the definition of 1);, the continuity of p and Remark we conclude that

(.Z' 5) _ }l}r& z/}j(xtlvtf) _ xhg}cp( )jp(a:’)—l tll{& f(fg) _ p(x)]p(x)—lfoo(g)’

for every rank-one matrix £ € R™¥. Hence ¥;(z,£) / (fP®)>°(¢) as j — oo,
for every rank-one matrix ¢ € R™ ¥ in particular, by Alberti’s theorem [2], for

&= dd\gzZ|‘ Applying the lower semicontinuity result, we obtain

dDu ., .
/QI/J]-(J:,VU)dI—i-/\If( D |) D*ul
< hmmf [/1&] x, Vuy) dx—i—/\lfj(x’dDuhl) d|Dsuh|]

d|D8uh

dD?®
<11m1nf [/f Vuy)? dx—i—/(fp ))o° <d|Dszh|>d|Dsuh|],
h




5.4 PROOF OF MAIN RESULT 94

whenever u;, — u in BV (€; R™), where we used v;(z,£) < f(£)P® and ¥ (z,£) <
(fP@)> in the second step. Now the right hand side is independent of j, and
hence we obtain by monotone convergence as j — oo, that

Fut) = [ 10up ot [0 (40 ) aip

dD*u
s e (z) (z)\oo h s
< h}{r_l}gf (/Qf(vuh)P dz + /Q(fp ) (dI SUh|) d|D uh|>

whenever u;, — u in BV (; R™).
Suppose next that u, — u in LPO(Q; R™) for u,u, € BVPO(Q; R™). We may
assume that

lim inf F.(up) < 00
—00

and choose a subsequence with limy_, Fyc(up, ) = liminf,_,o Fye(up). We denote
the subsequence by uy, again. By (H2), taking into account that €2 is bounded

liin | Duy|(2) = lifgn (/ V| de + ‘Dsuh’(9)>
Q
Sh?</1+HMWMWWHDWMm0
Q

dD3%u
< pe) g / w( h)st .
S lim (/Q f(Vup)P®dx + Qf dDvw, | Dup| | < 00

By compactness, u;, converges to u weakly® in BV, up to a subsequence again
denoted uy, (see [10, Proposition 1.59].) Applying the previous result to this sub-
sequence, we obtain that

s T )\ 00 dDSuh s
Foe(u) < liminf (/Qf(Vuh)p( )dx"‘/g(fp( )) (d!Dsuh|> d|D Uh|>

= liminf Fi.(us)
—00

since (fP@)> = £ in Y, which includes the support of Du; by Theorem m
O

Remark 5.4.3. Suppose that u,u, € WO (Q;R™) and uj, — u in LPO(Q;R™).
The previous proposition implies that

/ f(Vu)P(m) dr < limhinf/ f(vuh)P(z) dr.
& Q

We remark that the continuity of f is not actually needed in the next propo-
sition, it suffices to assume that it is Borel.
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Proposition 5.4.4. Let p be log-Hélder continuous and f : RV*™ — [0, 00) satisfy
(HO), (H2) and (H3). Then

F(u, A) < C(JA] + Vity (us A) + Vity (u; APT) (5.4.1)

for every u € BVPO(Q; R™) and open A C .
Moreover, for fized u € BVPO(Q;R™), the set function A w F(u, A) is the
restriction to open subsets of ) of a finite Radon measure in €.

Proof. Since p is log-Holder continuous, we can choose functions
up € WHPO(A;R™) N C°(A; R™) with u, — w in LPO)(A;R™) and

[ Vun|l o) (a;rmy = lim V;,T)(uh;A) < Vil (u; A)

by Lemmas [5.3.5] and [6.3.13(2). Assumption (H3) and [98, Lemma 3.2.9] imply
that

A A

< lim inf (cn(A) + max {||vuh||Lp(.>(A;Rm), ||Vuh||1;(A)(A;Rm)}>
<O (LM(A) + Vg (us A) + Vi (w; APT).

This is the desired inequality.

It remains to show that F(u,-) is the restriction of a Radon measure for every
u € BVPO(Q;R™). We will establish this by checking the De Giorgi-Letta criteria:
every increasing bounded set function u : A — [0, 00) defined on the open subsets
A of Q such that

(i) A, A e A = p(AUA) < pu(A) + p(A'),
(i) AL A e ALANA =0 = p(AUA) > u(A) + p(Aa),
(iii) u(A) =sup{u(A4)| A" e A, A" CcC A},

can be extended to Borel sets B C Q by u(B) = inf{u(A) | B C A € A} as a
positive Radon measure [10, Theorem 1.53].

If u € BVPO)(Q; R™), then the previously shown inequality ensures that F(u, A)
is finite; since f > 0, it is increasing and non-negative. The superadditivity con-
dition (ii) is a consequence of the definition of F since u; € W'P() (AU A'; R™) if
and only if uy|4 € WO (A;R™) and uy| 4 € WHPO(A'; R™) for disjoint and open
Aand A'.

Let Ay cC A; C A. We will prove that

F(u,A) < F(u, Ay) + F(u, A\ Ay), (5.4.2)
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but first we show how this inequality implies (i) and (iii). By (5.4.1) and Theo-
rem [5.3.7], we obtain

Fu, A) < C(1A]+ Vi (s A) + Vi (ws AP ) < C AL+ [l pgn + Nl )

Since p™ < oo, the modular pyq(u) over A is finite, and hence form the definition
of pea we obtain that ||[u||,,,» — 0 as F — (). Since A is open, A\ Ay — 0 as
Ay /A, Then (iii) follows by F(u, A) < F(u, Ay) + F(u, A\ Ag) as Ay S A.

To show (i), we choose A; CC A in with A replaced by AU A" and use

monotonicity:
Fu, AUA") < F(u, Ay) + F(u, (AU A)\ Ap) < F(u, A) + F(u, (AU A")\ Ay).

Then (i) follows by (iii) as Ay * A.

It remains to prove (5.4.2). By the definition of F and a diagonal argument we
choose sequences {u;,} C WPO (A R™) and {ugp,} € WEPO(A\ Ay; R™) that
converge to u in L*(A; R™) and LY(A\ Ay; R™), respectively, with

lim [ f(Vurp)” P@ dy = F(u,A;) and lim F(Vug )P @ doe = F(u, A\Ay).

Ay h Ja\A,
(5.4.3)
Fort € (0,1), let A; :={z € Ay | dist(z,04;) > t}. Let n € (0,dist(0A;,0As))
to be chosen later. Consider a smooth cut-off function (5 € C°(4,s; [0, 1]) such
that (s = 1on A, and ||V (s|[1=a,_5) < %. The sequence vy, 5 1= Csu p+(1—C5)ua
converges to u in LPU(A;R™) as h — oo. Since V(s # 0 only in A, 5\ 4,, we
obtain

/ f(Vons )P da < / F(Vugp)P® dw + / (Vg )P® da
A An A\A,_s

+/n 6\A f(Vvh(;) d!L‘

In the first two integral on the right the set can be increased to A; and A\ Ay
since f > 0. For the last term we use (H3) and Vs = (sVurp + 1 — (5)Vua, +
(w1 — u2,) V(s to obtain

f(Vvh(;) < Mp (1+ ‘V’Uh(;‘)
< (1 + [Vural™ + [Vua i + (Hup — uznP)
Thus

[ 5@y e [ 5@t [ i
A A A\Ay

+ C(pM)vn(Ay-s \ Ay) + / (%\ulyh — u27h|)p(x) dx.
Al\AQ
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where, for £ C R,
I/h(E) = / 1+ ‘VUL}L‘p(I) + ‘VUZ}L‘p(I) dz.
EN(A1\Az)

Passing to the limit as h — oo and observing that u;, — u2p — v —u = 0 in
LPO)(A; \ Ag; R™), we obtain that

F(u, A) < F(u, Ay) + Fu, A\ As) + C(p*) limsup v, (A5 \ 4,).
h—0
We complete the proof of (5.4.2)) by showing that the last term tends to zero when
0 — 0.

By the properties of Lebesgue integral v, is a Radon measure. By ((5.4.3) and
(H2), supy, vy (K) < oo for every compact K C RY. By the weak compactness
of measures [86, Theorem 1.41], there exists a subsequence, still denoted by (vy),
and a Radon measure v such that

lim sup v, (K) < v(K)

h—o00

for all compact sets K C RY, so that in particular

lim sup v, (A,—5 \ 4,) < v(A4,_5\ A)).

h—0

Let (8;) be a positive sequence converging to zero. Since A,_s, \ A4, is a decreasing
sequence of sets, we obtain

limsupv(4, 5 \ 4,) = 1/( ﬂ 14,75\A> =v(04,).

1—00

Since v(U,s004, N A1) < v(A;) < oo, we can fix n such that v(0A4,) = 0. O

Lemma 5.4.5. Let €2 be a bounded open set with Lipschitz boundary, let p be
strongly log-Hdolder continuous, and let f satisfy (HO), (H1), (H2) and (H3).

Then dDS
F(u,Q) /fVu x)da:+/f°° dDvu] |Dsu\

for all u € BVPO(Q; R™).

Proof. We adapt the strategy of [10, Proposition 5.49]. Recall that Y := {p = 1}
and denote E° := {z € RY : dist(z, E) < 6} for E C R” and § > 0.
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Fix u € BVPO(Q; R™). Let 0 < § and consider the standard mollifiers 75, and
denote us := u * ns, so that Vus := Vu x ns + D*u*xns. Let A CC €2 be open and
observe that p(x) > 1 in A\ Y? and thus also Vus = Vu * 75. Hence

/ F(Vug)P™ dx < / F(Vu 0y da +/ f(Vug)P®@ d.
A A\Y'S

YSnA

We estimate the two integrals on the right-hand side in the next two paragraphs.
Since f satisfies (H1) and (H3) and ¢ > 1,

£ = fm)] < C(@ M)A+ €17 + [n*" M€ =], (5.4.4)

for every ¢ € [1,q] and £, € RV*™ [10, Lemma 5.42]. Using this with ¢ = p(z),
we find by Holder’s inequality that

dx

|l = (s
A\Y

S / (1 + |Vulf D 4 |V 5sP@71) [ Vu — YV x 15] dae
A\Y
S (L4 (IVullpey + 11V 5 05l |V = Ve 15 -

Since Vu * s — Vu in LPO(A\ Y;R™) [79, Theorem 4.6.4], the right-hand side
above converges to zero as 6 — 0. Thus

lim sup F(Vusns)P®@ dz < lim sup f(Vuxn; )P dx = F(Vu)P® dz.
6—0 A\Y? 6—0 A\Y A\Y

We then consider the second integral, over Y° N A. There exists ¢ > 0 such
that |Vus| < ||ullisup |Vna| < et Hence, by (H3),

F(Vus)?™ = f(Vus)P D7 f(Vug) < (6P f(Vug)

for all small §. Denote

w(0) == Seug)&(p(x) —1)log Ttz )’

By the strong log-Holder assumption, w(07) = 0 and so

(65—1)])(90)—1 < e2(;0(:(:)—1)log1/6 < 62w(6) 1

when § < % Hence

/6 Af(Vu(;)p(x) dr < 62“(5)/ f(Vug) dx.
Yon

YSnA
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Now estimating the integral on the right hand side as in the proof of [I0, Theo-
rem 5.49], i.e. exploiting ([5.4.4) with ¢ = 1 and [10, Theorem 2.2(b)], we have

lim sup / f(Vus) dx
YoNA

6—0

< lim sup l/ f(Vu*ng)dx—l—M|Dsu*n5|(Y‘5ﬂA)]
YinA

6—0

6—0

< lim sup [/ f(Vu) + ¢|Vu*ns — Vu|dz + M |D%u|(Y° N A)(;]
(YONA)°®

= f(Vu)dx + M |D*u|(A).
YNA
Since p = 1 in Y, the integrand on the right can be replaced by f(Vu)P®),
Combining the estimates over A\Y? and Y°NA and assuming that | D*u|(0A) =
0 we obtain that

Flu,A) < /A f(Vu)P® d 4 C' |D*ul(A). (5.4.5)

From the proof of Proposition we know that F(u, A) = Supgc 4 open 7+ (U, B).
Since the sets B can be chosen with |D*u|(0B) = 0 (as in the proof of the propo-
sition), holds for all open A C . By the proposition, F(u, ) extends to a
Radon measure and it follows from its Lebesgue decomposition F = F* + F* that

Fo(u, B) < /B F(VuP@ de and  F*(u, B) < C |D*u|(A)

for every Borel set B, since D*u and the Lebesgue measure are mutually singular.

We still need a better estimate for F*; we use a similar strategy but estimate
Jyso4 f(Vus)dz in a different way. Define () := sup,- w = SUPssg @
Since f is Lipschitz [10, Lemma 5.42|, it follows that g is, as well. By (H2)
and (H3), m|§] < g(€) < M[€]. We note that f(§) < g(€) = g(§)¢] and use
Lemma m (Reshetnyak continuity) for the continuous and bounded function g

to conclude that

lim inf/ f(Vus) dx < lim sup/ g( Vs ) |Vus| dz
020 Jysna 50 Jysna” \[Vus|

dDu
= d|Du
/YélmAg(d’DM) | |

for any d; > 0. We next use that d|Du| = |Vu|dz + d|D*u| and % = dd\gzZ\ in
the support of D*u which is a subset of Y. Thus

dDu dDu dD%u
g( )dDu:/ g( >Vudx+/ g( . )stu
fnstGipag) 0= [, o () 19+ [ o) A2
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Since f is quasiconvex, it and also ¢ is convex along rank-one directions [10],
pp. 299-300]; thus ¢(¢) = lim; e @ = f>(¢) when & is a rank-one matrix.
By Alberti’s theorem, dcfgza is a rank-one matrix [2]. Furthermore, g(§) < M
when |£| < 1. Hence we can continue our previous estimate by

dDu ) / dD*u
d|Du| < M Vu|dxr + f°°< )stu.
/)/50A (d|D | | ‘ Y5mA| | YNA d|DS | | ’

Combining the estimates from the previous paragraph with the earlier estimate
over A\ Y and assuming that |D%u|(DA) = 0 we obtain as d; — 0 that

Fl(u, A) < C/ F(Vu)P® +1dx +/ f""( dD"u ) d|D%ul.
A YnA d| Dsu|

In the same way as with (5.4.5)), we conclude from this that

dD*u
S < o0 S .
Fé(u,B) < /Bf <d| 5u|> d|D?ul O

We are now ready to prove the main result.

Proof of Theorem[5.1.1 Tt follows from Lemma that

OO st S
/f (Vu)? dx—l—/f D) d|D ul

for all u € BVPO) (Q; R™).
For the opposite 1nequahty let u € BVPO(Q;R™) and u;, € WHPO(Q; R™) with
up, — u in LPO(Q;R™). By Proposition and uj, € WHPO(Q; R™),

Fo.(u )<h}£nmfF —hrnlnf/f (Vup)?
—
Taking the infimum over such sequences yields F,.(u) < F(u), as required. ]

The next result shows that the test-functions from F can alternatively be
taken to be smooth. Note that uniform domains, including bounded domains with
Lipschitz boundary, are extension domains [79, Theorem 8.5.12].

Proposition 5.4.6. Let Q C R™ be a WO -extension domain, p be log-Hélder
continuous and f : R™™ — [0, 00) satisfy (HO0), (H2) and (H3). Then

Flu) = inf{hmmf/ f(Vuy)? ) da | uy, € C®(R™), up, — u in L' () ]Rm)}

for every u € BVPO(Q; R™).
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Proof. Denote by Fe the right-hand side of the claimed equation. The inequality
F(u) < Fooo(u) follows from C°(Q; R™) ¢ WHrO(Q; R™).

For the opposite inequality we follow the ideas from [88, Proposition 2.6(ii)].
Let u; € WO (Q;R™) with u; — u € LPU(Q;R™) and

F(u )—Jlggro Q]‘?(Vuj) @) .
By [79, Theorem 9.1.7], C>=(Q) is dense in WP (), hence, arguing componen-
twise one can deduce that C*((Q; Rm) is dense in W1P0) (Q R™). By the density
we find for every u; a sequence (u¥) C Cg°(Q; R™) with uf — u; in W0 (Q; R™)
and Vu — Vu; almost everywhere By the contrnulty of f and p, we find
that f(VuJ( z))P@) — f(Vu( ))P(®) almost everywhere. Assumption (H3) and

pt < oo yield that f(£)P@ ( ( + 1€N))P@ < (2M)P" (1 + |€P®) and hence
(2M)P" (14 [Vuk[pt)) — f(Vu )P0 > 0. Fatou’s lemma yields that

/Q(QM> (1 + |V [PO) = f (V) )P®) der

k—o00

<tiint [ QM (14 (V0P — f(TUbP
Q

Since (2 is bounded and u} — u; in WP (Q,R™), the first terms on cancel and
we find that

/f(Vuj)p(“) dx > limsup/ f(Vu?)p( )
Q Q

k—o00

For every j we choose k; such that ||u; — u§j||1 < % and
. 1
/ f(Vu?J)p(’”) dx < / F(Vu, Y@ da 4 -
Q Q J

Then (ufj) converges to u in L*(Q2,R™) so it is a valid test sequence for Feeo.
Hence

Feoo(u <hrn1nf/f Vu )d:pgliminf /f Vo, P 4 > F(u). O

j—o0 j—o0



Chapter 6

Functions BD of
Musielak-Orlicz-type and
anisotropic TGV for
image-denoising problems

6.1 Introduction

Ever since the early 90s, the variational approach has been a cornerstone of the
mathematical image reconstruction. Generally speaking, in its simpler formula-
tion, this methodology can be summarized as follows: for a given bounded domain
Q) C R?, grayscale images are identified with functions u : Q — R. Starting from
a datum f, possibly corrupted by noise, a clean image is obtained through the
minimization of an energy functional of the form

L(u) := al|Ku = fllg + S R(u),

for a;, > 0. The structure of Z relies on the competition between the fidelity term
|Ku — f||z, for a given normed space H and a forward operator K, intended to
keep track of the original datum f, and a regularizing term R(u), whose task is
to filter out the noise and return a clean image. The strength of both effects is
quantified by the two tuning parameters o and f3.

In this chapter we propose a novel regularizer based on a Musielak-Orlicz gener-
alization of classical Total Generalized Variation functionals, and provide a first
study of the associated space of functions with bounded deformation with gener-
alized Orlicz growth.

Depending on specific applications, various types of variational regularizers have
been proposed in the literature. A classical example is the ROF model, where R (u)

102
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is the total variation of u, cf. [I40]. A known drawback of such functional is the
so-called staircasing effect, namely the tendency of producing artificially piecewise-
affine artifacts in the image denoising, see [62, [107]. In order to counteract such
problems, several higher-order models have been introduced. A particularly suc-
cessful one is the second-order Total Generalized Variation, defined as

TGV2(u):=sup {/QudiVQrZ) dr : € C*(%; R?;XWN) |00 < a1, [|div )]s < 0[2}7

for every u € L}, .(Q), with a = (a;, a3) € RT x RT. We refer to the seminal paper
[53] for a general introduction and higher-order generalizations, and to [54] for an
in-depth study of the second-order formulation.

In the last few years, due to an increasing interest in accurate and adaptive im-
age reconstruction, an emerging trend has been considering anisotropic models,
allowing to tailor the denoising effects to specific features of different parts of the
images. First steps in this direction have already been taken, e.g., in [44] [62] 144].
In particular, in [64] the authors have proposed an anisotropic ROF-type functional
with R of the form R(u) = [, ¢(x, |Dul) dz with

So.t) m oy 7 if t € [0,1],
T t—1+4 4 ift>1

and with the variable exponent p : Q — [¢, 2], with ¢ > 1.

In parallel, the study of variational problems in variable, Orlicz, and generalized
Orlicz spaces has boomed in the past ten years. Among the vast literature, we
single out the contributions [66), [79], 08, 100} [10T], 135] and the references therein.
The extension of the model in [64] to incorporate the case ¢ = 1, as well as an
Orlicz generalization for regularizers R(u) ~ [, ¢(z,|Dul) for ®- functlons © Pos-
sibly having linear growth, is the subJeet of [82], Where a thorough mathematical
foundation of the space of anisotropic functions with bounded variation with gen-
eralized Orlicz growth has also been provided. A further step in this direction has
been taken in [97], where the associated Euler-Lagrange equations and gradient
flows have also been analyzed. The effect of an anisotropic norm in the Chan-Vese
(or anisotropic Mumford-Shah) is the subject of [I21]. Anisotropic models, at least
in the ROF setting, have indeed proven to allow for more accurate computations,
as well as for a staircasing reduction and a sharper texture recognition. We refer
to [65, [85) 114] for an overview and further references.

Our contribution is twofold. First, we introduce a novel anisotropic functional set-
ting of functions with bounded deformation, namely the space BD? of bounded
deformation fields with generalized Orlicz growth. After analyzing its basic prop-
erties, we establish a link to a modular representation and provide a further study
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in the special case of variable Lebesgue integrability.

Second, we analyze a Musielak-Orlicz anisotropic Total Generalized Variation
class of regularizers. Let € be a bounded, connected and open set in RY, with
N > 2. Inspired by [53], for a fixed generalized weak ®—function ¢ € ®,(Q),
we define our anisotropic Total Generalized Variation of order 2 with weight
a=(ag, ) € RT x RT as

TGV (u) = sup { / wdivie da
“ (6.1.1)
¥ € CHURGY), |V

sym

©* S g, ||d1V¢|

* S a2}7
for every u € L .(Q2), where |||, is the norm associated to the Fenchel conjugate
function of ¢, cf. Definition [6.2.4} and where the divergence of order 2 of § € RY"

Sym
is defined as

2¢. .
+22 85@]

. N
divie = Ox;0x;’
i i<j OTiOT;

2
= Oz

(see also [53] for higher-order notions of divergence). Note that, in principle,
TGV#?(u) might take infinite values.

A prototypical example of admissible functions ¢ is given by ¢(t) = ﬁtp(x)
(see also [82, Example 4.3]), with p : Q — [1, +00], thus possibly describing linear,
superlinear, or even infinite growth in different portions of the domain.

After studying the basic properties of TGV#$?, we identify a dual representation,
and show how classical existence and stability for classical Total Generalized Vari-
ation carry over to our Musielak-Orlicz setting.

The chapter is organized as follows. In Section [6.2] we collect some more defini-
tions and technical results on ®-functions and generalized Orlicz spaces. Section
[6.3] contains the definition and main properties of the novel space of bounded de-
formation fields with generalized Orlicz growth BD¥. In particular, in Subsection
we establish a connection between BD¥ and an associated weighted-modular
representation, while in Subsection we further establish a decomposition of
the modular function in terms of the modular of the absolutely continuous part of
the symmetric gradient and a singular part weighted by the recession function, cf.
Theorem [6.3.14] Eventually, in Subsection [6.3.3 we specify our setting to the vari-
able exponent case. The focus of Section [6.4]is on our anisotropic Total Generalized
Variation. In Subsection we establish its main properties, and in Subsection
we identify its dual reformulation in terms of a notion of anisotropic measure
variation. Finally, in Subsection we show stability with respect to the data
and well-posedness of the minimization problem. In Appendices [A 1] and [B.1] we
give the proofs of some auxiliary results we need for the proof of Theorem [6.3.14]
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6.2 Preliminary results

In this subsection we give some definitions and results regarding ®-functions, ex-
tending Section [I.4]

Definition 6.2.1. Let ¢ : © x [0,4+00) — [0,400]. Then we define the following
conditions:

(A1) For every K > 0 there exists 8 € (0, 1] such that for every z,y €
oz, Bt) < ply,t) + 1 when o(y,1) € [0, 2],
(VA1) For every K > 0 there exists a modulus of continuity w such that for every
x,y €€
< t
L R e I
1+ w(lz—yl)

Assumption (A1) is an almost continuity condition and we define the condition
(A1) as in [82]. We point out that it slightly differs from [98] 103], where it is
assumed that

) < ¢(y,t) +w(|z —yl) when p(y,t) € [07 |x_Ky|N] )

o, Bt) < p(y,t) when o(y,t) € [1, L]

and z and y belong to the ball B. Lastly, the “vanishing (A1)” condition (VA1)
is a continuity condition for ¢, introduced in [105] to prove maximal regularity of
minimizers.

In order to state the last property which we need for our analysis, we first need to
define the recession function of ¢.

Definition 6.2.2. Let ¢ € ®,(€2). We call recession function of ¢ the function
0> : Q0 — [0, +00] defined by

for all z € Q.

z,t

0> () := lim sup plz.t)
t—+oo t

Note that, since the continuity of ¢ is not necessarily inherited by >, this

makes the non-autonomous case not trivial. For our analysis, we also need the

following weaker version of (VA1) where at least one of the points has to belong

to the set {p™ < +oo}.

Definition 6.2.3. Let ¢ € ®,,(£2). We say that ¢ satisfies restricted (VA1) if and
only if it satisfies (A1) and for every K > 0 there exists w modulus of continuity
such that

t K
@ <x 1—|—w(|a:—y|)> < @y, t) +w(lz —yl) when p(y,t) € lo, M] 7

for every x,y € Q2 such that p*>°(x) < +00 or p>(y) < +00.
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We now need to define the associate space of the generalized Orlicz space L¥(2).
In general, the associate space is a variant of the dual function space which works
better at the end-points p =1 and p = cc.

Definition 6.2.4. Let ¢ € ®,,(2). We define the associate space (L?)'(2) = {u €
L) : |lul|(rey < +oo} with

llull(Ley = sup /uvd:c.
[vlle<1J0Q

Thanks to [98, Theorem 3.4.6], it is well know that for weak ®-functions the
associate space corresponds to the generalized Orlicz space L¥ (£2), where

¢ (x,t) = iglg[st — p(z,s)]

is the (Fenchel) conjugate function of ¢ € ®,,(£2). Moreover, it can be shown that
(see [82, Theorem 3.4.6]) for all u € LY(Q), |Ju|| 1« is equivalent to SUD||| . <1 Jouvdz.
Let us state some well-known properties of the conjugate function.

Lemma 6.2.5. Let ¢ € ©,(2). Then,
(i) * € P.(Q), meaning that ©* is always conver and left-continuous,

(it) Ifp,q € (1,+00), then ¢ satisfies (alnc,) or (aDec,) if and only if ¢* satisfies
respectively (aDecy ) or (alncy ),

(iii) If p € ®.(Q), then

o (x, “"(f’t)) < (x,t) forevery z € Qandt € RT,

and ** = @,
(iv) If ¢ satisfies (A0) or (A1), then so does ¢*.
O

Conditions (i), (ii) and (iv) have been proven in [98], respectively in Lemma
2.4.1, Proposition 2.4.9 and Lemmas 3.7.6 and 4.1.7, while condition (iii) has been
shown in [79, Corollary 2.6.3], see also [98, Proposition 2.4.5].

Lastly, we report the following result regarding some immersions of generalized
Orlicz spaces into Lebesgue spaces.

Lemma 6.2.6. Let Q C RY be such that |Q| < +oo and let ¢ € ®,(Q). If ¢
satisfies (A0), then
L®(Q) <= L?(Q) — L*(Q).

Moreover, if ¢ satisfies (alnc),, then L?() — LP(Q). O
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Note that the second continuous inclusion comes from the fact that every weak
d-function satisfies (alnc);, see Remark This Lemma was shown in [98],
Corollary 3.7.9, Corollary 3.7.10]. We point out that condition (A0) is essential
both for establishing the above embeddings and to ensure that L#(§2) is a Banach
space, cf. [98, Theorem 3.7.13]. In particular, of (A0) is violated, the first inclu-

sion in Lemma might fail to hold. We refer to [98, Example 3.7.11] for a
counterexample.

6.3 The space of bounded deformations fields with
generalized Orlicz growth

In this section we recall and extend reslts from previous chapter. In [82] Definition
4.1], given a function ¢ € @,(€2), an anisotropic total variation (there called
dual norm) is introduced exploiting the conjugate function of ¢, namely for any
u € L'(Q) we have

V,(u) := sup {/ udivwdzr : we CHQRY), ||lw||y- < 1}. (6.3.1)
Q
Moreover, the space of functions of bounded variation with generalized Orlicz
growth is defined as
BV#(Q) :={u e L?(Q) : ||ulpveg) < +oo}, (6.3.2)

where
[ullBve) = llully + Vi (w). (6.3.3)

Equivalently, given ¢ € @,(Q) in [4I] a vectorial anisotropic total variation is
introduced, namely for any m € N* and u € L .(Q; R™) we have

V' (u) := sup {Z wdivw; de : w € [C’CI(Q;RN)]m,Hw o < 1}. (6.3.4)
i=1+7/%

One can equivalently write

©

VI () zsup{/u-divwdx cw € CHYLR™N) w|,- < 1},
0

where the divergence divw is a vector in R™, namely taken a matrix-valued field
&, it is computed row-wise, i.e.

. . "0

(divg); :=divé =) 87”’

Ly

Jj=1

(6.3.5)
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for any i € [1,m] NN and any & : Q — R™¥. Moreover, we say that u belongs to
BV#(Q;R™) if
[ull Bvemm) = llully + V™ (u) < +oo.

In the case m =1, (6.3.4]) reduces to (6.3.1) and we denote BV *?(£2;R) simply by
BV#(Q).

Remark 6.3.1. Clearly, when o(z,t) = |t|, BV¥(Q;R™) = BV (;R™). A priori,
without assuming any other property on ¢ except for it to be in the space ®,,(€2),
the spaces BV () and BV¥?(Q2) are not related to each other. Considering 2 C RY
bounded, one gets the continuous inclusion BV?(Q2) < BV (Q2) assuming (A0) on
the function ¢, see Lemma m The fact that ¢ satisfies (alnc); is already
included in the definition of weak ®-function, see Remark

Remark 6.3.2. In [6] and [120], in the simple anisotropic case, (i.e. ¢(z,t) with
linear behavior in ¢) the dual function ¢° is used instead of the conjugate function
©* in order to define a weighted total variation (they call it generalized total vari-
ation). But under the assumptions considered in [6] and [120], the two definitions
coincide. Indeed, let us assume that ¢ : Q X [0, +00) — [0, +00) is a continuous
function which is convex in the second variable, satisfies (A0) and such that

o(x,t) =tp(x,1) forany z € Q and t € [0, +00).
Assume that there exist 0 < A < A < 400 such that
At < p(z,t) < At for any = € 2 and for any t € [0, 4+00).

Moreover, let us consider 1 : Q x RY — [0, +00) defined as ¥(z,€) = ¢(z, |€]) for
any x € 2 and £ € R". Note that v is continuous, convex in the second variable,
and such that

b(x, 1€) = (. [t€]) = [t (z, [€]) = [t](z,€)

and
A& < (. §) < AL,

for every t € R, ¢ € RY and every z € (.

In [6], considered v € BV (2) and under these assumptions on v, the anisotropic
total variation (there called generalized total variation of u with respect to 1 in Q)
has been characterized, see in particular [6, Proposition 3.2], as

Vi (u) := sup {/ udivwdr : w € CHQRY), 2z, w(z)) <1 forall z € Q} :
Q
(6.3.6)



6.3 THE SPACE OF BD FIELDS WITH GENERALIZED ORLICZ GROWTH 109

where 1" is the dual function of ¢, namely

Y2, 67) == sup{(£".€) + EER"Y(z,6) < 1}

Note that in [6] they use the notation CZ(£2;RY) to indicate the space that we
denote with C!(€; RY). Then, given a function u € BV (), the anisotropic total
variation of u with respect to ¢ in € introduced in [82] as (6.3.1)), coincides with

the notion given by [6], namely (6.3.6)).
Indeed, by [6, (5.10)] the right-hand side of (6.3.6) coincides with

sup {/ udivwdr : w e CHYRY), / v (x,w(z))dr < ~|—oo} : (6.3.7)
Q Q
Considering the even extension of ¢(z, -), for any x € €2, and since p(z, -) is convex,
in view of our definition of ¥ and Lemma which guarantees that
v (x,) = " (x,]-]) for a.e. x € Q, (6.3.8)
we have that (6.3.7)) is equal to

sup{/udivwdw : wEC’g(Q;RN),/
Q

: o (z, |lw(z)]) dx < +oo} . (6.3.9)

Taking into account [0, (2.18)], namely
. . 0 if ¢O(x,§*) <1,
(2, £7) = 0 o
foo i Y0a,€T) > 1,
for every x € Q and every £* € RY we have that (6.3.9) can be equivalently

written as

sup{/udivwdx : wEC’cl(Q;]RN),/
Q

: O (z, |w(x)]) de < 1} : (6.3.10)

where ((6.3.8) has been exploited again. Now, using the definition

lwl]|p+ = inf{)\ >0 : /gp* (x, w(m)|> dr < 1},
Q A

we get that (6.3.10]) is equal to (6.3.1]).

In order to treat the minimization problem using TGV.#? as a regularizer, see
(6.1.1]), we need to introduce a variant of the generalized variation associated to ¢
defined in (6.3.1)). For every v € M(Q;R™) with m € N, we define

‘7;”(1)) := sup {/Qw cdv(z) Y€ CHOR™), Y| < 1} . (6.3.11)

If we are working on a set A C Q, then we will denote it by ‘N/s;”(v; A).
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Remark 6.3.3. Note that for any v € BV (), in order to know that at least that
Du € M(2;R™), an integration by parts yields

V@N(Du) = Vw(“)a

where the second term is defined as in (6.3.1), namely the anisotropic total varia-
tion introduced in [82].

In the following, we will either use the above notation for m = N or m = N x N.
Note that in the latter case the scalar product coincides with the one underlying

the Frobenius norm in RV*¥ namely reading for any v € M(; RQQN ) as

w*gl}.

Considering test functions in C}(Q;RYXY) or CL(Q;RY*N) is equivalent when

ve M Rg;]\/ ), since the scalar product only takes into account the symmetric

P3N (0) — sup {/Qw Cdv(z) b€ CHORYEY), [l

part of the test function. In general the notation ‘N/SQN *N could be used also for
measures in M (Q; RV*N) without any symmetry property, but that is not the case
in this work. We avoid specifying the symmetry in order to lighten the notation.

Remark 6.3.4. Considering an open set Q C R¥, if v has the special structure
v = Du — w, with u,w € M(;RY), an integration by parts entails
©* S 1} )

see also [75]. Note that it is possible to rewrite it like this by [10, Exercise 3.2],
indeed having u € M(;R") and Du = v+ w € M(Q;R") implies that u €
BV (Q).

In the same way, if € is also bounded and C*, by [146, Chapter II, Theorem
2.3], having Eu € M(Q; RY*N) implies u € BD(Q2). Namely, in the special case
v =FEue M(Q;RIXN), rewrites as

Va0u—w)=sup{ [[wawvdes [ vduw) el o

XZONXN(EU) = sup {/Q E*-udx : ¢ € CCI(Q;]RSA;IXHN), [¢]] < 1} , (6.3.12)

where E*1) = —div ¢, and div denotes the matrix divergence of order 1, computed
row-wise (i.e. with respect to columns), cf. (6.3.5)).

Remark 6.3.5. We point out that, here and in the following, the set 2 is only
required to have a C' boundary in order to apply [146, Chapter II, Theorem 2.3].
The extension of the above result to the case of Lipschitz boundary will be the
subject of the forthcoming paper [78].
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Thanks to the definition of generalized variation associated to ¢ in ((6.3.11)),
we can now define the space of bounded deformation fields with generalized Orlicz
growth, namely

BD?(Q) := {w € LA RY) : [lw]|ppe) < +00} , (6.3.13)

where B
wlspeoy = llwll, + VN (Ew).

Lemma 6.3.6. Let Q be a bounded and open set and let ¢ € ©,,(2). Then VévXN
18 a4 Seminorm.

Proof. We need to check that f/(pN *N satisfies conditions (N2) and (N3) in Definition
. The homogeneity property (N2) is obvious, in fact f/gfv *N(qu) = |a|1~/¢N *N(p)
for every v € M(;RYXN) and any a € R. In order to check (N3), namely the

triangle inequality, let us consider v, w € M(£2; RNXN) We have

sym

/1/1:d(v+w):/z/zzvar/z/;:dwﬁVWNXN(v)Jr‘N/@NXN(w)
Q Q Q

for any ¢ € CHQ;RYXY) such that [¢]l,- < 1. By taking the supremum over

such 1 we have the thesis. O

This result entails that if ¢ € ®,(Q), then || - ||ppe() is a quasinorm. In
addition, if ¢ verifies (A0), or if ¢ € ®.(Q2), then || - ||ppe() is a norm, see [98,
Lemma 3.2.2, Theorem 3.7.13].

Remark 6.3.7. As for BV (Q2) and BV¥(Q2), see Remark without assuming
any other property on ¢ except for it to be in the space ®,,(€2), the spaces BD(f2)
and BD¥(Q2) are not related to each other. Considering a set €2 bounded, one gets

the continuous immersion BD¥(2) — BD(2) assuming (A0) on the function ¢,
see Lemma [6.2.6]

Remark 6.3.8. Since a priori we define the space starting from a function ¢ €
®,,(2), one may ask whether the space defined starting from ¢**, always a convex

d-function, see Lemma [6.2.5(1), namely
BD¥" () = {w e L7 (R Wl gpe==(a) < +OO},
with B
lwllgper (@) = llwllg + Vo™ (Bw),

differs from the space BD?(2). Thanks to [98, Proposition 2.4.5, Proposition
3.2.4] it is possible to prove that BD?(Q) = BD¥¢ (), indeed the norms || - ||,
and | - ||~ are equivalent and the variations coincide, implying that the norms
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| - [[BDe(e) and || - || pe= () are equivalent as well. Note that some results needed
for this consideration, e.g. [98, Lemma 2.4.3] or [08, Proposition 2.4.5], are only
stated without the z-dependence, but they hold true even in the generalized Orlicz
setting, while others, e.g. [98, Theorem 2.5.10] or [98, Proposition 3.2.4], are
already stated with the z-dependence.

With the next example we want to show that, at least considering some ®-
functions for which a Korn-type inequality does not hold, the space BV¥(Q) is
a proper subset of BD?(Q2). The example follows the lines of [8, Example 7.7],
exploiting a construction developed in [126], see also [146, Chapter I, Subsection
1.3).

Ezample 6.3.9. We first remark that (6.3.4), BV#(Q;R") C BD?(2). We show
below that, at least in some situations, the inclusion is strict.

Indeed, without loss of generality we can consider an open set 2 DD B, with B
a small ball centered at 0, and a function such that ¢(x,t) = |t| for a.e. z € B.
Then, the same field u provided by [8, Example 7.7], which has compact support
in B and is in BD(Q) \ BV (;RY) provides the desired example of a field in
BD¥#(Q) \ BV#(S; RY).

Note that many ®-functions, e.g. many out of the ones listed in [08, Example
2.5.3], fulfill the assumption of coinciding with |¢| on a ball B, meaning that this
example holds true in many contexts.

The validity of Korn-type inequalities in the context of Orlicz spaces has been
studied in different contexts, for example [56, Theorem 1.1] where it was shown
that the Vs-condition and the As-condition are sharp conditions for Korn-type
inequalities in Orlicz spaces (for the definition of these two conditions see [135]
Subsection 2.3] or [55, Equations (2.6), (2.7)]). In [67, Theorems 3.1, 3.3] the
validity of Korn-type inequalities for Young functions was shown, while in [55,
Theorems 3.1, 3.3] the equivalence of these Korn-type inequalities to two balance
conditions, similar to the V,- and As-conditions, has been proven. Note that, un-
der the assumptions considered in [67] and [55], their definition of Young functions
and our definition of convex ®-functions, when independent of x, are equivalent. In
the context of generalized Orlicz spaces (or Musielak-Orlicz spaces) instead, there
are results in the case of variable exponents Lebesgue spaces when the exponent
is bounded away from 1, see [80, Section 5] and [79, Theorems 14.3.21, 14.3.23],
but not much else is known.

6.3.1 Weighted modular and associated norms

Analogously to [82, Definition 4.1], we define the anisotropic modular, or dual
modular, associated to the anisotropic total variation VSDN *N defined as in ((6.3.11]).
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In particular, we define for any v € M(Q; RY*N)

Sym

gﬁévm(v) = sup {/Qzﬂ dv(z) — /ng*(x, |Y])dz = )€ Cj(Q;RggN)}.
(6.3.14)

Lemma 6.3.10. Let §2 be a bounded and open set and let ¢ € ®,,(S2). Then opnxn
s a semimodular.

Proof. We need to check that Oy NN satisfies the conditions of Definition I@
Conditions (i) and (iii) are obvious, respectively thanks to the properties of ¢
and that if ¢ is an admissible test function, then also — is. Condition (iv) is also
easy to prove using the linearity of the first integral in the definition of O xN and
the fact that the supremum of a sum is smaller than the sum of the suprema.

We are only left to prove condition (ii), namely that the function A — Q"};xn()\@)

on [0, +00) is non-decreasing for any v € M(Q;RY*N). Indeed, if A = 0, then

Ssym

opnxv(Av) = 0, but we know already that for any other 4 > A = 0 then
©

opnxn (Hv) > 0, since we can always choose ¢ = 0 as a test function. Let us
]

instead fix 0 < A < p < 4+00. We point out that since both ¢ and —1) are possible
test functions, we can also only consider without loss of generality functions in the
space

T = {wéCcl(Q;RS]\;;N) : /¢:dv(a:)20},
Q

since the second integral in the definition of the modular is always zero or negative.
Then we have

Qf/éva(/\v) = Sup{/ﬂ/\@b cdv(z) — /ng*(:v, ||)dx : € C’(}(Q;RS]\;QN)}
zsup{)\/gﬁb:dv(x)—Lw*(az,|1/z|)d:n : @DGTJr}
<sw{u [0iaoto) - [ atihas s ver)

—swn{ [ s o)~ [ e plan e croryzn)
= Q"Zé\’XN(:uv))

for any v € M(;RY*N) proving condition (ii).

sym

Since condition (iv) holds with the constant 3 = 1, then gpn«x is a semimodular.
%)
O



6.3 THE SPACE OF BD FIELDS WITH GENERALIZED ORLICZ GROWTH 114

Note that, analogously to the anisotropic total variation, see Remark [6.3.4]
considering a bounded, C* and open set  C R¥, in the special case v = Eu €
M(Q; RNXNY this rewrites as

Q%WN(EU) = sup {/Q [u- E* — o*(z, )] de : € CHQ; Ré\yfﬁlN)} , (6.3.15)

where E*) = —div .

Remark 6.3.11. On the one hand, note that testing with ¢ = 0, we get that
the supremum in Oy s is always non-negative. On the other hand, if g - (|¢|) =
+00, then the integral in (6.3.15)) is equal to —oo, since the first term is finite. Here
we used again [I46, Chapter II, Theorem 2.3] yielding that Fu € M(;RI<Y)
implies u € BD(Q).

This means that test functions 1 with gy« (
OpNxN can be equivalently rewritten as

¥]) = +oo can be omitted and

gwa(Euw:sup{ e B = ol do b € CHURRNEY), o0 ¢|><+oo}.

The analogous reasoning can be repeated for the general expression of gynyxn in
%)

(6.3.14).

In Lemma [6.3.10] we showed that gpnxv is a semimodular, implying that,
©

The fol-

lowing result relates the anisotropic variation we introduced in (|6.3.11)) with the
seminorm associated to the modular defined in (6.3.14)), similarly to [82] Lemma
4.7].

thanks to the Luxemburg method, we obtain a seminorm || - ||Q’\;N>< v

Lemma 6.3.12. Let Q C R" be a bounded, connected, C* and open set. Let
v € D,(Q) and let w € BD¥(S2). Then

1Bl gy < VN (Bu) < 2| Bullpey
Proof. Since u € BD#(Q), the case VN*N(Eu) = 400 is excluded a priori.
Moreover, if ‘ZDN *N(Fu) =

[P

(0,+00) can always be reduced to VN*N(Eu) = 1.

By the definition of V\*N, see (6.3.12), for any w € CHQRYN) such that
|w||l,« <1 it follows that

Eu

0, then opnxn(5*) = 0 for every A > 0, yielding
©

= 0. Lastly, since the claim is homogeneous, the case ‘N/(pN *N(Eu) €

oo = [wller < 14 0p(

/Qu - Erwdx < V@NXN(EU) ||w w),
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where the last inequality comes from a general property of the Luxemburg norms,
see [79, Corollary 2.1.15]. Thus, by the definition of ppx«v given in (6.3.14),
]

Q"‘/'éVxN(EU) < sup [1+ng*(w|)_@p*(w|>] =1,

weCH RN AY)

< 1. This concludes the proof of the first inequality.

NXxN

implying || E'ull oy

©
We next establish the opposite inequality 2 || Eul| eonxn 2 1, which is equivalent to

©

A
Indeed, on the one hand if ||v||Q;an > 1, by Definition [1.4.3 we have that

2F
Oynxn (u) > 1 for every \ < 1. (6.3.16)

inf{k: >0 05nnn <Z> < 1} > 1,
©
entailing that for any A < 1 it holds ||v||g,‘;NXN > . By [98, Lemma 3.2.3] then this
©

implies that opnxn (5) > 1 for any A < 1. On the other hand, having opn«n (5) > 1
2 2
for any A < 1 entails that, by Definition [1.4.3

. (%
[ollop g = {20+ oy (§) < 1) 21

directly from the definition of inf. Now, by [08, Lemma 3.2.3] and thanks to the
fact that ¢* € ®.(9), see Lemma [6.2.5(iii), gy (Jw|) < 1 if and only if |jw]|,+ <1,
and we can immediately conclude that

2F 2
OpN =N <>\u>2 sup {/ [;f - Erw — ¢ (x, |w|)] dr:w € Cj(Q;RnglN), |lw||ex < 1}
Q
2 -
>3 VIN(Bu) — 1> 1.
This proves ((6.3.16) and yields the thesis. O

The following result, instead, relates the seminorm VSON XN see Lemma ,
with the norm of the symmetrized gradient, in particular considering the norm as-
sociated to the associate space (L¥" (€; RY*Y)). Obviously, in the associate space
norm we test with functions in L#"(Q; R¥*¥), while in VV*¥ the test functions
are smooth. This means that some approximation is needed, but a priori we are
not able to use density in L? (Q; RY*¥) since ¢* is in general not doubling.

In order to state the result, we need the classical decomposition of the symmetrized
gradient, see for instance [35],

Fu = Eu LN + E*u.
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Moreover, let us remark the definition of the space LD),.(£2), namely

LDioc(Q) := {u € Lio(BRY)  Eu € Lig (4 RGEY)}.

loc loc Sym

The result, analogous to [82, Theorem 5.2|, reads as follows.

Lemma 6.3.13. Let Q@ C RY be a bounded, connected and open set. Let o €
®,(Q) and let u € LDyc(2). Then

VN (Eu) < [[Eull(per mvxny -
Moreover, if additionally C}(; RN*N) is dense in L™ (Q; RN*N), then
VéVXN(EU) == ||8UH(L‘P*(Q;RNXN))/'

Proof. Since u € LDjoo(€), it follows from the definition of V\*¥ that

%NXN(EU) = sup {/ Eurwdr : we CHLRYXY), [Jw
Q

Sym

o < 1} . (6.3.17)

The definition of the associate space norm (extended in a standard way to the
vector valued setting), see Definition , implies that, chosen w € C!(Q; Ré\;ran )
such that ||w||,- <1,

/Su cwdz < / (Eulfow] di < [|Eull o vyl e
Q Q
Taking the supremum over those w, we conclude that

VION(Eu) < || Eul|(por mnnvyy -

Under the density assumption, namely C}(Q; R¥*¥) being dense in L ( RV*NY),
we next show the opposite inequality, namely [|Eul| po-qrvxnyy < VN (Eu).
Indeed, let w € L (Q; RY<N) with [Jw|,« = 1 and let (w;); C CHQ;RYXN) be

sym y ) J sym
a sequence such that w; — w in L¥ ({; st\y[éN ) and pointwise almost everywhere.
Since we know that also w;/||w;ly- — w in L (4 RYXN), we may assume that
|wj||,+ =1 for every j € N. By Fatou’s Lemma, we have

liminf/gu:wjde/Eu:wdx.
Q Q

j—0o0

So, from ([6.3.17)) follows that

Sym

‘ZDNXN((C:U) ZSUP{/ Eu:wdx : wEL@*(Q;RNxN),Hw
Q

- 1),
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Let h € L¥ (Q). We can set

Eu
——h if |[Eul #0,
0 otherwise.

This gives

V™ (Eu) > sup {/ﬂ \Eu|hdz : h e LY (Q),||h], < 1} = [[€ull (e (@mavxy-

Hence VSDNXN(Su) = ||Eul| e+ (rvxnyy- This concludes the proof. O

In the second part of Lemma we assume that C!(Q; RY*Y) is dense in
L (Q; RN If o satisfies (AO) and (aDec), then this holds automatically by
[98, Theorem 3.7.15] (note that this theorem is stated for scalar functions, but the
vectorial case can be deduced working components-wise thanks to the equivalence
of euclidean norms in spaces of finite dimension). We know already that, by
Lemma [6.2.5((ii), (iv), ¢* satisfies these conditions if and only if ¢ satisfies (A0)
and (alnc), meaning that it is not clear whether this density is there or not in the
subsets where the function ¢ is linear.

6.3.2 Explicit expression of the anisotropic modular

In this subsection we derive an explicit formula for the dual modular Oy NxN in
terms of the modular o, of the absolutely continuous part of the symmetric gradi-
ent and its singular part with weight given by the recession function, see Definition
[6.2.2] In particular, analogously to [82, Theorem 6.4], the main result of the section
reads as follows.

Theorem 6.3.14. Let Q C RY be a bounded, connected and open set. Let ¢ €
D.(Q)NC(Qx[0,+00)) satisfy (A0), (aDec) and restricted (VA1). If u € BD(Q),
then

oo (Bu) = (1€l + [ o™ Bl
Q
O

The following result is an immediate consequence of Theorem [6.3.14] when the
d-function ¢ does not depend on z, i.e. when it is a classical Orlicz ®-function.

Corollary 6.3.15. Let ¢ € ®. be independent of x and satisfy (aDec). If u €
BD(2), then
oy (Bu) = 0p(|Eul) + 9= E%ul

in any Borel subset of Q) and so
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(1) BD?(Q2) = BD(Q) if o> < o0,
(2) BD?(Q)) = LD?(Q) if p*>° = 0.
[

We observe that in (2) we cannot say that BD¢(Q2) = W?(Q), see e.g. [34,
Definition 3], since the latter equality would follow from a Korn’s inequality. But,
as proven in [56, Theorem 1.1}, the latter, for classical convex ®-functions holds
if and only if ¢ satisfies both V5 and A, conditions. Now, recall first that ¢ €
. implies that ¢ = ¢** and that the V, condition for ¢ is equivalent, by [79,
Definition 2.4.10], to ¢* satisfying Ay. Furthermore, [79, Corollary 2.4.11] states
that ¢ € ®,, satisfies V5 if and only if it satisfies (alnc). By assumption ¢ satisfies
(aDec) but not (alnc), thus ¢ satisfies Ay but not V,. As a particular case, one
can consider ¢(t) = tlog(1 +t), see [79, Remark 1.3].

In order to prove Theorem we need the following lemma, proven in
[82, Lemma 6.1], which shows the importance of the recession function ¢>, see
Definition [6.2.2]

Lemma 6.3.16. Let Q C RY be a bounded, connected and open set. Let ¢ € ®.(9)
satisfy restricted (VA1). If ¢ € C(Q2) with o+ (¢) < 400, then || < ™.

In [I00, Section 3 and Example A.1] it was shown that log-Holder continuity

is not sufficient when working in BV?) and here, similarly, the (A1) condition
(corresponding to log-Holder continuity in the general case of convex ®-functions)
is not sufficient in the previous result, as in the following ones, in view of [82]
Example 4.3]. That is why we make use of the restricted (VA1) condition, which
corresponds to strong log-Holder continuity in the case of the variable exponent
function, see [82, Proposition 3.2].
In the next two results we consider the singular and absolutely continuous parts
of the symmetric gradient separately. Then we combine them to handle the whole
function in Theorem [6.3.14] Since the proofs are similar to the ones of [82, Propo-
sitions 6.2, 6.3], they can be found in our setting in Appendix .

Proposition 6.3.17. Let Q C RY be a bounded, connected and open set. Let
p € O.(Q) satisfy (A0), (aDec) and restricted (VA1). If u € BD(Q2), then

sup /w:dEsu:/goood\Esu\,
peT Jo Q

T? = {1/) € CHORYXNY g (

Sym

where

Y) < +oo}. (6.3.18)
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Proposition 6.3.18. Let Q C RY be a bounded, connected and open set. Let
€D (Q)NC(Q x [0,+00)) satisfy (A0) and (aDec). If u € BD(R2), then

sup / (Eu b — o (a, [])] dz = 0,(|Eu).
YETY JQO

]

Note that removing the assumption that ¢ is continuous in both variables is
not trivial.
Having the two previous propositions at hands, we can now prove Theorem [6.3.14]
exploiting the ideas used in [82, Theorem 6.4].

Proof of Theorem[0.3.14 Since Eu = Eu+ E*u and since u € BD({2), an inte-
gration by parts implies that

/Qu-E*zZ)d:L’:/QzZ):dEu:/QEu:wd:v+/Q¢:dEsu

for any ¢ € T¥. Hence, the claim follows from Propositions[6.3.17 and [6.3.18| once
we prove that

félq% {/Q[Su s — 9" (x, [Y))] dx —l—/ﬂw ; dEsu}
= sup /Q[Eu 2 — @ (x, [¢])] de + sup /Qw : dE u.

peT® YeT?
The first inequality, namely “<” is obvious, so we only need to prove the opposite
one.
Let us first assume that o, (|Eul) + [, ¢*° d|E*u| < 400 and let us fix ¢ > 0. We
can always choose 1,1y € T such that

sup /Q[Su ph — (@, [¢])] do < /Q[gu sy — " (z, [Yn])] dx + € < +00 (6.3.19)

peT?

and
sup / Y dEu < / Yyt dEu + € < +00. (6.3.20)
Q Q

YET?

Since u € BD(Q) and 1,1 € T¥, we have |[Eu| [¢;] € L*(Q2) and g, (|¢]) < 400
for i € {1,2}. Thus, by the absolute continuity of the integral, we can find 6 > 0
such that

/ (€ - s — o (, [al)] da| < / [€ul[os] + " (o, Jsl)] de < = (6.3.21)
O\ O\
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for i € {1,2} and any ©; C Q with |Q\ ;| < ¢ and
Wy : dE*u / e d|Eul <e
Q\Q2 2\Q2
for any Qs C Q with |E*ul(Q\ Q) < 0.
Since supp F*u is a set with zero Lebesgue measure, we can find a finite collection of
open rectangles ); C Q such that |Eu|(U;eny @) > |E°u|(2) — 0 and |Ui6N 20| <
§. Let us now choose § € C}(Q) such that 0 < 6 < 1,0 =1 in Qy := U,ey Qi and
0 =0in Q := Q\ Usen 2Q;, and let us fix ¢, := 01hy + (1 — 0)3p; € CLH(Q;RY XN,

sym
Since ). is a pointwise convex combination, we get

90*('7 |¢a|) < gp*(-,maX{|¢2|, |¢1|}) < 90*('7 |"7Z)2|) + 90*('7 |¢1|)

This yields that gp«(|Y]) < 0p+ (|th2]) + 0o (|11]) < 400, yielding ¢. € T?. We
then get that

o () = sup {/Q[Eu o — ([ 4])] dx+/ﬂw : dEsu}

pET?

> [feus v - @ vl do+ [ e dBu
> / [Eu iy — @™ (x, |])] de + [ o dE*u— ¢y
91 Q2

> /[5u y — (s [ )] d + / Vot dE*u — 5,
Q Q
where, thanks to (6.3.21)),
o= [ L leul 4]+ o) + | twddign <
OQ\Qq

Q\ Q2

by the absolute integrability assumptions and by Lemma [6.3.16 By the choices
of 11 and 1), namely ((6.3.19) and (6.3.20]), we then get

QVNXN(EU) > sup /[Su 2 — @ (x, [¢])] de + sup / Y dE*u — Te.

peTe YveT? JQ

The lower bound follows by letting € — 0. This concludes the proof in the case
0o(|Eu|) + [ ¢ d|E*ul < +00.
If, instead, o,(|€ul) = 400 and [, 9™ d|E*u| < 400, we simply estimate

5;17% {/Q[Su:w—gp*(m,wm da:~l—/1/1:dEsu}
zsup/ﬂ[é’u:w—so( )] dx—sup/w dE*

PYET? PET?

— 0,(|€u]) - / o™ d|E*ul =
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We are only left to consider the case fQ ©>° d|E*u| = +00. By the proof of Propo-
sition |6.3.17] see Appendix , there exists . € C}(Q;RYXY) such that

1
/¢a:dE5u>
Q g

and [1).| < @ for some k = k.. For any function 6 : Q — [0, 1], we have that

s 00 -0 = s Gu) = (50 > - (Z B w1 o0

see Lemma M(iii). Since the function on the right-hand side is integrable, we
can choose ¢ > 0 such that its integral over any measurable A with |A| < 0y
is at least —1. Furthermore, since supp E°u has measure zero, we can choose
6 € C(Q) as before to have support with Lebesgue measure at most d; and such
that satisfies

1 1
0vy,) : dE*° — . dE° —.
/Q(Qﬁ) u>2/91/) u>2E
Then,

5;1% {/Q[Su s — " (z, [Y])] d$+/ﬂ¢ : dESu}
1

zL@anw+Amu@m—w@w%mwz%—L

Letting ¢ — +o00, the claim follows. This concludes the proof of the theorem. [

6.3.3 The variable exponent case

In this section we focus on the special ®-function
L)
o(x,t) := ——tP?)] (6.3.22)

with p: Q — [1,400) a measurable function. Let us recall that, choosing ¢ as in
(6.3.22)) and considering the set

Yi={zxeQ : plx)=1}, (6.3.23)
we have that the conjugate ¢* is of the form

L@ ifz€Q\Y,

* _ (=)
o (z,t) =31 (6.3.24
(%) {oox(lm) (t) ifzey, )
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see [82, Example 4.3], where ¢ is the function defined pointwise in 2\ Y by ﬁ +

ﬁ = 1 and with the convention that oo - 0 = 0. From now, given a set A C 2,
we write
pli = ess-sup p(x) and P4 = ess-inf p(x),
T€EA T€EA

respectively ¢% for the conjugate exponent function ¢. In the following, we will
assume ph < +00.

Remark 6.3.19. The explicit definition of the function ¢ in (6.3.22) entails some
additional properties other than the explicit form of its conjugate function given
by (6.3.24). Indeed, it is immediate to see that ¢ € ®.(2), see Definition [I.4.5)
and [98, Section 7.1]. Moreover, arguing as in [98, Lemma 7.1.1], it is easy to see

that ¢ satisfies (A0), (alnc) py and (aDec)pg, see Definition m

The first result we prove in this subsection is the equivalent of Theorem [6.3.14]
in this specific setting. In particular, we show that the same conclusion of Theorem
holds under less restrictive hypotheses on our function ¢. Before doing so,
we need to recall the definition of the modular associated to the variable exponent
space when p& < 400, given in an equivalent way to the one in [I00, Subsection
2.2], namely

QLP()(QRSJ\;;;N)(U)i /() ( )|P(£K

for any u € M(Q; RN ") Now, the theorem reads as follows.

Theorem 6.3.20. Let Q C RY be a bounded, connected and open set. Let o be
defined as in (6.3.22)) and let p : Q@ — [1,4+00) be a lower semicontinuos function
with pg, < +o0o and such that Y is closed, see (6.3.23). If u € BD(S), then

Q;,évm(Eu) = 0o1a(Eu) := |Eu|(Y) + 010 (Y RN (Eu). (6.3.25)
Proof. First, let us observe that the claim of Lemma |6.3.16|is automatically satis-
fied in the case of ¢ given by with no continuity required on p, but only
under the assumption that pd is finite. Indeed, on the one hand, in view of
and Definition [6.2.2] (which is a limit in this specific case), it suffices to prove the
inequality in the set Y given by , since in 2\ Y the recession function is
+00. On the other hand though, whenever ¢ € C(2) with g,-(|?|) < +o00, then
by we have that ¢*(z,|¢]) = 0 for almost every x € Y, implying that
|| <1 almost everywhere in Y. This means that |i)(z)] < 1= ¢*>°(x) in Y, which
proves our claim.
As a second step, let us remark that choosing ¢ as in (6.3.22)), a careful inspection
of the proof of Proposition [6.3.18| guarantees that the result is still true if we re-
move the assumptions therein and, again, we only require that pd, < +oo. In fact,
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by Remark [6.3.19) we know that (A0) and (aDec) are satisfied and this implies
that we can apply [98, Theorem 3.7.15], meaning the required continuity on ¢ can
be bypassed exploiting the density of C°(€2) in L¥?(Q2). Hence, we can conclude
that .

sup [ [€us v =g (o] do = [ jeup ds

YeT? JQ p(x) Jo
for any u € BD({2), where T is defined as in ([6.3.18)).
We are left to prove that Proposition [6.3.17/ holds true under these hypotheses and

choosing ¢ as in (6.3.22]), namely that

sup /¢:dEsu:/¢md|Esu|.
peTe Jo 0

Note that the inequality "<" is immediately verified thanks to the fact that Lemma
[6.3.16) holds under our assumptions. So it suffices to prove that

/ ©>d|E*u| < sup / Y dE*u.

Q YeT? JQ

Thanks to the lower semicontinuity assumption on p on €2, we obtain that
and hold. In particular, the second one holds for any § € [0, 1], due to the
non decreasing monotonicity of (-)?*). Observe that hy, is lower semicontinuous by
definition (it is a lower semicontinuous envelope, see [73, Chapter 1]) and increasing
in k. Consequently the same arguments as in the proof of Proposition lead

to the desired conclusion. Moreover, let us remark that for every u € BD() it
holds

sup /¢ s dEu = / d|E*ul = |E*ul(Y),
Q Y

YET?

since () = 1 in Y as observed before, which indeed says that E*u is concen-
trated on Y.

Finally, following the same steps of the proof of Theorem [6.3.14] since under our
hypotheses the equivalent formulations of Lemma [6.3.16, Proposition and
Proposition hold, we get the thesis. O

Remark 6.3.21. As a corollary of Theorem [6.3.20, under the same hypotheses we
get the coincidence of the spaces BD¥ and BD N LDP") | with

LD"(U) == {u € ’(U;R") : Eue LPYU;RYM)Y,

Sym

when ¢ is as in (6.3.22)). Alternatively, this latter equality can be proven directly
arguing as in [41, Theorem 3.8].
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6.4 The imaging problem

In this section we finally deal with the novel regularizer based on a Musielak-Orlicz
generalization of classical Total Generalized Variation functionals that we defined
in , namely the anisotropic Total Generalized Variation of order 2, with
weight a = (g, ap) € RT x R, given by

TGV#?(u) == sup { / wdiviy de -
0

¥ € CHUERG™), W ller < an,[|divy

Sym

©* < @2}7
loc

In Subsection we prove some properties of this functional, while in Subsection
we give a dual characterization of this functional exploiting the space BD¥
we defined in Section |6.3] Finally, in Subsection [6.4.3| we show how the anisotropic
Total Generalized Variation inherits classical existence and stability properties.

where we consider u € L .(€).

6.4.1 Basic properties of TGV.9?(u)

Following the lines of [53], we define the space of functions of bounded variation
of order 2 with Orlicz growth and weight « as

BGV3(Q) = {u € L(Q) + TGVE(u) < +00}, (6.4.1
endowed with the norm
[ull paye = llull, + TGVE?(w),

where the functional TGV#? is defined as in (6.1.1]).

Remark 6.4.1. Note that it would also be possible to define the functionals TGV $*
and the spaces BGV.?*(Q) for general k € NT following the lines of [53]. Moreover,
for k=1 and o € R, and chosen u € L] (), we would have

TGV(f’l(u) = sup {/ udivpdr : ¢ € Ccl(Q;]RN), |¢]| o < a} = aV,(u),
Q

where the right-hand side is defined as in (6.3.1)). Hence, we can indeed speak of a
generalization of an anisotropic total variation. Contrary to Remark [6.3.3] which
was true for u € BV(2) in order to know at least that Du € M(Q;RY), here it is
enough to take u € L. .(Q).
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In the following result we prove some basic properties of the anisotropic Total
Generalized Variation.

Proposition 6.4.2. Let Q be a bounded, connected and open set in RN, with
N > 2. Let ¢ € D,(Q) satisfy (A0) and let « = (aq,a2) € RT x RT. Then, the
following statements hold:

(i) TGV$? is a seminorm on the normed space BGV.#2((2).

(ii) For u € Li..(Q), there holds TGV#*(u) = 0 if and only if u is a polynomial

loc

of degree 0 or 1.

(iii) For eevery & = (1, ay) € RT x R, the seminorms TGV#? and TGVE? are
equivalent.

(iv) TGV$? is rotationally invariant, namely for any matriz R € SO(N) and u €
BGV#2(Q) we can define @(x) := u(Rz) and we have that i € BGV?(RQ))
and TGV$2(a) = TGV (u).

(v) Forr >0 andu € BGV?%(Q), define u(x) := u(rz). Thenu € BGV,*(r=1Q)
and

TGVH2(a) = v~ N TGVE? (u) with @ = (ay, ay) == (ayr?, agr).

Proof. (i). Thanks to the definition of the functional TGV #? given in (6.1.1)), it
is obvious to see that the two conditions (N2) and (N3) in Definition hold,
implying that TGV#? is a seminorm. Note that BGV??%(Q)) is a normed space
because ¢ € ®,,(€2) and satisfies (A0), so || ||, is a norm, see [98, Theorem 3.7.13].
(ii). Let us denote the set of the test functions for the functional TGV,#? by
E£*(Q) = {y € CHURGLY) « |l

« Sym

* < aq, Hdlva‘P* < 062}.

Let us first assume that u is a polynomial of degree 0 or 1, implying that VZu = 0.
Then, since the test function v is in K#?(2) and thanks to two integration by
parts, it is obvious that TGV.?(u) = 0.

Suppose now that TGV,#*(u) = 0 for some u € Lj,.(Q). Forany ¢ € CZ(Q; R <N),
one can find a A > 0 such that

IM]loo <or and [ div(A))[lo < o

Since @ satisfies (A0), meaning that ¢* satisfies (A0) as well, see Lemma [6.2.5(iv),
and since  is bounded, thanks to Lemma we have that \iy € K£?(Q).

Testing in (6.1.1]) with Ay, we then get

/ wdiviyde =0 for any ¢ € C?(Q; RN V),
Q

sym



6.4 THE IMAGING PROBLEM 126

implying that V2u = 0 in the weak sense. Since ) is connected, this implies that
u has to be a polynomial of degree less than 2.
(iii). The equivalence of the seminorms TGV,#2 and TGV can be proven notic-
ing that, chosen

_ max{a, as}

- min{dl, 6&2} ’
we have that ¢ K£2(Q) ¢ K£*(Q), meaning that ¢ TGV#2(u) < TGV (u) for
any u € LL.(Q). Interchanging the roles of @ and & gives us the desired equiva-
lence.
(iv). Thanks to [53, (A.4)], we know that given a matrix R € SO(N), then

e CHRYGRYY) <= = (WoR")R" € CZRNXN),

Sym sym
with div! ¢ = ((div' 1)) o RY)RT, with [ = 0,1 where div® = id. Hence, for [ = 0,1,

ldiv' &l = [I((div' ) 0 RT)R ||, = [|(div' ¢)) 0 R|x = [|div' )

)

implying that ¢ € K£2(RTQ) if and only if ¢ € K?2(Q). Lastly, for any ¢ €
K22(RTQ) we have

/ u(Rz) div*ip(x) de = / u(z) div?y (R x) dx = / u(x) divie(z) dr,
RTQ Q Q
yielding TGV#?(u o R) = TGV?2(u).
(v). Note that
div(v o r™'L,) = r~*(divv) o r I,

implying that, chosen ¢ € C!(r~'Q;R2%2) and 1 := r?¢ o r~'I,,, we have

Sym

Hdivllﬁ o = T2il||divl¢Hso*a

for I = 0,1. As a consequence, ¢ € K#2(r~1Q) if and only if ¢y € KZ*(Q) with
a = (ay, as) := (a17?, apr). Lastly, this yields

[t divita) s = [ ute)divol o) do = [ ute)divie) d,

Q
implying TGV (uwo rly) = rN TGV (u). O

Note that it is possible to prove that TGV.#? is weakly lower semicontinuous
with respect to the weak LP convergence, as well as to the weak™ convergence in
L.
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Lemma 6.4.3. Let Q be a bounded set in RY and let ¢ € ®,(Q). Then, TGV$?
is weakly lower semicontinuous in LP(S2) for every 1 < p < 400, as well as weak*
lower semicontinuous in L>®(Q) for any a € RT x RY.

Proof. We only prove the lemma for p € [1, 400), as the case p = +o0 is analogous.
Chosen 1 € C2(Q;RY:N) with |10l < o and ||div ][+ < ap as in (6.1.1)), then

div?y € L>*(Q). Then, chosen (uy), C LP(Q) such that uy — u weakly in LP(Q)
we get

/ wdiv*y) dz = lim inf/ uy, div?ep de < lim inf TGV.22 (uy,).
Q k——+o00 Q k——+o0

The thesis follows by taking the supremum over all such . O

The next proposition is the equivalent of [53, Proposition 3.5] in our setting,
proving that BGV.??%(Q) is a Banach space.

Proposition 6.4.4. Let Q be a bounded, connected and open set in RY, with
N > 2. Let p € () satisfy (A0). Then, for any weight o = (o, ag) € RT xR
the space BGV$2(Q) is a Banach space if endowed with the norm || - | Baye2-

Proof. Thanks to Proposition M(iii), we know that all the seminorms TGV,
respectively norms || - || ggye2, are equivalent for any a € R x RT, so we only
need to prove that BGV#%(Q) is complete for some @ € R* x RT.
Note that, since € is bounded and ¢ satisfies (A0), then by Lemma we have
L?(2) = L*(). This, together with Lemma[6.4.3] implies that TGV,#? is a lower
semicontinuous functional with respect to L#(Q2) for any « and ¢ chosen as in the
hypotheses.
Now let {u,}, be a Cauchy sequence in BGV.??*(Q). This yields that {u,}, is a
Cauchy sequence also in L¥(£2), implying the existence of a limit u € L¥(£2) such
that

TGV (u) < liminf TGV (uy,),

n—+o0o
thanks to the lower semicontinuity of the functional. As a consequence, u €
BGV#2(Q2) and the only thing left to be shown is that u is the limit in the cor-
responding norm as well. In order to do so, let us choose ¢ > 0 and n € N such
that for any 7 > n it holds that TGV.??*(u, — uz) < e. Thanks again to the lower
semicontinuity of the functional (with respect to the L' weak convergence), letting
n — 400 we then get
TGV (uy, — u) < liminf TGV2%(u, — up) < €,

n—-+o00

implying that u, — u in BGV?%(Q). O
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6.4.2 Dual formulation

The first step in order to treat minimization problems in image denoising with
this new regularizer is to prove an equivalent result to [54, Theorem 3.1], namely
proving that can be rewritten equivalently as a minimization problem which
can be interpreted as an optimal balancing between the first and second derivative
of u in terms of “sparse” penalization, see [54, Remark 3.2]. In [54] this was done
via the Radon norm (i.e. the norm in M associated to the Radon measure Du),
while here we need to use the variant of the generalized variation associated to ¢
defined in . Given the anisotropic nature of such regularizers, we expect
them to better capture fine texture details in the images. The result, providing a
dual characterization of TGV??, reads as follows.

Theorem 6.4.5. Let Q C RY be a bounded, connected, C* and open set. Let
0 € D,(Q) satisfy (A0) and let o = (a1, ) € RT x RT. Then for any u € L*(Q)
we have

)2 — ; /N _ (7 NXN
TGVE? (u) _we%bl}m{o‘% (Du —w) + a, VN (Bw)} (6.4.2)

where TGV$? is defined as in (6.1.1) and where we have adopted the convention
that the above right-hand side is infinite if VwNXN(Ew) = +oo. If, additionally,

u € BV?(Q), defined as in (6.3.2)), then

12 - ; VN _ (7NxN
TGV (u) —wegg(m{azn (Du—w) + oy VN (Ew)} (6.4.3)

where the space BD¥(Q) is defined as in (6.3.13)).
Proof. Let us define X, := CH(Q;RIXY), X1 == CH(QRY) and A := div €
L(X5, X1). We stress that

Xy = (RN e g Xy = g RV e, (6.4.4)

sym
Chosen u € L'(€2), we define
Fl(M) = I{H.”WSQQ}(M), for any M € X,

and
FY(v) = I e <ar} (V) — / udivodz, for any v € Xj.
Q
Since ¢ satisfies (A0), then by Lemma [6.2.5(iv) also ¢* satisfies (A0) and, by
Lemma|6.2.6, we have that I} and F§ are continuous in the C?- and C''-topologies,
respectively. Then, thanks to a density argument and to (6.4.4), we have that
TGVE?(u) = — inf [Fi(M)+ F3'(AM)].

MeXo
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Let us remark that we can write the space X; equivalently as

X; = |J A (domFy' — AdomF) . (6.4.5)

A>0

Indeed, if z € domFy' then, trivially, 2 € X implies z € Uy>o A (domF3* — A domFy)
and for some A > 0 it is always verified that £ € dom/Fy'. This implies that
X1 C Upso A (domF3* — AdomFy). On the other hand, the converse is true since
X is a closed vector space (and domFy and domF) are subsets of Xj).

Now, since X; is a closed set, it means that also the right-hand side of
is closed, which allows us to use [19, Corollary 2.3], a Fenchel-Rockafellar duality
result, getting

TGVy(w) = = inf, [ (M) + FYAM)] = mip [(F)" (w) + F (~A"w)].
< 1} ,

gp*gl}v

Now, exploiting the definition of Fenchel conjugate, we get

(F3')"(w) = ay sup {(w,v)Y + / udivodz : v
Q

veEX]

for every w € D'(Q2; R™), and

Fi(—ANw) = ay sup {{(—ANw,M)x : |M

MeXo

for every w € D'(Q;R") with —A*w € D'(Q;RV*Y), where (-,-)x, and (-,")x,
denote, respectively, the duality products between X; and X7 and between X,
and X;. Now, we observe that if Fj'(—A*w) = +oo, then by Lemma we
find || — A*w||m = +oo. Moreover, since —A* = FE, we infer that for every
w € D'(;R) with —A*w € D'(; RV*N) we have

o a VN (Bw) if Bw € M(Q;RVY)
Fl (_A w) - : (). RNVXN .DNXN
+o00 if Bw e D'(Q;RYY)\ M(Q; R ).

Analogously, by observing that, since u € L'(Q),

(F2)"(w) = az sup {(Du —w,v)x, : [jv
veEX]

@*Sl}a

for every w € D'(€; RY), the same argument as for Fy yields

QQV@N(DU —w) if Du—w € M(Q;RY)

(Fi‘)*(W)Z{ . 1O RN RN
+00 if Du—w € D'(Q;RY)\ M(Q;RY),
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again for every w € D'(Q2; RY). Thus, to summarize, by classical properties of BD
and BV, see [140, Chapter II, Theorem 2.3] and [10], we have that the following
characterization holds:

: N 7NxN - RN
TGy — | o 0272 (Du =) + VPN (B0} ifu € BV(ORY,
+00 otherwise in L'(Q; R™Y).
(6.4.6)
To conclude the proof we observe that if u € BV¥(2), then by [98, Theorem 3.4.6]
the above infimum problem can be considered on the subspace of BD(f2) where
additionally [w||, < 400, namely BD?(Q), see Remark [6.3.8] O

Note that in the proof we exploited the condition (A0) on the function ¢ in
order to have the inclusions BV¥(§2) — BV(Q) and BD¥?(2) — BD(f2), see
Remarks [6.3.T] and [6.3.7
The following result reduces the functional-analytic setting to the space BV¥((Q),
see , by establishing equivalence of the two spaces BGV.?? and BV¥.

Corollary 6.4.6. Under the same assumptions of Theorem [6.4.5, we have that
TGV#?(u) < 400 if and only if u € BV¥(Q).

Proof. By Remark [6.3.3], choosing w = 0 as a test function in the characterization
of TGV??(u), namely ([6.4.2), we directly infer

TGVE?(u) < agf/wN(Du) = asV,(u),
(see (6.3.1))), which, in turn, yields
ully + TGV (1) < max{1, as}||ullpve ().

Conversely, since \N/(pN satisfies the triangle inequality, letting w, be the minimum
in (6.4.2)), we deduce

asVy(u) = agf/(pN(Du) < QQV¢N(DU —w,) + aszsoN(wu) < TGVP2(u) + ag‘N/wN(wu).
L]

Remark 6.4.7. Thanks to Proposition [6.4.2} in particular thesis (i), and to Corol-
lary [6.4.6, we have that TGV is a seminorm also on the space BV ¥ ().

Remark 6.4.8. Differently from the classical T'GV -setting, it is not clear whether
it is possible to show that there exists a constant C' > 0 such that

1
Gllullsve@ < flull, + TGVEA(w)
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or not. Roughly speaking, this is due to the absence of a Musielak-Orlicz equivalent
of Sobolev-Korn inequality. We refer the interested reader to the discussion and
the references in Section [6.3

We also stress that, as it follows from the analysis in Proposition [6.4.9]

1
S lully + [Dul(©) < Jull, + TGV (w)

for every u € BV¥(Q).

Thanks to what we have proven in Subsections [6.3.2] and [6.3.3] we expect also
the variation f/@m and, as a consequence, the total generalized variation TGV#?
to have a decomposition depending on the absolutely continuous part and the
singular part of the gradient of the functions u € BV¥?({2). We leave this open
question for future works.

6.4.3 Existence and stability of solutions to the minimiza-
tion problem

In this section we show how our notion of total generalized variation inherits
classical existence and stability properties. Throughout this section we will always
tacitly assume that TGV?? is extended to +oo outside of its domain. We first
prove that a Poincaré-Wirtinger inequality also holds in our setting, entailing the
coercivity needed to prove the existence of solutions to minimum problems in image
denoising.

To this aim, from now on we denote by P*(2) the space of affine functions, as well
as by 11 : L*(Q) — P1(Q2) a linear projection.

Proposition 6.4.9. Let Q C RY be a bounded, connected, open set with C' bound-
ary. Let p € ©,(Q) satisfy (A0) and let a = (a1, a) € RTXRT. Let 1 < p < .
Then, there exists a constant ¢ > 0 such that

lullrio) < e TGV (w),
for every u € ker IT N LP(2).

Proof. Because ¢ satisfies (A0), by Remark we have BV?(§2) — BV (Q2) and
S0
|Du — w|(2) < ‘N/@N(Du —w).

Analogously, thanks to Remark we get BD?(Q)) — BD(f?), entailing

| Bw|(Q) < V7N (Buw),
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for every w € BD(Q2). In view of [54, Theorem 3.1, Proposition 4.1], we infer the
existence of a constant ¢ > 0 such that

lullzre) < e TGV () < ¢laz|Du — w|(Q) + en] Ew|(Q)]
<c [agf/éV(Du —w) + alf/wNXN(Ew)} :

for every w € BD(Q). The thesis follows then by Theorem [6.4.5 O

In view of the Lemma [6.4.3] we deduce existence of minimizers whenever
TGV#? is augmented by suitable fidelity terms. In what follows, given two Hilbert
spaces X and H, we denote by L(X; H) the set of linear and continuous operators
between X and H.

Theorem 6.4.10. Let 2 C R™ be a bounded, connected, open set with C* bound-
ary. Let p € ®,,(Q) satisfy (A0) and let o = (a1, 9) € RTXRT. Let1 < p < %
Let further H be an Hilbert space, and let K € L(LP(Q); H) be injective on P*(Q).
Then, for every f € H, the minimum problem

1
in — — ©:2
JDoin o | Ku— fllag + TGV (u) (6.4.7)

has a solution.

Proof. Arguing exactly as in the proof of [54, Theorem 4.2], in view of Propositions
[6.4.2| and [6.4.9, we find that any minimizing sequence for is uniformly
bounded in LP(Q2) for every 1 < p < % The thesis follows then by Lemma
0.4.51 0

We conclude this section by showing stability of minimizers of (6.4.7) with
respect to the fidelity datum f.

Theorem 6.4.11. Let Q C R"™ be a bounded, connected, open set with C* bound-
ary. Let o € ©,,(Q) satisfy (A0) and let o = (o1, a2) € R xRF. Let1 < p < .
Let H be an Hilbert space and let K € L(LP(Q); H) be injective on P(QQ). Let
{fr}x C H be such that fr — f strongly in H. Then, setting

1 1
Fi(w) = SlIlKu = fullu + TGV (w),  Fo(u) = 5[ Ku = fllu + TGV (w),

for every uw € LP(QY), we have that {Fy}r I'-converges to Fy with respect to the
weak LP-topology.

Proof. The limsup inequality is immediately verified by considering for each u €
LP(§2) the constant recovery sequence uy, = u for every k € N. To show the liminf
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inequality, let u € LP(2) and let {u;}r C LP(2) be such that u, — u weakly in
LP(§2). The fact that
k—+o0

is a direct consequence of Lemma [6.4.3 O

As a consequence of Theorem [6.4.11] we infer convergence of the associated
minimizers.

Corollary 6.4.12. Under the same hypotheses of Theorem[0.4.11], we have
(7) min Fj, — min Fy.

(ii) Letting uy, € argmin Fj, for every k € N, we have that {uy}y is precompact
in L%(Q), and that every limiting point u satisfies u € argmin Fy.

Proof. The result follows from the Fundamental Theorem of I'-convergence, cf.

[49], by combining Theorem [6.4.11] and Proposition [6.4.9] O



Appendix A

A.1 Proofs of the results in Subsection 6.3.2

In Proposition and Proposition we consider respectively the singular
and absolutely continuous parts of the symmetric gradient separately and we then
combine them to handle the whole function in Theorem [6.3.14l

In order to prove Proposition , we need the following result, analogous to [82]
Lemma 3.5], which holds a characterization of the singular part of the symmetric
gradient of our function.

Lemma A.1.1. Let Q C RY be a bounded, connected and open set. Ifu € BD(S),
then

|Esu|(Q):sup{/Qz/1:dEsu € Co(RYEN), o] g1}.

Proof. By the definitions of total variation of a measure and of weak derivative,
together with the fact that Fu = Eu + E*u, we see that

|Eul(Q) = sup (/ Y dEu + / (U dEsu>
YECH(URym ) [¥I<1

sym

< sup /w d€u + sup /w dE®u
)

YEL® (RN ZN),||<1 YEL® (RN XN, [y|<1

= [Eul(Q) + [Eul (2

Since |Eul(Q) + [Eu|[(Q) = |Eu|(2) as & and E°® are mutually singular, each
inequality has to be an equality, and so the claim follows. O]

We can now give the proof of Proposition [6.3.17, following the lines of [82
Proposition 6.2].

134
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Proof of Proposition |6.53.17. By the definition of the total variation of a measure,
Lemma [6.3.16| and the definition of 7%, see (6.3.18]), we have

sup /z/;:dESug sup/|1/1|d]Esu] S/cpgod\Esu\.
veTe Jo Q

PYETY J QO

In order to tackle the opposite inequality, let us define hy : Q — [0, +oc] by

e (Y k)
h =1 f —=— f € Q.
k(l’) ri%l'*‘ yGIBI%z,T) k or any @
Notice that h; is lower semicontinuous with
hy, < 2L < oo, (A.1.1)

From the first inequality it follows that ¢*(-, hy) < (-, k), implying that g~ (hy) <
0,(k) < 400 since p satisfies (A0) and (aDec), and € is bounded.

Let us now remark that hy, — ¢> as k — 4o00. Indeed, if ¢*(x) = 400, then we
can use (Al) in all sufficiently small balls, since o™ (k) < +00, to conclude that

he(x) = lim it PR S @ Bk = 1

r—0t yeB(x,r) k - k

— ™ (r) = +o0 (A.1.2)

as k — +oo. If instead ¢™>°(x) < +o00, then we use the same inequality but now
with g := ﬁ(r), where w is the modulus of continuity coming from the restricted

(VA1) condition, and we obtain the desired convergence as f — 1~.
Note that hy is increasing in k since ¢ is convex. Then, by monotone convergence,

/gp"od|E5u|: lim /hkd|Esu|.
Q k—oo [

Let us fix € > 0 and assume that [, ¢ d|E*u| < +0c0. Then, we can find h = hy,
and K > 0 such that

/Qcp d|Eu|§/hd|Eu|+5<Z/K {h>-}d|Eu|+25

1 Z Bl ({h > }) 1 2.

Since h is lower semicontinuous, then {h > L} is open, and hence by Lemma
we can choose ¥; € CH(; RNXN) with |¢;] < 1 such that

Sym

o0 S 1 K2 S K2 1 S
/Qgp d]EungZ:/ jQ/Jj:dEu—}—?)s:/(Z:ij>:dEu+36.
7j=1 {h> Q j=1

it
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Defining 1. := Z]Kjl %zpj, we can notice that ¢, € CH(Q; RY*N) and

Sym

1 K

1 K
Ws| < ?Z le = ZX{h> }
j=1

giving gy« (|1)e|) < +00. Therefore 9. € T¥ and

/gpoo d|Efu| < / Ve : dE*u + 3¢ < sup /1/1 s dE°u + 3e.
Q Q

YET? J O

The upper bound then follows letting ¢ — 07, If instead [, > d|E*u| = +o0, then
a similar argument glves ~ < SUPyere fQ ¥ : dFE*u and the claim again follows. [

Lastly, we now give the proof of Proposition |6.3.18] following the lines of [82]
Proposition 6.3].

Proof of Proposition[6.3.18. The upper bound follows directly from Young’s in-
equality, indeed

sup / Eu s — o (z, [])] da < / (e, |Eu]) d = o, (Eul).

peTe

In order to prove the lower bound let us choose g; € C(;RYXN) N Le(Q; RN <N)

Sym Sym

such that g; — Eu pointwise a.e and in L'({; RS]\;;N ). Then Fatou’s Lemma and
L'-convergence yield

/ oz, |Eul) dx < liminf/ o(x,lg)|)de  and  lim [ g;:¢dx = / Eu:pdr
QO 1—>+00 Q 1—+00 Q Q
for any ¢ € T¥. Thus, it suffices to show that

[ etwladz < s [ (o:0— @ fu) o

for any g € C(Q;RNXN) 1 L#(Q; RNXN). Moreover, replacing ¢ by —%-|¢| and

sym Sym

letting e — 01, we see that ¢ : = || — |g| |w| pointwise. Thus, by monotone
convergence, the vector-values of g and v are irrelevant and we only need to show
that

/Q oz, gl dz < sup / 9] — o (z, [9])] de (A13)

YeCH(Q)

for any g € C'(2) N L¥(€2). We can also exclude test functions such that g,-()) =
400, see Remark [6.3.11]
Now let us denote with ¢’ the left-derivative of ¢ with respect to the second
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variable. Then ¢ is left-continuous and ¢(x,s) > ¢(x, s0) + ¢'(x, s0)(s — s¢) by
convexity. For any € > 0, let us define

Ve (x,t) == / b o(x,max{7,0}) ((t — 7) dT = (¢ *¢ () (, 1), (A.1.4)

where (. is a mollifier in R with support in [0, ¢] and where %, denotes the con-
volution only in the second variable. Since ¢ and ¢’ are increasing in the second
variable and left-continuous, we have that ¢. ¢ and ¢, 7 ¢" as e — 07. More-
over, Y. = ¢ %, (_ is continuous in both z, since ¢ is, and ¢, as a convolution with
a smooth function.

Let v; € Co(Q) with 0 <v; <1 and v; /1 as ¢ — +oo. By uniform continuity in
supp v;, we can choose 0 = d.; > 0 such that, for any ¢ > 0 and ¢ € N,

Yz, [g(z)|vi(r)) — e <YLy, [9(y)] vi(y))
for all x € B(y,d) and y € Q. Then
Ve = max{y.(-,|g|v;) —&,0} %, ms < P, g]) < (-, |g]),

where 7y is a mollifier in R with support in [0, 0] and where *, denotes the convo-
lution only in the first variable. We have that ¢.; — ¢'(-,|g|), so we conclude by
Fatou’s Lemma that

/ 91 (@, gy dz < liminf / 90| do.
Q Q

i——400,e—0

Since ¢ satisfies (AO) and (aDec), we see that

" (2, [Vei) < 0" (x, ¢ (2, |g])) < gl (2, |g]) < co(z,|g]),

where ¢ > 0 is a constant. Since g € L¥(Q2) and ¢ satisfies (aDec), then o,(g) <
+00. Thus, dominated convergence with upper bound c (-, g) yields

i—400,e—0

/ (2, (z,|g) dz = lim / (@ e do.
Q Q

Since 1), is a valid test function and ¢'(+,|g]) < 400 a.e. in Q, the last equality,
together with “Young’s equality”, see [125, Lemma 1.7.3(i)], implies that

sup [ flowl = ¢ Gl de = Tmint [ (gl = ¢ 02D do

YeCL(Q), 0p* () <+o0
> / 9]¢/ (2. 19]) — " (2, &' (2, |g]))] d = / o(, 1)) d,

proving (A.1.3) and completing the proof of the lower bound. m
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Remark A.1.2. The natural idea would be to choose 9 := ¢'(x,|g|) in the supre-
mum in (A.1.3), instead of the family of test functions that we chose in ((A.1.4)),
where ¢’ is the left-derivative of ¢ with respect to the second variable. However,
this function is not in general smooth and we cannot use regular approximation
by smooth functions since ¢* is not doubling.



Appendix B

B.1 A Convex Analysis lemma

The following result is presented for readers convenience and it is due to [5], see
Lemma 2.33 therein. It has been used in Section [6.3l

Lemma B.1.1. Let X be a Banach space with norm || - ||x, let ¢ : R — R be an
even and convex function, and define f : X — R as f(z) :== ¢(||x||x). Then

£ = 6"l
where X* denotes the dual of X with norm || - || x=.

Proof. By definition
fr(@") = sup[(z”, x) — f(x)] = §3§[<x*’ z) — o=l x)],

zeX

x+)

which can be equivalently written as

f(x*) =sup sup [(z",x) — H(t)]

t>0 ||z||x=t
(B.1.1)
~ up { [ sup (2, x>] - cb(t)} = supltlla*Lx- — 6(1)].
>0 | |Jlzllx=t >0
On the other hand, by definition
o (llz*]|x+) = Stlelﬂg[tllx*l x+ — o(t)], (B.1.2)

hence it suffices to prove that (B.1.1]) coincides with (B.1.2), i.e. that it suffices to
take the supremum on nonnegative real numbers. Using the fact that ¢ is even,
for any ¢ > 0 we have

—tl|z"[xe — o(—t) = —tllz"]|x+ — &(t) < tl|™]|x- — B(1),
hence
sup[t2”||x- — é(t)] = S;lzlg[tHwﬂ x- — o)),
which concludes the proof. O]
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