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Abstract

The thesis concerns the analysis of the variational model of Brown for magnetoe-
lasticity at large-strains. A characteristic feature of this model consists in its mixed
Eulerian-Lagrangian fomulation: while deformations are defined on the reference
configuration (Lagrangian), magnetizations are defined on the deformed configura-
tion in the actual space (Eulerian).

The thesis is subdivided into two parts. In the first part, we investigate the exis-
tence of solutions, both in the static and in the quasistatic setting. In the static
setting, solutions correspond to minimizers of the magnetoelastic energy while, in
the quasistatic setting, these are understood in the energetic sense according to the
theory of rate-independent processes. We establish a compactness result which, in
particular, yields the convergence of the compositions of magnetizations with defor-
mations. This enables us to prove the existence of minimizers by means of classical
lower semicontinuity methods. Our compactness result also allows us to address the
analysis in the quasistatic setting, where we examine rate-independent evolutions
driven by applied loads and boundary conditions. In this case, we prove the exis-
tence of energetic solutions. At first, we restrict ourselves to the case of continuous
deformations; subsequently, we assume that admissible deformations belong to the
class of possibly discontinuous deformations for which cavitation, i.e., the forma-
tion of voids inside the material, is excluded introduced by Barchiesi, Henao and
Mora-Corral (2017).

In the second part of the thesis, we investigate the problem of dimension reduction
for magnetoelastic plates. The aim is to identify a reduced two-dimensional model,
as the thickness of the plate goes to zero, describing the asymptotic behaviour of
minimizers of the magnetoleastic energy. We focus on low-energy configurations by
rescaling the elastic energy according to the linearized von Karman regime. First,
we identify a reduced model by computing the I'-limit of the magnetoleastic energy,
as the thickness of the plate goes to zero. Then, we introduce applied loads given by
mechanical forces and external magnetic fields, and we show that, under clamped
boundary conditions, sequences of almost minimizers of the total energy converge
to minimizers of the corresponding energy in the reduced model. Finally, we con-
sider time-dependent applied loads and dissipation functionals as in the first part
of the thesis, and we prove that energetic solutions of the three-dimensional model
converge, in the sense of dimension reduction, to energetic solutions of the reduced
two-dimensional model. This last result provides a further justification of the latter
in the framework of evolutionary I'-convergence.
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Zusammenfassung

Die Dissertation befasst sich mit der Analyse des Variationsmodells von Brown fiir
die Magnetoelastizitdat bei groker Dehnung. FEin charakteristisches Merkmal dieses
Modells besteht in seiner gemischten Euler-Lagrange-Formulierung: wiahrend Defor-
mationen in der Referenzkonfiguration definiert sind (Lagrange-Bild), werden Mag-
netisierungen in der deformierten Konfiguration im realen Raum beschrieben (Euler-
Bild). Die Doktorarbeit ist in zwei Teile gegliedert. Im ersten Teil untersuchen wir
die Existenz von Losungen, sowohl im statischen als auch im quasistatischen Setting.
Im statischen Fall entsprechen die Losungen den Minimierern der magnetoelastis-
chen Energie. Im quasistatischen Umfeld werden Losungen im energetischen Sinne
mit der Theorie von Ratenunabhéngigen Prozessen definiert. Wir zeigen ein Kom-
paktheitsresultat, welches insbesondere die Konvergenz der Zusammensetzungen von
Magnetisierungen mit Deformationen garantiert. Dies ermdoglicht uns, die Existenz
von Minimierern mittels klassischer Methoden der Unterhalbstetigkeit zu beweisen.
Das Kompaktheitsresultat erlaubt es auch, den quasistatischen Fall zu analysieren,
wobei wir Ratenunabhingige Prozesse betrachten, die durch aufgebrachte Lasten
und Randbedingungen angetrieben werden. Wir beweisen die Existenz energetischer
Losungen, wobei wir uns zunéchst auf kontinuierliche Verformungen beschréanken.
Danach betrachten wir zulédssige Verformungen in der von Barchiesi, Henao und
Mora-Corral (2017) eingefiihrten Klasse der moglicherweise unstetigen Deformatio-
nen, bei denen Kavitation, also die Bildung von Hohlrdumen im Material, aus-
geschlossen ist.

Im zweiten Teil der Arbeit untersuchen wir das Problem der Dimensionsreduktion
fiir magnetoeelastische Platten. Ziel ist es, ein reduziertes zweidimensionales Modell
zu identifizieren, welches das asymptotische Verhalten von Minimierern der magne-
toleastischen Energie beschreibt, wenn die Dicke der Platte gegen Null strebt. Wir
konzentrieren uns auf Niedrigenergiekonfigurationen durch Umskalierung der elastis-
chen Energie geméf dem linearisierten von Karman-Regime. Zuerst identifizieren
wir ein reduziertes Modell, indem wir den I'-Limes der magnetoelastischen Energie
bei verschwindender Plattendicke berechnen. Dann fiihren wir aufgebrachte Las-
ten ein, die durch mechanische Kréfte und externe Magnetfelder gegeben sind, und
zeigen, dass unter geklemmten Randbedingungen Folgen von “Fast-Minimierern” der
Gesamtenergie zu Minimierern der entsprechenden Energie im reduzierten Modell
konvergieren. Schlielich betrachten wir zeitabhéngige aufgebrachte Lasten und Dis-
sipationsfunktionale wie im ersten Teil der Arbeit, und beweisen, dass energetische
Losungen des dreidimensionalen Modells unter Dimensionsreduktion zu energetis-
chen Losungen des reduzierten zweidimensionalen Modells konvergieren. Somit ist
unser reduziertes zweidimensionales Modell auch im Rahmen der evolutionéren I'-
Konvergenz bestatigt.
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Introduction

Magnetoelastic materials are characterized by their tendency to experience mechan-
ical deformations in response to external magnetic fields. This peculiar behaviour
is termed magnetostriction and constitutes the foundation of the technology behind
many devices such as sensors and actuators.

A first phenomenological theory of magnetoelasticity at large-strains has been pro-
posed by Brown in the form of a variational principle [31]. The theory takes as
independent variables the deformation and the magnetization. The first variable is
set on the reference configuration (Lagrangian), while the second one is defined on
the deformed configuration (Eulerian). This setting constitutes one of the charac-
teristic features of the theory.

The rigorous analysis of mixed Eulerian-Lagrangian models provides several sub-
stantial difficulties that require the development of novel strategies to be overcome.
For this reason, in recent years, such models have attracted also the attention of
the mathematical community. Apart from magnetoelasticity [I8], 95] 129], problems
with mixed formulations have been studied in various other contexts such as the
theory of liquid crystals [17, 83|, phase transitions [74] [134] and plasticity [91], [135],
but also in electroelasticity [47, [133] and thermoelasticity [9, [111].

Specifically, the analytical investigation of magnetoelasticity poses very challenging
problems that can be qualified as: nonlinear, as magnetostrictive materials can expe-
rience large deformations; nonconvex, as such problems are subjected to nonconvex
constraints due to magnetic saturation; and nonlocal, as the magnetic response of
the material depends on the shape assumed by the deformed body. Therefore, de-
spite magnetoelastic materials are nowadays largely employed in applications [5§],
their theoretical understanding from the mathematical point of view is still in its
infancy.

In this thesis, we advance the variational theory of magnetoelasticity at large-strains
by focusing on two topics: the problem of existence of equilibrium configurations
and the identification of reduced models for thin plates. We investigate both issues
first in the static setting and then in the quasistatic setting. In the latter, we adopt
the framework of the theory of rate-independent processes [110], which appears to
be adequate in view of the hysteretic nature of magnetostrictive phenomena [45].
In addition to being object of pure mathematical interest, these two topics are of
fundamental importance for applications. On the one hand, proving the existence of
solutions ensures the legitimacy of the model and, at the same time, might suggest
possible approximation techniques for such solutions. On the other hand, reduced
models are extremely useful in the applied sciences as they significantly diminish the
computational complexity of the original model while preserving its main properties.
The content of the present work is based on a recasting of the results published



Magnetoelasticity Introduction

by the Ph.D. candidate, either as a single author [27, 28] or in collaboration with
Elisa Davoli and Martin Kruzik [29, [30]. The results in these papers have been
reorganized and, in part, slightly improved in order to achieve an overall consistency
of the assumptions. A detailed comparison between the results contained in the
thesis and the ones published in the aforementioned papers is provided in the last
section of this introduction together with the outline of the thesis.

Before moving to the scientific contributions of the present work, we start by giving
some basic phenomenological background on magnetoelasticity and by describing
the variational model of Brown. Then, we provide an overview of the mathemati-
cal literature concerning this model with particular emphasis on the two problems
addressed here. Subsequently, we detail the contributions contained in the thesis.
Eventually, we delineate the structure of this work and we compare its content with
the publications mentioned above.

Magnetoelasticity

Magnetoelasticity concerns the study of deformable solids in presence of magnetic
fields. The principal aim is to understand how magnetic and mechanical properties
of materials influence each other. Apart from [32], classical references in the physical
literature are [96], 107, 139].

In absence of external fields, ferromagnetic materials spontaneously arrange them-
selves in regions of uniform magnetization, known as Weiss domains, which are
separated by thin transition layers, the domain walls [84]. The formation of these
structures is the result of the competition of two effects: the magnetocrystalline
anisotropy, that is, the existence of preferred magnetization directions determined
by the underlying crystal lattice, and the long-range interactions between magnetic
dipoles which disfavour configurations with constant magnetization throughout all
the specimen. As the orientation of magnetic dipoles causes the local distortion
of the crystal lattice, each domain exhibits a uniform strain, thus determining the
stress-free configuration of the sample.

Upon the application of a magnetic field, a reorganization of the domain structure
is observed. This is mainly due to the more favourable orientation of certain easy
axes with respect to the direction of the external field. Thus, the domain walls shift
and the domains themselves rotate. These movements produce a macroscopic strain
and, in turn, lead to the change of the overall shape of the specimen, see Figure
[I] This peculiar effect for which the application of a magnetic field might induce a
reversible deformation of the body is termed magnetostriction.

By means of a similar mechanism, mechanical stresses can give rise to the reorien-
tation of the magnetic dipoles. In this way, it is possible to modify the magnetic
response of the sample by exerting mechanical forces on it. This phenomenon is
usually referred to as inverse magnetostriction.

Magnetostrictive effects characterize magnetomechanical couplings. In the case of
ferromagnetic shape-memory alloys, magnetostriction can also yield the phase trans-
formation from one martensitic variant to another [86], [145].

From the engineering point of view, magnetostrictive effects lie at the basis of the
operating principle of many technological devices. Indeed, magnetoelastic materials
constitute a prominent example of the so-called “smart” or “active” materials, which
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Figure 1: Schematic representation of magnetostriction. The application of the magnetic field h
induces a deformation of the body.

have the peculiar property of being able to activate one of their features in response
to external stimuli of different type. On the one hand, magnetostriction allows for
the remote activation of actuators by means of the imposition of magnetic fields
[6]. In this regard, there has been a great interest in specific rare-earth alloys such
as TerFeNOL and GalFeNOL, as well as in ferromagnetic shape-memory alloys like
NioMnGa and NiMnInCo, because they are capable of experience remarkably large
strains, of order 1073, upon the application of relatively moderate magnetic fields
[39, 140]. As the average magnetostrictive strains of ferromagnets are generally of
order 1077, in this case, one speaks about “giant magnetostriction” [58].

On the other hand, inverse magnetostriction is exploited in the design of sensors that
measure force and torque by estimating the corresponding variation of magnetic field
[75]. Further applications concern transducers and energy harvesters [48].

The variational model of Brown

The mathematical model of magnetoelasticity that is investigated in this thesis is
usually attributed to Brown [31, B3]. He systematically developed this continuum
theory, which he refers to as “the conventional theory of magnetostriction”, starting
from the principles of micromagnetics [32] and elaborating some ideas by Toupin
[143]. An equivalent theory has been developed, basically contemporarily, also by
Tiersten starting from a different modeling approach [140, 141]. We refer to [53] for
a comparison between the two approaches.

Regarding the theory of Brown, we are interested in its formulation as a variational
principle [3I]. Brown calls this principle “the energy method” in contraposition with
“the stress method”. The latter refers to the formulation based on the concept of
forces that he also investigated. This variational model takes as independent vari-
ables the deformation and the magnetization, where the latter should be interpreted
as the local density of magnetic dipoles per unit volume. We mention that, in recent
years, alternative variational formulations, having the magnetic field in place of the
magnetization vector as independent variable [136] or taking the magnetic vector
potential as an additional variable [88|, have been proposed. We refer to [56] for a
general overview on alternative formulations and to [I32] for a comparison between
the corresponding variational principles.
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The model under consideration contemplates finite strains and features a strong
interplay between Lagrangian end Eulerian coordinates. Indeed, while deformations
are classically defined as maps on the refence configuration, magnetic quantities are
naturally set in the actual space.

Let © C RY represent the reference configuration of a magnetoelastic body. This is
subjected to elastic deformations y: Q — RY and magnetizations m: y(Q) — R".
As customary in nonlinear elasticity, deformations are assumed to be orientation-
preserving, namely with det Dy > 0, and invertible in order to exclude the in-
terpenetration of matter [37]. According to the theory of micromagnetics [32], at
sufficiently low constant temperature, magnetizations are subjected to a magnetic
saturation constraint. In the case of rigid bodies, up to normalization, these are
required to be sphere-valued. Indeed, the modulus of magnetizations corresponds
to the spontaneous magnetic moment per unit mass that, for simplicity, is assumed
to depend only on the temperature. In the case of deformable bodies, especially at
large strains, this observation calls for a reformulation of the magnetic saturation
constraint. In this regard, employing our notation, Brown writes [32 p. 73]: “since
perfect alignment of spins produces a definite magnetic moment per unit mass, not
per unit volume, it is |m o y|det Dy and not |m| that must be supposed constant”.
Therefore, the magnetic saturation constraint should take the following form:

|lmoy|det Dy =1 in . (1)

In particular, for incompressible materials, the constraint is equivalent to the
requirement of magnetizations being sphere-valued, namely

lm|=1in y(Q). (2)

The theory of Brown is based on the assumption that equilibrium configurations
correspond to minimizers of the following magnetoelastic energy functional:

1
(y,m)H/W(Dy,mOy)der/ |Dm!2d£+—/ |@,,.|* dE. (3)
Q y(Q) 2 RN

The first term in stands for the elastic energy of the system. The expression
of the elastic energy density W should exhibit a strong coupling between its two
variables. In particular, it is desirable to consider constitutive relations that are
able to describe magnetostrictive effects. Taking into account , a prototypical
example inspired by the modeling of nematic elastomers [54] is given by

W(EF X =0 ((az@2z+8I-222))'F), (4)

where z = A(det F'). Here, «, 5 > 0 are material parameters, while ® is a frame-
indifferent density that is minimized at the identity and that blows up as the de-
terminant of its argument approaches zero. Also, in accordance with the principles
of continuum mechanics [85], the function W must fulfill the two requirements of
frame-indifference

VRE SON),VF c RVY vAecRY, W(RF,R\) =W (F,\)
and magnetic parity

VF c RVYN YAeRY, W(F,-X)=W(F,X\).
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The second term in (|3|) represent the exchange energy which is derived by microscopic
considerations. This energy contribution arises from the pairwise interaction of
magnetic dipoles and favours their alignment.

Eventually, the third term in (3) accounts for the magnetostatic energy; the stray
field ¥,,,: RV — R is given by a solution to the static Maxwell equations:

1w, =0, )
e in RY. (5)
div (\Ifm — Xy(g)m) =0,
Here, xy@m simply denotes the extension of m by zero outside of y(£2). The
previous system is equivalent to the existence of a stray field potential ¥,,, : RY — R,
so that ¥,, = —D1),,, which is a solution of the following equation:

div (Dt — xyym) = 0 in RY. (6)

In (3), the energy contribution coming from the magnetocrystalline anisotropy has
not been accounted. This is described by the functional

wom) - [ X (%) €. 7)

where ¢: S¥~! — [0, +00) is a continuous function vanishing on a finite set of
directions corresponding to the easy axes. In view of what has been said in the
previous section, this contribution is extremely important from the modeling point
of view and should be included into the magnetoelastic energy. However, since the
analytical treatment of this contribution in relation to the analysis presented here
does not introduce any additional difficulty, we neglect it. We will come back to this
point later on.

Possibly, the work of applied loads is determined by the functional

(y,m)>—>/Qf-yd:c+/mg-yda+/y(mh-md§. (8)

The first two term in stem for the work of mechanical body and surface forces
f:Q — RY and g: 092 — R¥, respectively, which are described according to the
assumption of dead loads [37]. The last term in (8), which is of Eulerian type,
measures the effect of the external magnetic field h: RY — R and it is known as
Zeeman energy [84]. The resulting total energy is expressed by taking the difference
between the two functionals in and .

Having described the variational model, we immediately realize that its rigorous
analysis encounters several difficulties. These are mainly due to its mixed Eulerian-
Lagrangian formulation that requires the knowledge of the deformed configuration
which constitutes by itself one of the unknowns of the problem. Also, as we can
expect, this formulation makes the question of the invertibility of deformations of
central importance.

Some issues are already evident at the modeling stage. Indeed, if deformations
are assumed to be Sobolev maps, thus defined almost everywhere, as customary in
nonlinear elasticity theory, then the notion of deformed configuration is ambiguous.
Also, the second term on the energy functional suggests that magnetizations
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should be given by Sobolev maps on the deformed configuration. However, if defor-
mations are not homeomorphisms, these sets are not necessarily open, making such
a regularity requirement meaningless. Both these issues are solved by appealing to
the notion of topological image |18, 137].

In general, the mixed Eulerian-Lagrangian setting makes standard compactness and
lower semincontinuity methods of the calculus of variations not applicable. Some
specific aspects of our model that are particularly delicate from the analytical point
of view are the following. First, apart from having the typical nonlinear and noncon-
vex character postulated in finite elasticity, the elastic energy density W depends
on the composition of magnetization with deformations, which is usually hard to
handle. Second, altough the solution operator m — W, corresponding to (5 en-
joys good continuity properties [127], the qualitative description of the stray field
starting from the knowledge of the deformed configuration and the magnetization
field is bewildering. Indeed, even in the case of rigid bodies with simple geometries,
the explicit computation of the solution of @ constitutes an extremely difficult
task. Third, the magnetic saturation constraint inolves the composition of mag-
netization with deformations and the Jacobian determinant of deformation; given
its nonconvex nature, the fact that this constraint is preserved along converging
sequences is anything but trivial.

Depending on the problem under consideration, the anisotropy energy in may or
may not be of interest. For example, this term certainly has to be taken into account
when one aims to determine qualitative properties of ground states. Differently, the
anisotropy term is not relevant for the topics addressed here. Indeed, the functional
in turns out to be continuous both in the setting of our existence theory and
in our dimension reduction procedure, so that this term is easily handled. For this
reason, this term will be systematically neglected in what follows.

In the small-strain regime, the variational model simplifies substantially. In this case,
when deformations are given by small perturbations of the identity, it is acceptable
to assume that magnetizations are defined on the reference configuration. This
semplification rules out various analytical obstacles. Also, in the linearized setting,
the elastic energy density W is supposed to be quadratic and convex. Nevertheless,
the typical difficulties of the variational theory of micromagnetics [55] persist and the
magnetomechanical coupling, modeled by the introduction of a magnetic prestrain
term in the expression of the elastic energy [52, 89], makes the analysis nontrivial.

Overview of the literature

We now describe the state of the art concerning the mathematical analysis of mag-
netoelasticity. Without any claim of completeness, we only mention works from the
literature investigating variational models close to the one described in the previous
section. We mainly focus on the problems analyzed in this thesis, namely the exis-
tence of solutions and the rigorous derivation of plate models, in order to frame our
results into the literature.

In the following overview, we will include some works on variational models for liquid
crystals. By replacing the nematic variable with the magnetization, this models are
formally analogous to the one of Brown, except that the magnetostatic term is not
included into the expression of the energy. However, since these works tackle some
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of the mathematical difficulties that are encountered in the analysis of the model of
Brown, they are significant for our purposes. For an overview on the mathematical
theory of liquid crystals, we recommend [12].

Existence of solutions

The program of extending the existence theory of elastic materials [10], [14] to varia-
tional models for magnetostrictive solids has been initiated in [5] and then pursued
in [126, 127]. In these works, magnetic quantities are pulled back to the refer-
ence configuration in order to rewrite the magnetoelastic energy as a Lagrangian
functional. This approach has the disadvantage that imposes specific constitutive
assumptions on the elastic energy density, so that nonstandard growth conditions
must be postulated.

In [129], this issues are partially solved. In this case, no restrictive structure of the
elastic energy density is assumed. The compactness of magnetization is achieved by
working on the deformed configuration. However, the analysis requires the control
of the Jacobian determinant of deformations, which is recovered by adding some
higher-order term to the energy functional. This sets the model into the framework
of nonsimple materials [14], 142] 144]. See [24] for a related study focusing on nearly
incompressible materials.

For incompressible materials, the existence of minimizers has been proved, almost
concurrently, in [I7, 05] without introducing any regularization. The first work
actually concerns liquid crystals, while the second one studies precisely the model
described in the previous section. Clearly, the incompressibility assumption becomes
particularly convenient while applying the Change-of-variable Formula.

In [95], admissible deformations belong to W'P(; RY) with p > N, where the
spatial dimension is denoted by N € N. This ensures the continuity of deformations
and simplifies localization arguments in view of the Morrey embedding. In the same
paper, the authors observe that, having the convergence of sequences of admissible
states with respect to a suitable topology, the incompressibility yields the strong
convergence of the composition of magnetizations with deformations; this allows
them to apply classical lower semicontinuity results |14} [57].

In [17], deformations are given by maps in the space WV (Q;RY). Under the
orientation-preserving constraint, such maps admit a continuous representative which
does not necessarily admit a continuous extension up to the boundary [72]. The
strategy of the authors relies on the local invertibility resul for Sobolev maps by
Fonseca and Gangbo [60} [61]. After localization, the elastic energy is rewritten as
a functional defined on the actual space. In this way, its dependence on the com-
position of the nematic variable with deformations is removed and the gradient of
the inverse deformations appears in the expression. Then, the proof exploits the
stability of the inverse with respect to the weak convergence of deformations [61].
The results in [I7] have been improved in [I8] by allowing for possibly discontinuous
deformations and by removing the incompressibility constraint. In order to do this,
the authors have generalized the local invertibility result in [60] to the case of Sobolev
maps with subcritical integrability. Starting from the investigations in |78, [79] [80]
81], they have identified a class of locally invertible deformations in W1P(Q;RY)
with p > N — 1 which can be characterized as the class of orientation-preserving
Sobolev maps for which cavitation is excluded. Recall that this term refers to the
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phenomena of creation of voids inside materials in response to mechanical stresses
[11] and that, if the creation of new surface through deformation is not penalized,
cavitation may preclude the existence of minimizers in nonlinear elasticity |15, 120].
Additionally, they have extended standard degree-theoretic arguments of nonlinear
elasticity [13], ©0], 121, 122] 138|, see also [82], to this new setting and they have
further developed the notion of topological image studied in [82], 122}, 138, 137]. We
will comment more about this class of deformations and the concept of topological
image in the next section. By means of the techniques developed in [I§], the authors
have been able to establish the existence of minimizers of the magnetoelastic energy
functional by following the strategy in [17]. However, even though their model
contemplates compressible materials, in this work the magnetic saturation constraint
takes the form in () instead of the one in ().

The existence result in [18] has been recently extended in [83] by enlarging the class
of admissible deformations to the scale of Sobolev-Orlicz spaces.

The literature investigating the variational model of Brown under quasistatic evolu-
tion is scarce. In this context, we seek for solutions in the energetic sense according
the theory of rate-independent processes. Therefore, dissipation effects have to be
taken into account. The mechanical response of the material is supposed to be purely
elastic, so that energy dissipation results from magnetic reorientation only.

In the small-strain regime, the existence of energetic solutions has been proved
in [94]. The same kind of result for a similar model of piezoelectricity has been
established in [I16]. Previous related studies on magnetic shape memory alloys are
given in [8, 23]. In all these cases, the analysis takes advantage of the linearity of
the model.

Eventually, the existence of energetic solutions for the nonlinear model has been
firstly achieved in [05], still in the incompressible case. Also in the quasistatic
setting, the key point is the convergence of the composition of magnetization with
deformations which entails the continuity of the dissipation distance. We are not
aware about other contributions regarding the large-strain model under quasistatic
evolution.

Dimension reduction

In the calculus of variation, the dimension reduction is usually understood in the
sense of ['-convergence [20], 44]. This notion has nowadays reached a prominent role
in the analytical validation of reduced models.

Up to now, few works have been published on the rigorous derivation of effective
models for thin plates starting from the variational model of Brown. For the case
of small-strains, the dimension reduction for plates in the Kirchoff-Love regime has
been investigated in [94].

For a nonlinear but purely Lagrangian model in the context of liquid crystals, with
the nematic variable defined on the reference configuration, the membrane regime
has been studied in [2], while the bending regime is the subject of [19]. In the first
case, the nematic variable is allowed to change only in the vertical direction. In the
second case, this restriction is not present and some numerical simulations are also
demonstrated.

In the framework of nonsimple materials, the problem of dimension reduction for
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magnetoelastic plates in the membrane regime undergoing large deformations have
been addressed in [I01], under some a priori constraint on the Jacobian determinant
of deformations, and then subsequently numerically investigated in [102, 103]. In
[46], the same kind of analysis is carried out without any constraint on the Jacobian
determinant of deformation and a partial upper bound is established.

A recent contribution, still in the framework of nonsimple materials, focusing on the
derivation of a reduced model for magnetoelastic rods in the membrane regime, has
been given in [36].

We remark that the introduction of regularizing terms involving the Hessian of
deformations into the energy entails the Sobolev regularity of the composition of
magnetizations with deformations. This regularity is exploited to identify limiting
magnetizations by rescaling. In general, without regularizing terms, similar com-
pactness arguments are not available, thus it is not clear how to identify limiting
magnetizations; this point makes the study of dimension reduction problems for
Eulerian-Lagrangian energies particularly challenging.

In the quasistatic setting, a suitable notion of converge of variational evolutions is
the one of evolutionary I'-convergence in the context of rate-independent processes
[112]. Given two sequences of energy an dissipation functionals, this notion refers
to the convergence of the corresponding sequence of energetic solutions to energetic
solutions driven by the ['-limits of the given energy and dissipation functionals. In
dimension reduction problems, evolutionary I'-convergence can provide a further
justification of the reduced models under time evolution.

To our knowledge, the only work in this spirit about the dimension reduction of
magnetoelastic plates available in the literature is the aforementioned paper [94].
There, apart from the static I'-convergence, the corresponding evolutionary result is
also established.

Other contributions

We briefly mention few works from the literature focusing on other problems related
to the variational model which are not going to be addressed in the present work.
The problem of relaxation, in the sense of lower semicontinuous envelope, for a
variational model of liquid crystals has been investigated in [I17]. The exchange
term involves a more general density which experiences relaxation together with
the elastic energy density. Their analysis has been recently extended to the case of
deformations with Orlicz integrability in [I31].

Other works concern the analysis of the large-body limit [50], which corresponds to
neglecting the exchange term from the expression of the magnetoelastic energy. This
clearly leads to a lack of coercivity and lower semicontinuity. In [5I], the existence
of minimizers in two dimensions is proved by means of convex integration methods.
In classical works, the asymptotic behaviour of minimizing sequences is studied
by employing Young measures. In [85], the anisotropy is described starting from
lattice considerations and the resulting domain structures are predicted precisely;
in [52], materials with high anisotropy are studied, within the linearized framework,
by computing the corresponding relaxed energy for simple geometries. In a two-
dimensional setting, the problem of relaxation in the sense of Young measures has
been also investigated in [125].



Original contributions of the thesis Introduction

Finally, we list some related contribution on the dynamical problem. In the literature
on micromagnetics, some works on the Landau-Lifschitz-Gilbert equation [32, 06|
accounting for magnetostrictive effects are available [16], 35, [146]. All these works
confine themselves to the small-strain setting. Starting from the model of Brown,
systems of partial differential equations coupling elastodynamics and the Landau-
Lifschitz-Gilbert equation have been derived and studied in [211, 20} 63, 87, [128].
Given the complexity of the problem, several simplifications are unavoidable.

Original contributions of the thesis

We now proceed by describing the original contributions contained in this thesis.
As we said, our analysis addresses two problems, the existence of solutions and the
dimension reduction for plates, both in the static and in the quasistatic setting.
The thesis is based on the two publications [27, 29] and on the two submitted
preprints [28, [30]. The papers [27, 28| are single-author works of the Ph.D. candi-
date, [29] is joint work with E. Davoli and M. Kruzik, whereas [30] has been obtained
in collaboration with M. Kruzik.

Existence of solutions

Concerning the problem of the existence of solutions, in this thesis we extend the
analysis in [95] by removing the incompressibility constraint and by requiring less
restrictive growth conditions on the elastic energy density. It is worth to notice
that, apart for the sake of mathematical generality, these two improvements are also
interesting from the modeling point of view. On the one hand, the incompressibility
assumption is not very realistic for typical magnetostrictive alloys; on the other
hand, relaxing the coercivity assumptions on the elastic energy density makes the
analysis compatible with a broader range of mechanical models acknowledged in the
literature in which the elastic energy density has subcritical, even quadratic, growth
[37].

As we mentioned before, remarkable progresses in this direction have been achieved
in [I8] for the static setting. In this thesis, we push the analysis even further by
tackling two open questions. First, we provide a mathematical treatment of the
magnetic saturation constraint in its more realistic form . Note that, in [I8], the
sphere-valued constraint was enforced. Second, the compactness result provided
in [I8] was not strong enough to extend the analysis from the static setting to the
quasistatic one. The results in this thesis, instead, building upon [18], allow also the
study of rate-independet evolutions.

Let © € RY be a bounded Lipschitz domain. For some fixed p > N — 1, admissible
deformations belong to the same class considered in [18], namely:

V,(Q) = {y e W (Q;RY) : det Dy € L'(Q), det Dy > 0 a.e.,
y satisfies (DIV)) }

The divergence identities [122] read as follows:

vV € CHRY;RY), Div((adjDy)oy) =divipoy det Dy in Q.  (DIV)

10
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These identities are a generalization of the well known identity DetDy = det Dy
[118], asserting the coincidence of the distributional Jacobian with the pointwise
Jacobian. As a result of the investigations in [I8 78, 0], this class can be charac-
terized as the class of orientation-preserving Sobolev maps for which cavitation is
excluded.

The restriction p > N —1 on the integrability exponent comes from technical reasons.
Loosely speaking, this assumption entails the continuity of deformations on almost
every surface and allows us to employ the topological degree.

The notion of topological image has been introduced in [18, [81], but the basic concept
is due to Svérak [137]. Given y € ), (Q2), the topological image of € under y, denoted
by imr(y, (2), represent a suitable substitute of the deformed set y(£2) in the case of
Sobolev maps. In particular, as a consequence of the continuity of the topological
degree, the set im(y, §2) turns out to be open. Given a deformation y € V,(2), this
enables us to define admissible magnetizations as maps m € W'?(imr(y, Q); RY)
subjected to the constraint

lmoy|det Dy =1 a.e. in . 9)
Hence, the resulting class of admissible states is given by

Q= {(y,m): yc (), meW"(imp(y,Q);R"),

. (10)
lmoy|det Dy =1 ae. in Q}.

Recalling , we define the magnetoelastic energy functional by setting
1
E(q) = /W(Dy,moy) d:c—l—/ |Dm|2d£—|——/ | DY |* €, (11)
Q 'mT(y,Q) 2 RN

where ¢ = (y, m) € Q and 1,,, denotes a weak solution to the Maxwell equation:
div (D@/Jm — XimT(y@)m) =0 in R".

Our first main contribution consists in establishing the existence of minimizers of
the energy in (11)) within the class in ((10) under Dirichlet boundary conditions on
the deformations. The precise statement is given in Theorem [2.5] This refines the
existence result in [I8] by taking into account the more realistic constraint (9)). Also,
our proof strategy seems to be more direct.

The main ingredient to prove our existence theorem is the compactness result for
sequences of admissible states with equibounded energy provided in Theorem
which, by itself, constitutes one of the main contributions in the first part of the
thesis. The limiting states are identified by arguing substantially as in [I8]. The
hard part is to show that these satisfy the constraint @ Moreover, our compactness
result yields the convergence of the compositions of magnetizations with deforma-
tions to the corresponding limiting quantity. This convergence constitutes a very
delicate issue as both deformations and magnetizations are generally discontinuous.
We note that, in [18], this issue was circumvented by following the strategy in [17].
We provide two proofs of our compactness result: a first one for p > N assum-
ing the global invertibility of deformations and a second one under no additional
assumptions.

In the first case, we exploit the continuity of deformation and the uniform conver-
gence inferred by the Morrey embedding, together with the precise description of

11
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the geometry of the topological image available in this setting. The proof of the
convergence of composition relies on a peculiar use of the Area Formula to estimate
the preimage of sets in the deformed configuration. A similar strategy has been
employed in [74], where admissible deformations are given by homeomorphisms.
Clearly, also in the second case, the most delicate points are to show that the con-
straint @D is preserved in the limit and to prove the convergence of the composi-
tions of magnetizations with deformations. The strategy to tackle both these issues
is based on a localization argument involving the topological image of nested balls.
Given a converging sequence of deformations, this allows us to consider the sequence
of the local inverses on the topological image of a fixed ball under the limiting de-
formation. This argument is presented in Lemma [2.7] This last result relies on the
fine properties of admissible deformations, precisely on their regular approximate
differentiability [71]. We point out that the local invertibility of deformations as
well as the stability of the local inverse with respect to the weak convergence are
essential ingredients in our proofs.

In the second cases, key difficulties are originated by the fact that admissible de-
formations may violate the Lusin property (N), i.e. they may map sets of measure
zero to sets of positive measure. This fact represents an essential obstacle for the
validiy of the Change-of-variable Formula [59]. This issue is tackled by means of
the techniques developed in [18]. The concepts of topological image and geometric
image play a central role in relation to this techniques. The former allows us to
employ the Change-of-variable Formula from the deformed configuration to the ref-
erence one and backwards, whereas the latter enjoys good continuity properties with
respect to the convergence of deformations. In this regard, the topological degree
constitutes an indispensable tool. For almost everz subdomain, the corresponding
topological image and geometric image coincide up to sets of measure zero. Indeed,
this coincidence is typically violated when deformations experience cavitation.
With the aid of our compactness result, the proof of the existence of minimizers
becomes not very demanding. The main issues, like the weak continuity of the
Jacobian determinant and the lower semicontinuity of the elastic energy, are resolved
by appealing to results available in the literature [I4} 57, 1T19]. Overall, our existence
theory requires physical growth conditions and standard polyconvexity assumptions
on the elastic energy density.

Subsequently, we move to the quasistatic setting by studying evolutions driven by
time-dependent boundary conditions and applied loads. Let T" > 0 be the time
horizon and let ¥ C 02 denote the portion of the boundary subjected to traction.
Recalling , for applied body and surface forces

fewh 0,7 L (4 RY)), g e W (0,T; LP(%;RY))
and an external magnetic field
h € WHY(0,T; L*(RY; RY)),

the total energy functional reads
Flt.q)=Ela) - [ £(0-yde~ [ gt) yda~ [ h()-mas (12
Q by .mT(yvg)

where t € [0,7] and ¢ = (y,m) € Q. Our analysis is set within the framework of
rate-independent processes [110]. In view of our mixed Eulerian-Lagrangian struc-

12
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ture and the expression of the elastic energy in (11]), the natural candidate as dissi-
pative variable is given by the composition of magnetization and deformation. This
modeling choice has been taken in [95]. Taking into account the compressibility of
the material and the constraint @D, we define the dissipation distance as

D(q,q) = / |m o ydet Dy — m o ydet Dy| de, (13)
0

where ¢ = (y,m),q = (m,y) € Q. Looking at this expression, we immediately
realize that the convergence of compositions provided by our compactness result is
essential in order to address the analysis in the quasistatic setting.

Our second main contribution, namely Theorem [3.2] asserts the existence of ener-
getic solutions corresponding to the energy functional in and the dissipation
distance in . Recall that such solutions are formulated on the two principles of
global miniminality and energy-dissipation balance [110].

Thanks to our compactness result, the dissipation distance turns out to be continu-
ous on the sublevel sets of the total energy. Hence, the construction of mutual recov-
ery sequences [110, [112] represents a simple task. The existence of energetic solutions
is established by following the standard time-discretization scheme [64] 105, 110} 115]
based on a incremental minimization problems. Minor adaptations, similar to the
ones in [95], are needed to establish the compactness of time-discrete solutions.

We remark that our model contemplates deformations that are locally invertible
but not necessarily globally invertible. However, given the significance of this last
requirement from the modeling point of view, it is desirable to incorporate the global
invertibiliy constraint into our analysis. We show how this can be done in a fairly
simple way. Our approach is based on the Ciarlet-Necas condition [38] and is based
on the observations made in [68, [138]. However, other equivalent possibilities, such
as the (INV) condition [120], can be considered.

Dimension reduction

For the problem of dimension reduction, the main focus has been the rigorous deriva-
tion, via I'-convergence techniques, of a reduced model for plates without resorting
to any higher-order regularization of the energy. To our knowledge, these represent
the first results on the dimension reduction for mixed Eulerian-Lagrangian energies
that do not require the introduction of regularizing terms.

The bulk model is the same considered for our existence theory. For simplicity, we
fix the dimension N = 3. We restrict ourselves to low-energy configurations by
rescaling the elastic energy according to the linearized von Karman regime, where
we adopt the terminology in [65].

Let Qj =5 x hl represent a thin magnetoelatic plate in its reference configuration.
The section S C R? is a bounded Lipschitz domain, the parameter h > 0 specifies the
thickness of the plate and I := (—1/2,1/2). After a customary change of variable, the
problem is formulated on the domain €2 := S x I. For some fixed p > 3, deformations
are given by maps y € W1P(Q;R3) with det Dy > 0 that are almost everywhere
injective, i.e. that are injective out of a set of measure zero. The restriction on
the integrability exponent is merely technical but necessary. In this setting, the
topological image of 2 under y coincides with the set Q¥ := y(Q2) \ y(99), so that
magnetizations are given by maps m € WH3(Q¥;R3). Because of rescaling, the

13
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magnetic saturation constraint takes the form
|m o y|det Dy = h a.e. in Q. (14)

Summarizing, admissible states belong to the class

Q= {(y,m) cy € WHP(Q;R?), det Dy > 0 a.e., y is a.e. injective,

(15)
m € W (QY;R?), |moy|det Dy =h a.e.}.
The magnetoelastic energy functional is defined by setting
1 1
Bia) = 1 [ WilDw.moy)de+ 1 [ [DmPag
h8 Jo h Jou (16)

1
— [ |Dt/|*d
+37 || 1Dl de,
where g = (y,m) € Q. Here, 1, is a weak solution to the Maxwell equation:
div (D, — xovm) =0 in R®. (17)

In ([16]), the scaled gradient is defined as D;, = (D', h='0;), where D’ denotes the
gradient with respect to the variable @’ € S. The scaling § > 4 determines the
linearized von Karmén regime but, for technical reasons, we restrict ourselves to the
case 3> 6V p.

We observe that the elastic energy density depends on the thickness. Precisely, this
is supposed to have the following structure:

Wi(F, ) = ® (I + ¢ Adet F @ Adet F)"'F), (18)

where F' € R33 and XA € R? are placeholders for the deformation gradient and
for the composition of magnetizations with deformations, respectively. In (L8], the
function ® is a nonlinear density and ¢, is a material parameter of order h?/2.
This structure of the elastic energy density is similar to the one of our prototypical
example and resembles the constitutive assumptions usually assumed in the
dimension reduction of prestrained materials [98] [99] and heterogeneous multilayers
[49, [130]. See [2] for a specific example in a dimension reduction problem for liquid
crystals. The function ® is assumed to attain its minimum at the identity and is
supposed to be frame-indifferent and of class C? in a neighborhood of the set of
rotations. Additionally, ® satisfies growth conditions involving the distance from
the set of rotations, with global p-growth and quadratic growth close to rotations,
and controls the inverse of the determinant of its argument. We remark that this
set of assumptions is compatible with our existence theory.

In our third main contribution, we identify a reduced plate model by computing the
P-limit of the energies (E},) in (16), as h — 07. The statement is given in Theorem
. The I'-limit is given by the functional Ej, see below, defined on triplets

(u,v,¢) € WH(S;R?) x W*2(S) x WH2(S;§?).

These triplets are determined as limits of sequences (q,,) of admissible states q, =
(y,, mp) € Qp with respect to the following notion of convergence:

up— u in WH(S; R?), (19)
vp— v in WH(9), (20)
zp— € in LI(;R?) for every 1 < ¢ < oo, (21)

14
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where we set

up(x') = # I(y’(:v’,xg) — ') das, (22)
vp(x) = # /Iy?’(a:/,xg) das, (23)
zn(x) = my(y,(x)) det Dpy(x), (24)

for every &’ € S and « € Q. The quantities in ([22)—(23) are known as averaged
displacements [65], while the one in (24]) is exactly the function involved in the
magnetic saturation constraint . The expression of the limiting functional is the
following;:

)_%LQred ymDU—COC®C dm+_/@red '

1
+/|D’¢|2dw’+—/ P da,
S 2 S

where q, = (u,v,¢), and ¢" and ¢3 denote the first two and the third component of
¢, respectively. The reduced quadratic form ),oq is constructed from the quadratic
from @ := D?*®(I) by minimizing among all the possible ways to complete a matrix
in R?*? to a matrix in R*>*3 as in [65]. Also, we set ¢q := lim,_,o+ h™/%¢c,.

In , the first two terms are the result of the linearization of the elastic energy
density typical of von Kérméan regimes. The coupling between mechanical and mag-
netic quantities inside Qeq results from the prestrain term in (18). In particular,
we observe that the expression of the magnetostatic energy simplifies substantially.
This is analogous to what happens in the dimension reduction of micromagnetic
energies [34] [70].

Concerning the proof of Theorem[4.3] the main difficulties lie in the proof of the equi-
coercivity of the sequence (Fj). At first sight, the problem seems unapproachable,
since it is not clear how to identify limiting magnetizations. These have to be Sobolev
maps defined on the section S. In particular, the techniques based on the uniform
convergence developed in [95] are useless for this problem where the deformed set is
crushing on a set of measure zero.

Our approach is based on careful considerations on the geometry of the deformed
sets and exploits the peculiar feature of von Karman regimes to entail the conver-
gence of deformation to the projection onto the section [65]. The rigidity estimate of
Friesecke, James and Miiller [66] occupies a central role in establishing the compact-
ness of deformations, which is proved as in [65]. Combining the uniform convergence
estimate of the deformations towards the projection with some elementary proper-
ties of the topological degree, we prove that for every h sufficiently small, up to rigid
motions, the deformed sets ¥ contain a cylinder of height of order A whose section
is obtained by shrinking S. On this cylinder, the compactness of magnetizations
can be deduced by standard methods. The limiting object, locally identified by this
procedure, turns out to be globally well defined. The same approach is used to
deduce the compactness of the compositions of magnetizations with deformations.
This is another very subtle point, since the magnetizations are not necessarily con-
tinuous. The issue is overcome by considering the restrictions of magnetizations to
the previously determined cylinder, which is a regular domain, and extending them

(25)
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to the whole space. Then, we obtain the desired convergence by using Lipschitz
truncation arguments in the actual space. These techniques require an extensive use
of the Area Formula and, in turn, require admissible deformations to be almost ev-
erywhere injective. In analogy with [65], compactness is obtained up to composition
with rigid motions.

The proof of the lower bound employs the techniques in [65] for the elastic term,
while the magnetic terms are treated by adapting the strategies in [34], [70]. In
particular, the magnetostatic term actually converges to the corresponding limiting
term.

The proof of the upper bound gives rise to some difficulties. Indeed, while construct-
ing recovery sequences, we have to take into account that magnetizations have to
been defined on the corresponding deformed set and have to satisfy the saturation
constraint . The construction involves the inverse deformations. What helps
here is the specific structure of deformations of the recovery sequence which are
defined according the classical ansatz of the von Karman regime [65].
Subsequently, we investigate the asymptotic behaviour of sequences of minimizers
of the magnetoelastic energy, as h — 07, in the presence of applied loads.

For fixed h > 0, these include horizontal forces , vertical forces and external magnetic
fields respectively described by

.fh, S L2(S;R2>a gn € L2(S)7 hh € L2(R3;R3)'
The resulting total energy is given by
1 1 1
Fila) = Eula) ~ 35 [ £/~ @) de— 5 [ ggtde— [ haomdg, (20)
he Jq he Jq h Jau

where ¢ = (y,m) € Q. As in [97|, we impose clamped boundary conditions by
requiring admissible deformations to satisfy

_ / —
y =, + hP? (’g) + ppt (%) — WP, (DOU> on A x T (27)

for some fixed boundary data w € W*>*(S;R?) and v € W**(S). In (27), =,
denotes the rescaling map  — («/,hxs) and A C 0S is a regular subset of the
boundary of the section with !(A) > 0.

Concerning the asymptotic behaviour of the applied loads, we suppose the existence

of maps f, € L*(S;R?), go € L*(S) and hy € L*(R%* R3) such that the following
convergences hold, as h — 07:
h P2, — foin L*(S;R?), (
h=P2 g, gy in L*(S),
hy o mp— xrho in L*(R*; R?).

~—~~
W N N
S ©
~— ~— ~—

Hence, the reduced total energy is described by the functional

Fo(q,) = Eo(qy) —/Sfo-udw’—/sgovdw’—/sho-(jda:’, (31)

where q, = (u,v,¢{) € W?(S;R?) x W22(S) x W2(S;S?). Moreover, in view of
(190, (22)-(23) and (27), the limiting averaged displacements are subjected to
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the following boundary conditions:
u=uwonA, v=vonl, Dv=DTonTl. (32)

Our fourth main result, namely Theorem [1.14] states that every sequence of almost
minimizers of the energies (F}) in (26) under the clamped boundary conditions in
convergence with respect to the notion of convergence in (19)—(21), as h — 07,
to a minimizers of the reduced total energy in under the boundary conditions
in (52).

The clamped boundary conditions in allow us to obtain the compactness of
sequences of admissible states with equi-bounded energies without composing with
rigid motions.

The principal difficulty in proving Theorem is to deduce the equi-boundedness
of the elastic energy in from the equi-boundedness of the total energy in (126]).
This is accomplished by arguing by contradiction in a similar way as it is done in
[97]. The argument, which is given in Lemma is quite involved and exploits
the rigidity of the linearized regime. Notably, we are able to obtain estiamates for
the elastic energy that are independent on the sequence considered but depend only
on the uniform bound on the total energy.

Finally, we investigate our dimension reduction problem in the quasistatic setting.
The bulk model has the same structure of the quasistatic model considered in the
first part of the thesis which is scaled as in the dimension reduction in the static
case.

For every h > 0, we consider time-dependent applied loads

Ffr € WHYO,T; LA(S;R?),  gn € WHY(0,T; LA(S)),
hi, € W0, T; L*(R% R?)),

and we define the total energy functional as

Fi(t, q) = En(q) hﬂ/fh (Y —af)de .

1 3 1/
de — — hy(t) - mdg,
hﬂ Qh()y 1 o h() '3

where ¢ € [0,7] and g = (y,m) € Q. Recalling (13)—(14), the dissipation distance
at thickness h is defined as

Du(q,q) ::/ |m o ydet Dy — m o ydet Dyl de, (34)
Q

where g = (y,m),q = (m,y) € Q. Similarly to (28)-(30), we assume that

h PP f— fo in WHH0,T; L*(S;R?)), (35)
h PP g — go in W0, T L*(S)), (36)
h;, o wp,— xrhg in Wl’l(O,T; L2(R3;R3)), (37)

for some limiting loads

Ffo € WHH0,T; L*(S;R?)), go € WHY0,T; L*(S)), ho € WHY(0,T; L*(S; R?)).
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Therefore, the reduced total energy reads
Folt. a9) = Eo(qo) — / Fo(t) - uda’ — / go(t) v da’ — / ho(t) - Cda’,  (38)
5 5 S

where t € [0,7] and g, = (u,v,{) € WH(S;R?) x W*2(S) x W2(S;S?). In view
of , and , the dissipation distance for the reduced model is defined as

Do(go. o) = /5 ¢ — &|da’ (39)

where g, = (u,v,¢), G, = (@, 7,¢) € WH2(S;R2) x W22(S) x WL2(5;S2).

Also in the quasistatic setting, we impose clamped boundary conditions as in
for the bulk model and the boundary conditions in for the reduced model.
The main results in the quasistatic setting are Theorem [5.4] and Theorem [5.11] which
constitute the fifth and the sixth main contribution of the thesis. These results
provide a further justification of the reduced model in the spirit of evolutionary
I'-convergence.

The first result states that every sequence (q,,), where q,,: [0, 7] — Q, is an energetic
solution of the bulk model corresponding to the energy functional Fj, in and to
the dissipation distance Dj, in subjected to the clamped boundary conditions
in (27), converge to evolutions g,: [0,7] — W'2(S;R?) x W*2(S) x W2(S;S?)
which are energetic solution of the reduced model corresponding to the reduced total
energy JFo in (38)) and to the reduced dissipation distance Dy in (39)) and satisfy the
boundary conditions in .

The second result represents a variant of the first one for the case in which the
existence of energetic solutions cannot be ensured and relies of the concept of ap-
proximate incremental minimization problem [I13]. Theorem [5.11]states that, given
a sequence of partitions of the time interval whose sizes converges to zero, as h — 07,
every sequence of solutions of the approximate incremental minimization problem
determined by Fj and Dy, or better, of their piecewise-constant interpolants, con-
verge to energetic solutions of the reduced quasistatic model corresponding to JFq
and Dy.

The biggest challenges for the analysis of our dimension reduction problem in the
quasistatic setting are encountered while proving that the total energy functional
satisfies suitable controls with respect to time. These are similar to the difficulties
tackled in the static setting to establish uniform bounds on the elastic energy starting
from bounds on the total energy. In particular, in this case, we need to obtain bounds
that are also uniform with respect to time and this makes the proofs quite technical.
Also here, the desired estimates are achieved by arguing by contradiction in the
spirit of [97].

Once we show that the energy functionals satisfy the basic assumptions of evolution-
ary I'-convergence, the proof follows the classical scheme [I12]. Another technical
point is the proof of the measurability with respect to time of the limiting evolution,
which is established by means of tools of set-valued analysis [7].

We repeat that the setting of our dimension reduction problem is compatible with
the existence theory presented in the first part of the thesis. Precisely, if the function
® in satisfies standard polyconvexity assumptions, then the existence of both
minimizers and energetic solutions for the bulk model is ensured.
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Introduction Outline

The major limitation of our analysis is the restriction 5 > 6 V p that is assumed on
the scaling. Unfortunately, so far, it does not seem possible to remove it. Indeed,
our compactness arguments heavily rely on the fact that the rate of convergence of
the deformations to the projection onto the section is of order bigger than one. This
allows us to approximate the deformed sets with cylindrical sets. An alternative
approach to extend the analysis to the regime 8 > 2 is currently being investigated
by the Ph. D. candidate in collaboration with Maria Giovanna Mora.

Outline

The outline of the thesis is the following. In Chapter [} we collect various result that
are going to be employed in the rest of the thesis; these are mostly results available
in the literature. The remainder of the thesis is dived into two parts. Part I deals
with the problem of existence of solutions, while Part II focuses on the dimension
reduction. Assumptions and notation are maintained through each part.

Part I includes Chapter [2|and Chapter [3| concerning the existence of minimizers and
the existence of energetic solutions, respectively. The content of this first part is
based on [28, 29]. Part II consists of Chapter [4 and Chapter [5| which address the
problem of dimension reduction in the static setting and in the quasistatic setting,
respectively. This second part is based on [27) 30].

Eventually, we recall the definition of Sobolev maps on the boundary of smooth
domains in the Appendix.

We conclude the Introduction with a detailed comparison between the results pub-
lished by the author and the ones presented here.

The static existence result in Chapter [2| has been published first in [29)] for the case
p > N under global invertibility of deformations, and then extended in [28] without
extra assumptions. In [29], the simpler constraint was imposed, while here we
always require @ to be satisfied. The proof of the compactness result provided in
Subsection has been adapted accordingly.

The quasistatic existence result in Chapter [3| has been published first in [29] for
the case p > N assuming the global invertibility of deformations and imposing the
constraint . In that paper, a different notion of dissipation is considered and
this requires the introduction of some regularizing terms to achieve the existence of
energetic solutions; we briefly describe this setting in Section [3.4l Here, the setting
ensures the existence of energetic solutions with no need of regularization. This
existence result is taken from [2§].

The static I'-convergence result in Chapter |4 has been published first in [27] for
the case of incompressible materials under less realistic assumption on the elastic
energy density and imposing the constraint . Then, the result has been extended
to compressible materials under more physical assumptions on the density in [30].
In the same paper, the convergence of almost minimizers has been investigated
as well as the evolutionary I'-convergence in the quasistatic setting. The notion
of dissipation considered there resembles the one in [29]. Here, the more realistic
constraint in @D is enforced and a notion of dissipation analogous to that of Chapter
is considered. This requires to impose some growth conditions tono ® with respect
to the determinant of its argument and to adapt the construction of magnetizations
in the recovery sequence.
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Notation and conventions

General notation
e Given a,b € R, we set a A b = min{a, b} and a V b := max{a, b}.

e Vectors and matrices are denoted in boldface and we use superscripts for their
components. The only exception are space variables whose components are
indicated with subscripts.

e Given M, N € N, the set of M x N matrices is denoted by R™*¥  The set
of square matrices of order N with positive determinant is denoted by ]Rﬂy N
The set of rotation on RY is denoted by SO(N).

e The null vector is denoted by 0 € RY. The vectors of the canonical basis of
RY are denoted by ey,...ey € RY. The null matrix and the identity matrix
are denoted by O € RY*Y and I € RV*¥ | respectively. The identity map on
R¥ is denoted by id.

e Given A € RV*N we denote its transpose by A'. If A is invertible, we denote
its inverse by A~'. The determinant and the trace of A are denoted by det A
and trA, respectively. The adjugate matrix of A is the matrix adjA € RV*V
such that (det A)I = A(adjA) and the the cofactor matrix of A is given by
cof A = (adjA)".

e Given A € RV*N its symmetric and skew-symmetric part are denoted by
symA = (A+ A")/2 and skew A = (A — AT)/2.

e Given a,b € RY, their scalar product is given by a - b = Zf\il a'b’. The norm

of a is given by |a| = Va - a.
e Given A, B € RY*¥  their scalar product is given by A : B = 222:1 AY . BY,
The norm of A is given by |[A| = VA : A.

RNXN

e The tensor product of a,b € RY, is given the matrix a ® b € whose

elements are a't’ for 1,5 € {1,...,N}.
e The symmetric difference of two sets A, B C RY is given by
AAB =(A\ B)U(B\ A).
e Given A C RY, we denote by A and 9A its closure and its boundary. If B C RV,
we write A CC B if A is bounded and A C B.

e The open ball centered at x € | RY with radius r > 0 is denoted by B(zg,),
while its closure is denoted by B(x, ).

Measure theory

e The m-dimensional Lebesgue measure is denoted by £, where m € N. The
s-dimenstional Hausdorff measure is denoted by 57°, where s > 0. We will
mainly consider m = N and s = N — 1.

21



e Expressions like “almost everywhere” or “almost every” are referred to £V or
V=1 depending on the context without any explicit specification.

e Generic points in the reference space and in the actual space are denoted by @
and &, respectively. Accordingly, integration with respect to .V is indicated
by dx or d¢. Integration with respect to s#V~! and J#' in the reference space
is indicated by da and dl, respectively.

e The characteristic function of a set A C RY is denoted by 4.
e We do not identify functions that coincide almost everywhere.

e For every exponent 1 < g < oo, we denote by ¢ its Holder conjugate, i.e.
¢ =q/(l—q)ifl<g<oocand ¢ =oc0ifqg=1.

Function spaces

e The distrbutional gradient is denoted by D. The gradient of scalar functions is
a column vector.

e We use standard notation for Lebesgue and Sobolev spaces, i.e. LP and W™P,
where 1 < p < oo and m € N, and for their local counterparts. Standard
notation is used also for spaces of continuously differentiable functions and for
their counterparts with compact support, i.e. C*, and C¥, where k € N, as
well as for spaces of functions of bounded variation, i.e. BV. In the notation,
domain and codomain are separated by a semicolon.

e Given S C R¥ open and 1 < p < oo, we define
W'P(S;SO(N)) = {U € W'(S$;R"N): U(x) € SO(N) for a.e. z €S},
We(S; SV 1) = {u € W'P(S;RY) : u(z) € SV for ae. @ € S
Here, we denote by SV~ the unit sphere in RY i.e. S¥~! = 9B(0,1).
e We denote by V1?(RY) the homogeneous Sobolev space
VRARY) = {p e L} (RY): Dy € L*(RV;RY)}.

loc

e We use standard notation for Bochner and Bochner-Sobolev spaces, i.e. LP(0,T; X)
and WHP(0,T; X), where T' > 0, 1 < p < oo and X is a Banach space, as well
as for absolutely continuous functions, i.e. AC([0,7]; X). Derivatives with
respect to time are indicated using a dot.

e Strong convergence is denoted by —, while weak convergence and weak-* con-
vergence are denoted by — and —, respectively.

Other conventions

e We use the Landau symbols “0” and “O”. When referred to vectors and matrices,
these are understood with respect to the maximum of their components.

e We adopt the common convention of denoting by C,Cy, C1,Cs, ... positive
constants that may change from line to line. Whenever necessary, we specify
their dependence on given parameters by means of parentheses.
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Chapter 1

Preliminaries

In this section, we introduce some preliminary notions that are going to be instru-
mental in the following. Henceforth, Q C R is a bounded Lipschitz domain, where
the spatial dimension N € N satisfies N > 2. The exponent p > N — 1 is fixed.

1.1 Lebesgue points

Let y € WH(Q; RY). We denote by L, the set of Lebesgue points of y. Namely,
xo € L, if there exists y*(zy) € RY such that

lim ly(x) — y*(x)| dx = 0.

r—0t+ Bl(zo,r)

In this case, y*(xy) is termed the Lebesgue value of y at @y and is characterized as

y*(xp) = lim y(x)dex.

r—0t B(zo,r)

It is proved that L, C Q is a Borel set and £V (Q\ L,) = 0. Actually, we have a
precise estimate for the Hausdorff dimension of this set.

Proposition 1.1 ([69, Theorem 2, Section 1.1, Chapter 3]). Let y belong to
We(Q;RY). Then, for every s > N —p, there holds 7#°(Q\ L) = 0. In particular,
we have FH(Q\ Ly) = 0.

We will use the following consequence of the previous result.

Corollary 1.2. Let y € WYP(Q). Then, for every xy € 2 and for almost every
0 < r < dist(xg; 0N2), there holds OB (xo, ) C Ly,.

Proof. For simplicity, set 7 := dist(xq; 092). By [59, Corollary 2.10.11], we have

/0 ' 4(0B(w0,r) \ Ly) dr < A (B(x0,7) \ Ly).

where the right-hand side equals zero by Proposition [I.I} Therefore, we have
#(0B(xo,7) \ Ly) = 0 for almost every 0 < r < 7, which proves the claim. O
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1.2. Lusin properties 1. Preliminaries

1.2 Lusin properties

We recall the definitions of the Lusin properties.
Definition 1.3 (Lusin properties). Let X C RY and y: X — R”" be measurable.

(i) The map y is termed to have the Lusin property (N) if, for every A C X
measurable with #~(A) = 0, there holds Z" (y(A)) = 0;

(ii) The map y is termed to have the Lusin property (N71!) if, for every B ¢ RY
measurable with Z~(B) = 0, there holds .~ (y~1(B)) = 0.

Some simple consequences of the Lusin properties are given in the next result.
Lemma 1.4. Let A CRY and y: A — RY be measurable.

(i) Lety have the Lusin property (N). Then, for every X C A measurable, the set
y(X) is measurable.

(ii) Let y have the Lusin property (N7') and let 4: RN — RY be measurable.
Then, ¥ oy is measurable. Moreover, given : RY — RY measurable such

that ¢ = 1) almost everywhere in RY, there holds sz oy = v oy almost
everywhere in A.

Proof. For the proof of (i), we refer to [25, Theorem 3.6.9|. For (ii), let B C RY be
a Borel set. Given the measurability of 1), the set 9~ '(B) is measurable. Hence,
there exists C' C RY Borel and Y C RY measurable with £~ (Y) = 0 such that
W 1(B) = CUY. The measurability of y entails the one of y~*(C) C A while,
in view of the Lusin property (N7!), we have £ (y~'(Y)) = 0 and, in particular,
the set y~!1(Y) C A is measurable. Therefore, (1) o y) ' (B) = y~1(C) Uy (V)
is measurable and this proves the measurability of 1 o y. For the last claim, set
7 = {1 # 1}. By assumption £V (Z) = 0 so that, thanks to the Lusin property
(N71), there holds £V (y~1(Z)) = 0. Since oy = oy on A\ y~1(Z), this proves
the claim. O

1.3 Approximate differentiabiliy and Change-of-variable
Formula

We briefly recall the notion of density and of approximate differentiability. For
more information, we refer to [59,69]. Given A C RY measurable and x, € RY, the
N-dimensional density of the set A at xq is defined as the limit

N
@N(A,wo) = lim £ (AN B(xo, 7))

r—0+ wnr

whenever it exists. Here, we set wy = £V (B(0,1)). Also, given A C R measurable
and zy € R, we define the right 1-dimensional density of A at z as
LA
OL (A, z9) = lim (A0 (o, 7 + T)),

r—0+ r

provided that this limit exists.
We recall the definition of approximate differentiability due to Federer [59].
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1.3. Approximate differentiabiliy and Change-of-variable
1. Preliminaries Formula

Definition 1.5 (Approximate differentiability). Let y: Q — R" be measurable
and let &y € 2. The map y is termed approximately differentiable at x( is there
exists F € RV*N such that

ap lim ly(x) — y(xo) — F(x — x0)|
z—T0 |z — x|

= 0. (1.1)

That is, for every n > 0, there holds

oy <{w€Q\{azo}: ly(z) — y(x0o) — F(x — 20)| <n},wo) _1

|z —

In this case, Vy(xo) := F is termed the approximate gradient of y at .

The approximate gradient is unique whenever it is defined . Also, y is approximately
differentiable at x; if there exists a measurable set A C Q with ©~ (A, o) = 1 such
that y| 4 is differentiable at @ [69, Claim (iv), Definition 3, Section 1.4, Chapter 3].
In particular, if y is differentiable at ¢y, then y is approximately differentiable at the
same point. It is proved that maps in W1(Q; RY) are almost everywhere approx-
imately differentiable and that the approximate gradient agrees almost everywhere
with the distributional gradient [69, Theorem 2, Section 1.4, Chapter 3|.

As a consequence of the work of Federer, the Area Formula and the Change-of-
variable Formula hold for almost everywhere approximately differentiable maps, see
[69, Theorem 1, Section 1.5, Chapter 3| of [59, Corollary 3.2.20]. We will present this
formula later in Proposition in the exact form that we need. For the moment,
we simply present the following consequence of the Area Formula.

Corollary 1.6 (|18, Lemma 2.8, Claim (c)]). Let X C RY and y: X — R be
almost everywhere approximately differentiable with det Vy # 0 almost everywhere.
Then, y has the Lusin property (N71).

We introduce now the notion of geometric image. The following definition is taken
from |78, Definition 3|.

Definition 1.7 (Geometric domain and geometric image). Let y:  — R be
almost everywhere approximately differentiable with det Vy # 0 almost everywhere.
We denote by domg(y, ) the set of points g € Q such that y is approximately
differentiable in ay with det Vy(xy) # 0 and there exist a compact set K C €2 with
xo € K and OV (K, ) = 1, and a map w € C'(RY; R") satisfying w|x = y|x and
Dw|k = Vy|k. For every measurable set A C 2, we set

domg(y, A) .= ANdomg(y, ),
and we define the geometric image of A under y as
img(y, A) == y(domg(y, A)).

Note that the previous definition we also require that &y € K. This requirement is
neither essential nor restrictive, but will be exploited in Lemma [1.36]

In the following result, we collect some basic properties of the geometric domain and
the geometric image.

Lemma 1.8. Lety: Q — RY be almost everywhere approzimately differentiable with
det Vy # 0 almost everywhere and let A C €2 be measurable. Then, the following
hold:
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1.3. Approximate differentiabiliy and Change-of-variable
Formula 1. Preliminaries

(i) domg(y, A) is measurable and £~ (A \ domg(y, A)) = 0;
(i) Ylaome(y,4) has the Lusin property (N) and the set img(y, A) is measurable;
(iii) for every xo € Q with ON (A, xy) = 1, there holds O (img(y, A), y(xzo)) = 1.

Proof. Denote by 4(y) the set of points where y is approximately differentiable.
In particular, £~ (Q\ Qq(y)) = 0. It is proved in [120, Lemma 2.5| that

2N (Qa(y) \ doma(y, Q) =0,

so that claim (i) follows. For (ii), the Lusin property (N) follows from the fact that
the same property holds for y|a, (), see [69, Proposition 1, Section 1.5, Chapter 3.
Also, this property entails the measurability of the geometric image by claim (i) of
Lemma [1.4] Claim (iii) is proved as in [120, Lemma 2.5]. O

The notions of gometric domain and geometric image clearly depend on the repre-
sentative of y. However, if y = y almost everywhere, then

gN(dOmG(y7 A) A domG(ﬂ? A)) - 07 gN(imG(ya A) A imG(§7 A)) - 07
thanks to claims (i)—(ii) of Lemma |1.8
We present the change-of-variable formula in the following form.

Proposition 1.9 (Change-of-variable Formula). Let y: Q — RY be almost
everywhere approximately differentiable with det Vy # 0 almost everywhere. For
every measurable set A C Q, the multiplicity function mult(y, A,-): RY — N U {0}
defined by

mult(y, A, &) = #{x € domg(y, A) : y(x) =&}

is measurable. Also, for every measurable function 1p: img(y, A) — RM | there holds

mga (yvA)

/ o y(a) det Vy(x) dz = / (€) mult(y, A, €) de
A

whenever one of the two integrals exists.

Note that the map y has the Lusin property (N—!) by Corollary and, in turn,
the composition 1 o y is measurable by claim (ii) of Lemma [I.4]

Proof. Again, denote by Qq4(y) the set of points of approximate differentiability of
y. By the Federer Change-of-variable Formula [69, Theorem 1, Section 1.5, Chapter
3], we have

/A o y(@) det Vy(z) de = / W(E) #{e € AN Qu(y) : yla) = £} de.

y(ANQ4(y))

First, recall that y|q,(y) has the Lusin property (N). Thus
LM (y(ANQu(y))) = L7 (ima(y, A))
since £V (Qq(y) \ domg(y, Q)) = 0. Second, note that

#{r € ANQ(y) : y(z) =&} = mult(y, 4, )

for every € € img(y, A) \ y((ANQq4(y)) \ domg(y, A)). Hence, the desired formula
follows in view of these two observations. O
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1. Preliminaries Formula

We recall the notion of regular approximate differentiability [71].

Definition 1.10 (Regular approximate differentiability). Let y: O — RY
be measurable and let x5 € 2. The map y is termed regularly approximately
differentiable at x if there exists F' € RV*¥" such that

— _ F _
aplim esssup 1Y(E) = Y(@0) = Flz - z0)|
r—0t x€dB(zo,r) |ag — w0|

=0.

That is, for every n > 0, there holds

@i ({r >0: esssup y() = y(@o) = Fla = a,) < 77} ,0) =1

x€0B(xo,T) |.’,C - iB0|

If this case, Vy(xg) := F is termed the regular approximate gradient of y at .

In the situation of the previous definition, there exists R C (0, dist(xo; 9€2)) mea-
surable with ©! (R, 0) = 1 such that

lim ess sup ’y(w) — y(wO) — Vy(wO)(x — $0>|

7;?](2) x€0B(xo,r) |:B - CC0|

=0.

Note that, in these formulas, the essential supremum is meant with respect to
the (N — 1)-dimensional Hausdorff measure. The regular approximate gradient is
uniquely defined whenever it exists and, in this case, it coincides with the approxi-
mate gradient of y at xy. This justifies the notation. To see this, for every r € R,
let T, C OB(xo,7) with 7~ ~1(T,) = 0 be such that

ly(x) — y(wo) — Vy(xo) (@ — 20)|

ess sup
x€0B(xo,r) |£l3 - a:0|
_ o Y@ (o) ~ Vy(@) (@ — @)
2€dB(xo,r)\Tr |z — x|

and set A == |J{0B(xo,7) \ T : r € R}. Then, ON(A,z,) = 1 and y|, is differen-
tiable at @y, which proves the claim.

Note that Definition is slightly different from the definition of regular approxi-
mate differentiability available in the literature, see [71), Section 3| or [120} Definition
8.2]. Specifically, in ([1.10)), we use the essential supremum instead of the supremum.
With this choice, as stated in the following result, any map in W5H?(; RY) is almost
everywhere regularly approximately differentiable independently on the representa-
tive chosen.

Proposition 1.11. Let y € WY(Q;RY). Then, y is almost everywhere reqularly
approximately differentiable with Vy = Dy almost everywhere.

Proof. Recall Corollary . By |71l Section 3|, for almost every &, € L, there
exists R* C (0, dist(zo; 9Q)) with O} (R*,0) = 1 such that dB(xg,r) C L, for every
r € R* and there holds

lim  sup [y (x) — y* (o) — Vy*(z0) (T — T0)|

=0.
T 20 B(wo,r) |z — a0
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1.4. Convergence of Sobolev maps on boundaries 1. Preliminaries

Set R:={r € R*: y=y* ae. on OB(x,r)}. In this case, L (R) = L (R*) and,
in turn, O (R,0) = ©L(R*,0) = 1. Also, if y(x¢) = y*(x¢), then we have

ly(x) — y(xo) — Vy*(x0)(x — x0)|

lim esssup

77:2}(?) x€dB(xo,r) |CC - 330’
<lim  sup Y™ (@) — y*(z0) — Vy“(@o)(® — @) _
o 17:?1% x€IB(xo,T) |m - m0|

Thus, y is regularly approximately differentiable at &y with Vy(xq) = Vy*(xy). As

LN\ {mo € Ly : y(zo) =y (20), Dy(ao) = Vy'(20)}) =0,

this concludes the proof. O]

1.4 Convergence of Sobolev maps on boundaries

In this section, we deal with Sobolev maps on the boundary of smooth domains. We
start with some geometric preliminaries. Let U CC € be a domain of class C%. In
this case, U is a compact hypersurface of class C? without boundary. The signed
distance function dy: RY — R is defined by setting

dist(x; 0U), x €U,
du(x) = 40, z € U,
—dist(x; 0U), x € RN\U.
For every ¢ € R, we set Uy = {x € RY : dy(x) > (}. As dy is continuous, the
set Uy is open and U, = {x € RY : dy(x) = ¢}. In particular, we have U CC U,

for ¢ <0, U, cCc U for ¢ >0 and Uy = U. Given § > 0, we consider the tubular
neighborhood

T(0U,0) :={x c RN : -6 < dy(x) < 0}
For § < 1 depending on U, the following properties hold [3] Section 4]:
(i) the function dy is of class C? on T'(9U,);
(ii) the projection onto the boundary Ily : T(0U, §) — OU given by

ITy(x) == argmin |z — z|
zeoU

is well defined;
(iii) for every @ € T'(0U, J) there hold
x = Iy (x) + dy(z)ny(Ily(x)), Ddy(x) = —ny(IIy(x)),
and ny,(x) = ny(Ily(x)) whenever x € 9U,.

The usual definition of Sobolev maps on the boundary of domains with Lipschitz
regularity is given in terms of local charts. In our situation, where we are dealing with
smooth domains, it is possible to give an equivalent definition which is analogous to
the one of Sobolev maps on domains. This definition precisely requires regularity
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of class C? since it is based on the Integration-by-parts Formula on hypersurfaces
which involves the concept of mean curvature. For convenience of the reader, we
recall this definition in the Appendix.

Let y € WHP(Q;RY). Let U CC Q be a domain of class C? and suppose that y|sy €
WLP(OU; RY). In this case, as p > N — 1, the map y|sy admits a representative in
CO0U; RY) by the Morrey embedding.

Convention 1.12. Let y € WH(Q;RY) with p > N — 1 and let U CC Q be a
domain of class C? such that y|oy € W'P(OU;RY). In this case, we identify y|ars
with its representative in C°(QU;RY). Also, we will often omit the restriction to
OU in the notation.

The next result is taken from [120] and will be instrumental in our analysis.

Lemma 1.13 (|[120, Lemma 2.9]). Let (y,) C W'P(;RY) andy € WHr(Q;RY).
Suppose that y, — y in WHP(Q;RN). Let U CC Q be a domain of class C*. Then,
there exists 0 > 0 such that for almost every ¢ € (—6,0) there holds

Vn e N, yn‘aUé S Wl’p(aUg;RN), y’aUe € Wl’p(aUg;RN). (1.2)

Moreover, for any such { € (—9,0), there exists a subsequence (y,, ), possibly de-
pending on £, such that

Y,, =y in WPOU;RY), y, — y uniformly on dU,. (1.3)
We stress that in (|1.3]) we adopt Convention m

Proof. Let § > 0 be such that the tubular neighborhood T'(9U, ¢) is defined. Claim
(1.2)) is established by mollification and by applying the Coarea Formula [4, Equa-
tion (2.74)] with the signed distance function. By the Rellich embedding, up to
subsequences, we have y,, — y in LP(T'(0U,d); RY). Hence, by the Coarea Formula
[4, Equation (2.74)], we have

y, — y in LP(OU; RY) for every £ € (—6,6) \ Zi, (1.4)

for some Z; C (—4,0) with £1(Z;) = 0. For every n € N, define f,: (—§,5) = R
and f: (=9,d) — R by setting

full) = /8 . |D%Yey P da, f(0) = liminf f,(¢).

n—oo

By the Fatou Lemma and by the Coarea Formula [4, Equation (2.74)], f € L'(—4,0)
and, in turn, f(¢) < +oo for every ¢ € (—9,9) \ Zy for some Zy C (—6,0) with
LYZy) = 0. Fix £ € (—0,0) \ (Z1 U Zy) and select a subsequence indexed by (ny),
possibly depending on ¢, such that

lim f,, (¢) = f({) < +o0.

k—o0

Thus, for k> 1, the sequence (Dty, ) C LP(0Uy; RV*N) is bounded so that, up
to subsequences, we have

D%y, — F in LP(OU; RMN) (1.5)
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for some F € LP(OUy; RYV*YN). Now, given (1.2)), for every ® € C'(9U; RV*N) and
k € N the Integration-by-parts Formula yields

_ / y,, - div?""®da = D%y, : ®da-— Hy, y,, - ®ny, da,
oUy oU, oU,

where Hy, denotes the scalar mean curvature of OU,. Passing to the limit, as £ — oo,
in the previous equation with the aid of —, we deduce that F = D%ty
Therefore, y,, — y in WhP(QU,; RY). Finally, since p > N — 1, we have Yo, — Y
uniformly on QU, by the Morrey embedding. ]

Remark 1.14. Let y € WHP(Q;RY) and let ¢y € Q. As in Lemma , for almost
every r € (0,dist(xo; 02)), we have ylop(w,ry € WH(9B(xo,r);RY). In view of
Corollary , without loss of generality, we can assume that 0B(xo,7) C L,. In
this case, by exploiting [120, Claim (iii), Property 2.8] it is possible to show that the
continuous representative of y|33(mw) is given by y*|aB(m07r).

1.5 Topological degree

In this section, we recall the notion of the topological degree which represents an
essential tool for our analysis. We begin with the case of continuous maps and we
collect some of its properties. Then, we present the case of Sobolev maps.

1.5.1 Topological degree of continuous maps

Let U cC RY be open and let y € C°(U;RY). The topological degree of y on U is
a map deg(y,U,-): RV \ y(0U) — Z which can be defined axiomatically by means
of the following properties [124, page 39|:

(i) Normalization: for every & € U, there holds deg(¢d|y, U, &) = 1;

(ii) Additivity: given U;,U, C U open with Uy N Uy = @, for every £ € RV \
y(0U; U QU,), there holds

deg(ya Ul U U27 5) = deg(y7 Ula 5) + deg<y7 U27 6)7

(iii) Homotopy invariance: given H € C°([0,1] x U;R") and v € [0,1] — R",
for every t € [0, 1] satisfying v(t) ¢ H ({t} x OU), there holds

deg(H(0> ')’ U, 7(0)) = deg(H(t> ')7 U, 7(”)?

(iv) Solvability: for every & € RN \ y(9U) with deg(y,U, &) # 0, there exists
x € U such that £ = y(x).

Starting from these properties, several others can be deduced. For example, we have
the following:

(v) Continuity: the map deg(y, U, ) is continuous and hence constant on each
connected component of RN \ y(9U);
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(vi) Stability: given y € CO(U;RY), for every £ € RN \ y(9U) satisfying
|y = Yllco@pny < dist(&;y(9U)),
there hold £ ¢ H(0U) and deg(§, U, €) = deg(y, U, €);

(vii) Dependence on boundary values: given g € C°(U; R") such that y|sy =
Ylou, there holds deg(y, U, -) = deg(y, U, -);

(viii) Compact support: for every & € RY \ y(U), there holds deg(y, U, &) = 0.

For a more constructive definition of the topological degree of a continuous map,
we refer to [60]. The topological degree of regular maps can be computed explicitly.
Precisely, given y € C1(U;RY), for every & € RV \y(0U) with & ¢ y({det Dy = 0}),
the following formula holds:

deg(y,U,€) = > sgndet Dy(x).
zeU:y(x)=¢

Also, for every & € RN \ y(dU), there holds
deg(y.U.€) = [ voy det Dyda, (1.6)
U

where ¢ € CO(RY) is any positive function with integral equal to one which is
supported in the connected component of RY \ y(AU) containting &.

The property of dependence on boundary values allows us to define the topological
degree for maps y € C°(OU;RY). Indeed, by the Tiezte Theorem, any such map
admists an extension Y € C°(U;RY) with 1Y [[co@ryy = [Yllcooumny- In this case,
we define the topological degree of y on U by setting deg(y, U, -) :== deg(Y, U, -). The
well posedness of this definition comes from the abovementioned property. Also, the
norm-preserving feature of the extension provided by the Tiezte Theorem ensures
that the stability property still holds true for the topological degree of maps in
CO(OU; RY), see [18, Lemma 3.1].

Definition 1.15 (Topological image). Let y € C°(9U;R"Y). We define the topo-
logical image of U via y by setting

imp(y,U) = {E c RV \ y(0U) : deg(y,U, &) # O}.

Since deg(y, U, ) has compact support, we deduce that the topological image is
a bounded set. Also, by the continuity of the degree, this set is open and there
holds dimr(y,U) C y(90U). In the next two lemmas, we collect some elementary
observations.

Lemma 1.16. Let U CC Q be open and let y € C°(OU;RYN). Let O cc RY
be open and such that RN \ O is connected. Suppose that y(OU) C O. Then,
imr(y,U) Uy(0U) C O.

Proof. Since RV \ O c RV \ y(dU) is connected and unbounded, by maximality,
there holds R\ O C V, where V is the unique unbounded component of RV \ y(9U).
Thus, imr(y,U) C RY\ V C O. O
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Lemma 1.17. Let U CC Q be open and let y € C°(OU;RY). Also, let {V; : i € N}
be the collection of the connected components of RN \ y(0U). Then:

(1) for every i € N, there holds 0V; C y(0U);

(ii) if OU is connected, then, for every I C N, the set |J,c; ViUy(0U) is connected
and, in particular, imr(y, U) Uy(0U) and RN \ imr(y, U) are connected.

Proof. To prove (i), suppose that there exists £ € 0V; \ y(0U). Then, £ € V; for
some j € N with j # i. As V; is open, B(§,r) C V; for some r > 0. However, as
& € 9V,, there holds B(&,7) N'V; # 0 and, in turn, V; N'V; # (. This provides a
contradiction. To prove (ii), note that, if U is connected, then y(OU) is connected.
For every i € N, the set V; is connected being the closure of a connected set. By (i),
we have V; Ny(0U) = 9V, so that V; Uy(0U) = V,;Uy(AU) is connected being the
union of two connected set with nonempty intersection. For the same reason, given

I © N, the set | J,c; Vi Uy(9U) is connected since (., (ViNy(oU)) =y(OU). O

The continuity of the topological degree allows to describe the asymptotic behaviour
of topological images of uniformly converging sequences of maps.

Lemma 1.18. Let U CC RY be open and let (y,,) C C°(OU;RY) andy € C°(0U; RY).
Suppose that y,, — y uniformly on OU and that LN (y(0U)) = 0. Then:

(i) for every K C imr(y,U) compact, there holds K C imr(y,,U) for n > 1
depending on K;

(ii) for every K C RN\ (imy(y,U) U y(0U)) compact, there holds K C RN \
(imr(y,, U) Uy, (0U)) for n > 1 depending on K;

(iii) for every O CC RN open with RN \ O connected such that y(OU) C O, there
hold imt(y,U) C O and imr(y,,,U) Uy(OU) C O for n > 1 depending on O;

() Ximp(y, .0) = Xime,v) i L'RY) and a.e. in RN,

Proof. Claims (i) and (ii) are shown in [I8, Lemma 3.6]. To prove (iii), observe that,
by uniform convergence, y,,(0U) C O for n > 1. Then, the claim follows by Lemma

To prove (iv), note first that
Ximer(y, ,07) — Xime(y,0) Pointwise in RY \ y(0U)

by (i)—(ii). Let B be a ball such that imr(y,U) C B. Then imr(y,,U) CC B for
n > 1 by (iii), so that (iv) follows by applying the Lebesgue Dominated Convergence
Theorem thanks to the assumption £V (y(0U)) = 0. O

1.5.2 Topological degree of Sobolev maps

Let y € WH(Q;RY) and let U CC Q be a domain of class C?. Suppose that y €
WLP(OU;RY). In this case, adopting Convention [1.12] we have y € C°(9U;RY). In
particular, the map deg(y, U, -): RN \ y(0U) — Z is defined and, in turn, also the
set imt(y, U) according to Definition [1.15

For technical reasons, following [78, Definition 6], we introduce the class of regular
subdomains. We employ the notation introduced in Section [I.4]
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Definition 1.19 (Regular subdomains). Let y € W?(Q; RY). We define U, as
the class of domains U CC 2 of class C? satisfying the following properties:

(i) ylov € WP(OU;RY) and (cof Vy)|oy € L*(OU; RV*N);
(i) 2N "1(0U \ domg(y,Q)) = 0 and Vy|s = Vy(I — ny ® ny) a.e. on 9U;
(iii) there holds

5
lim d¢ = 0;
§—0+ -5

/ |cony|da—/ |cof Vy| da
U, ouU

(iv) for every ¥ € CH(RY;RY), there holds

5
d¢ = 0.

lim
§—0Tt -5

Poy- (cof Vy)ny,da — Poy- (cof Vy)ny da
ou, oU

Property (i) in the previous definition ensures the regularity of the map y|sy. In
(ii), we denote by V?Yy|spy the approximate tangential gradient of y|ay, see |78,
Definition 4| or [59, Paragraph 3.2.16]. Since we are not going to use it explicitly,
we do not introduce this notion. For our purposes, the only important fact is that,
in view of (ii), there holds .Z" (y(0U)) = 0 [I8, Remark 2.16, Claim (b)|. This is a
consequence of the Area Formula for surface integrals, see [78], Proposition 2| or [59]
Corollary 3.2.20], that, for the same reason as before, we do not present. Eventually,
properties (iii) and (iv) are crucial for the validity of Theorem below.

The following result ensures the abundance of regular subdomains as in Definition
.19

Lemma 1.20 (|78, Lemma 2]). Let y € W'P(Q;RY) be such that det Dy > 0
almost everywhere and let U CC Q be a domain of class C?. Then, there exists
d > 0 such that , for almost every { € (—9,6), there holds Uy € U,.

The next result allows us to compute the topological degree of Sobolev maps at
almost every point of the domain €2 with respect to balls of specific radii. The result
is taken from [I8] and it is complemented by an elementary observation.

Lemma 1.21 (|18, Lemma 3.2]). Let y € W'P(Q;RY) and let x5 € Q be such
that y is regularly approzimately differentiable at xy with det Vy(xo) # 0. Then,
there exists P C (0, dist(xo; 0Q)) with O (P,0) =1 such that the following hold:

(1) for every r € P, we have B(xo,r) € Uy, y(xo) ¢ y(0B(xo,7)) and also
deg(y, B(zo, 1), y(w0)) = sgndet Vy(xo);

(i) for every r,r" € P with ' < r/2, the set y(OB(xo,r")) is included in the
connected component of RN \ y(dB(zxg,r)) containing y(xoy) and, in turn, we
have

iInT('y7 B(ZB07 Tl)) U y(aB(m()? Tl)) - imT(y7 B($07 T))

Proof. Claim (i) is proved in [18, Lemma 3.2]. Here, we exploit the fact that, for
every r > 0 such that B(x,r) € Uy, the map y|sp(z,) admits a continuous repre-
sentative which, according to Convention [1.12] is identified with y. In this case, the
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essential supremum of y on 0B(xg,r) conincide with the supremum on the same
set. For claim (ii), let V denote the connected component of RN \ y(dB(xg,r))
such that y(zo) € V. The inclusion y(0B(xy,r")) C V is shown as in [I8, Lemma
3.2]. As deg(y, B(xo,r),y(xo)) # 0, we have V' C imr(y, B(xg,r)). Therefore,
thanks to Lemma [1.16], we deduce that imr(y, B(zo,r’)) C imr(y, Bz, 7)) since
R¥ \ imr(y, B(xo, 7)) is connected by Lemma [1.17] O

1.6 Admissible deformations

In the next section, we introduce the class of admissible deformations that will be
considered in the following. Most of the results of this section are taken from [I8§].
Here, we limit ourselves to recall the results that will be employed in our analysis.

1.6.1 Divergence Identities

Let y € WhP(;RY). Following the terminology in [122], the Divergence Identities
read as follows:

Vap € CHRY;RY), Div((adjDy)voy)=divipoy det Dy in Q.  (DIV)

The divergence on the left-hand side of the previous equation is intended in the sense
of distributions. Namely, y satisfies (DIV]) whenever, for every ¥ € C}(RY; RY) and
¢ € CH(Q), there holds

- /Q((adey) Poy)  Dpde = /Qdivq,b oy det Dy pdzx.
We will consider the following class of admissible deformations:
V,(Q) = {y e WEP(Q;RY) : det Dy € L}(Q),
det Dy > 0 a.e., y satisfies }

The class in has been introduced in [I8], where the authors carried out a
thorough study of fine and local invertibility properties of such maps. As a result
of their analysis, deformations in this class turn out to enjoy a surprising degree of
regularity.

The next two examples give us an impression on how large the class in (|1.7)) is.

Example 1.22 ([119]). The following inclusion holds:

(1.7)

{y e W(Q;RY) : cof Dy € L¥ (Q; RV*N), det Dy > 0 a.e.} V().
To see this, let y belong to the class on the left hand-side. Using the identity
(det F)I = F(adjF), (1.8)

which holds for every F € RN*N  together with the Hélder inequality, we deduce
that det Dy € L'(Q). To check that y satisfies (DIV]), we recall the Piola identity:

Vn e CHQRY), / cof Dy : Dndx = 0. (1.9)
Q
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As cof Dy € LY (Q; RN*N) | by density, the previous identity actually holds for every
n € WyP(Q;RN). Let p € CHQ) and ¥ € CHRN;RN). By the chain rule for
Sobolev maps, there holds p(vp o y) € WP (4 RY). Thus, testing with =
©( oy) and observing that

cof Dy : Dnp = cof Dy : ((¢p o y) ® Dy + (D o y)Dy)
= (adjDy) (¢ oy) - Do + divyp oy det Dy ¢

thanks to (1.8)), we prove the claim.
Example 1.23 ([122]). The following inclusion holds:

{y e W (QRY): cof Dy € L¥*1(Q;RY*Y), det Dy > 0 a.c.} € ),(2). (1.10)

First, observe that, taking the determinant at both sides of , yields the identity
det(adjF) = (det F)N=1 for every F € RN*N. From this, by the Hadamard inequal-
ity, we obtain |det F| < CladjF|N/N=1. This last inequality ensures that every map
y belonging to the class on the left-hand side of satisfies det Dy € L'(Q).
The proof that y satisfies is not immediate and we refer to [122, Theorem

The Divergence Identities have been firstly examined in [I19] in connection with the
problem of the weak continuity of the Jacobian determinant. In this regard, we have
the following.

Theorem 1.24 ([119, Theorem 4]). Let (y,,) C V,(2). Suppose that there exist
y € WH(Q;RY) and h € L*(Q) such that

y, —y in WYP(Q;RY), det Dy, — h in L*(Q).

Then, y satisfies (DIV) and h = det Dy almost everywhere. In particular, if
det Dy > 0 almost everywhere, then y € Y,(2).

As explained in the next remark, the Divergence Identities characterize the class of
possibly discontinuous Sobolev maps for which cavitation is excluded.

Remark 1.25 (Excluding cavitation). The condition is a generalization
of the more popular identity DetDy = det Dy [I1§], asserting the coincidence of
the distributional Jacobian with the pointwise Jacobian. Before the pathological
example exhibited in [120], it was thought that the validity of the identity this
identity excluded the phenomena of cavitation. More generally, the condition (DIV)
turns out to be intimately connected to the phenomena of creation of new surface by
means of deformation. Indeed, it has been proved in [78, [80] that, for y € ), (2), the
validity of is equivalent to the property that y does not create new surface.
Of course, the concept of created surface itself needs to be suitably defined [7§]. As
fracture is ruled out by the Sobolev regularity, this characterize the class in (1.7)
as the class of maps in W'P(Q; RY) for which cavitation is excluded. Moreover,
one of the contributions in [I§] is to have shown that the holds whenever
the identity DetDy = det Dy is statisfied and y is orientation-preserving in the
topological sense. Loosely speaking, this means that the topological degree of y is
positive on almost every surface.
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1.6.2 Topological image

The divergence identities entail the coincidence of the topological image and the
geometric image of regular subdomains up to sets of measure zero. Recall Definition

and the definition of multiplicity function in Proposition [I.9

Theorem 1.26 (|18, Theorem 4.1]). Let y € V,(2). Then, for every U € U,,
there holds

deg(y,U,-) = mult(y, U, -) a.e. in RN \ 5(oU).
Therefore, N (imr(y, U) Aimg(y,U)) = 0. In particular, y € L (;RY).

loc

The following result collects some consequences of the previous theorem.

Corollary 1.27. Let y € YV,(2). Then:
(i) for every U € U, there holds deg(y, U, -) > 0 almost everywhere in RN \y(dU);

(it) for every Uy, Us € Uy, such that Uy CC Us, there holdsimr(y,U;) C imr(y, Us);
(111) for every U € U, there holds img(y,U) C imrp(y, U).

Proof. Claim (i) is immediate. Claims (ii) and (iii) are proved in [18, Proposition 4.3,
Claim (d)] and [18, Proposition 4.3, Claim (e)], respectively, by exploiting (i). O

For technical reasons, we give the following definition.

Definition 1.28 (Singularity set). Let y € WH?(Q; RY). We define the singular-
ity set of y as

Sy =4qx € Q: limsup diam(imp(y, B(z,r))) >0
Blar et

The set S, does not depend on the specific representative of y but only on its
equivalence class [I8, Remark 5.7, Claim (c)]. Moreover, one can prove the following
[18, Proposition 5.9]:

AN} (g ) = ), Q\ S, C Ly, Y*|a\s, is continuous. (1.11)

We denote by Uy the class of subdomains U € U, such that 0UN.S, = ). Combining
Lemma [1.20| with ((1.11)), we deduce the following result.

Lemma 1.29 ([18, Lemma 5.12]). Let y € V,(2) and let U CC Q2 be a domain
of class C?. Then, there exists 6 > 0 such that, for almost every ¢ € (—46,6), there
holds U, € U,.

We define the topological image of Sobolev maps as in [I8, Definition 5.17].

Definition 1.30 (Topological image). Let y € V,(€2). The topological image of
y of Q under y is defined as

lmT(y7Q> = U imT(y7 U)
veu;
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Being the union of open sets, the set imr(y, §2) is open. Notably, as shown in [18]
Lemma 5.18, Claim (b)], this set depends only on the equivalence class of y. This
fact relies on the restriction taken in Definition to the regular subdomains whose
boundary does not intersect the singularity set.

Exploiting Theorem and Lemma [1.29, we prove the following.

Corollary 1.31 (|18, Lemma 5.18, Claim (c)]). Let y € V,(2). Then, there
holds
2N (imr(y, Q) Aimg(y, Q) = 0.

The next result will be instrumental in the proof of our compactness theorem. For
the validity of the first claim, the fact that in Definition we only considered
regular subdomains whose boundaries do not intersect the singularity set is essential.
This is the reason why this restriction will be crucial also in this paper.

Proposition 1.32. Let (y,,) C V,(2) and let y € V,(Q?). Suppose that y, — y in
Whr(Q; RY).

(i) for every U € U, and for every V. CC imr(y,U) open, there holds V CC
imT(ynJ Q) fOT n = 17'

(i) if (det Dy, is equi-integrable, then, up to subsequences, there holds

Ximr(yn,@) = Ximr(g,2) i L'(RY),

and also
Ximg (y,,) 7 Ximg(y,92) in LI(RN)'

Proof. Claim (i) has been proved in [I8, Theorem 6.3, Claim (a)]. For (ii), the first
convergence has been proved in [I8, Theorem 6.3, Claim (d)], and the second one is
easily deduced from the first one thanks to Corollary [I.31] m

Remark 1.33 (Fine properties). The maps in the class enjoy remarkable
continuity and differentiability properties. Precisely, up to the choice of a suitable
representative, any such map is continuous out of a set of zero (N — p)-dimensional
Hausdorff measure and almost everywhere differentiable [I8, Proposition 5.9|. Ad-
ditionally, the same representative has the Lusin property (N).

1.7 Local invertibility

Let y: Q — RY be measurable and let A C  be measurable. The map ¥ is termed
almost everywhere injective in A if there exists a subset X C A with Z%(X) =0
such that y|\ x is injective. We observe that almost everywhere injectivity depends
only on the equivalence class of y.

The following result constitutes one of the main motivations for the definition of the
geometric domain.

Lemma 1.34 (|78, Lemma 3]). Let y: Q — RY be almost everywhere approzi-
mately differentiable with det Vy # 0 almost everywhere. Suppose that y is almost
everywhere injective on A for some measurable set A C Q. Then, Ylaomg(y,4) 5
mjective.
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Let y € W'P(;RY) and recall Definition E We denote by UM the class of
regular subdomains U € U, such that y is almost everywhere injective in U. Also,
we set Uy ™ = Uy NU,Y.

The following local invertibility result has been proven in [I8] and is going to be
instrumental in our proofs.

Theorem 1.35 ([18, Proposition 4.5, Claim (d)]). Let y € V,(2) and let x, €
Q be such that y is reqularly approximately differentiable at o with det Vy(xg) > 0.
Let P C (0, dist(zo; 02)) be the set given by Lemma[1.21 Then, for every r € P
such that there exists T € P with v <7T/2 , we have B(xo,r) € Uy,

Let y: Q — RY be almost everywhere approximately differentiable with det Vy #
0 almost everywhere. Let A C €2 be measurable and suppose that y is almost
everywhere injective in A. By Lemma , the map y\domG(y, 4) 1s injective and,
in turn, its inverse (Y|dgomg(y,4)) *: ima(y, A) — RY is defined. Concerning the
approximate differentiablity of this map, we make the following observation.

Lemma 1.36. Let y: Q — RY be almost everywhere approzimately differentiable
with det Vy # 0 almost everywhere and let A C €0 be measurable. Suppose that
y is almost everywhere injective in A. Then, for every xy € domg(y, A) with
ON(A, o) = 1, the map (Ylaomg(y,4)) " is approzimately differentiable at y(zxo)
with V(Y laomat)~ (o)) = (Vy(ao)) .

Proof. Consider xy € domg(y, A) with ©V (A, xy) = 1. By Definition there
exists a compact set K C Q with 2y € K and OV (K,xy) = 1, and a map
w € CHRY;RY) such that y|x = w|x and Vy|x = Dw|g. Since det Dw(xz) =
det Vy(x) # 0, by the Local Diffeomorphism Theorem, there exists r» > 0 such
that, setting B := B(xy,r), the map w|p is a diffeomorphism of class C! onto its
image. In particular, D(w|p)™! = (Dw)™! o (w|z)~" on the open set w(B). Thus,
setting &, = y(xo), there holds

o 1157 €) = (wls) (&) — (Dwiao)) (6 ~ &)
¢ |£ - €0|

We have ON(K N B N domg(y, A),zo) = 1 so that, by Lemma , there holds
—1

ON(y(K N B) Nimg(y, A),&;) = 1. Observing that (w|g) ™" = (Y|domg (y,4)) " and
D(w|B)71 = (vy)il o (y|domg(y,A))71 on y(K N B) N imG(y7A)7 from " we
obtain

— 0. (1.12)

lim |(Ylaome w.4) " (§) = (Ylaome w.4)) " (§0) — (Vy(x0)) ' (€ — &)
-y 1§ — &

gey(KNB)nima (y,4)

=0.

Therefore, the claim is proved. [

Let y € W'P(Q;RY) be such that det Dy # 0 almost everywhere and let U € UM.
As before, we can consider the inverse (Y|domq(y,0)) " : ima(y, U) — RY. Recalling
Theorem [1.26], we give the following definition.

Definition 1.37 (Local inverse). Let y € Y,(€2) and let U € U¥. We define
yi' imp(y, U) — RY to be an arbitrary extension of the map

(Yldome (w,0)) ™ lim (y,0)nime (w,0)
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Note that, for every possible choice of the extension, the resulting map yl}l is mea-
surable thanks to the completeness of the Lebesgue measure [41, Proposition 2.2.2|.
As a consequence of , the map yal turns out to have Sobolev regularity. This
is meaningful since the set imr(y, U) is open.

Proposition 1.38 ([18, Proposition 5.3]). Let y € V,(Q) and let U € UM
Then, yi' € Wh(imp(y, U); RY) and Dy;' = (Dy) ! oy almost everywhere in
imy(y, U). Moreover, each Jacobian minor of yg,' belongs to L' (imp(y,U)).

From Proposition , we deduce that ygl is almost everywhere approximately
differentiable [69, Theorem 2, Section 1.4, Chapter 3|, so that the change-of-variable
formula holds. More precisely, we have the following.

Proposition 1.39 (Change-of-variable Formula for the inverse). Let y €
Vp(Q) and let U € UM, Then, for every @: U — RY measurable, there holds

[e@de=[ ooy detDy; ) de
U imr(y,U)

In the previous formula, we observe that ¢ o y;' is measurable by claim (ii) of
Lemma . Indeed, by Proposition , we have det Dyl_]l = (det Dy) o y{,l >0
almost everywhere in imr(y, U).

Proof. By Lemma m, the map (Y|dome(y,v)) ' is approximately differentiable on
img(y, U). The result follows by applying the Federer Change-of-variable Formula
[69, Theorem 1, Section 1.5, Chapter 3| to this map taking into account Theorem
[[.26] and Definition [L37 O

The next result show that the radius of local invertibility given by Theorem can
be chosen uniformly for sequences of deformations converging weakly in W1 (Q; RY).
The result is taken from [18] and it is reformulated according to our needs.

Proposition 1.40 (18, Theorem 6.3, Claim (b)]). Let y € V,(?) and let x, €
Q be such that y is reqularly approximately differentiable at xy with det Vy(xg) > 0.
Let P C (0,dist(xo; 02)) be the set giwen by Lemma[1.21 Also, let (y,) C V,(Q)
and suppose that y, — y in WP(Q;RYN). Then, for every r € P such that there
exist 7 € P with r <7/2 and a subsequence (y,, ) for which we have

Y, — Y uniformly on OB(xo,r) U 0B (xo,T),
there holds -
B(xo,r) € ﬂblinj ﬂL{;nj
k=1

y’rLk

The following result yields the stability of the local inverse with respect to the weak
convergence of deformations in Wh7(Q; RY).

Theorem 1.41 (|18, Theorem 6.3, Claim (c)]). Let (y,) C V,(Q2) and y €
V() be such that y, — y in WP(QRYN). Let U € U N (o Uy and let
V CCimr(y,U) be open, so that V CC imr(y,,,U) for n > 1. Then, there holds

yﬁf — y,}l a.e. in 'V and strongly in Ll(v; RN).
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Moreover, each Jacobian minor of y;}] converges weakly-+ in My(V') to the cor-
responding Jacobian minor of yy'. In particular, if (det Dy;}]) C LY V) is equi-
integrable, then the Jacobian minors converge also weakly in L*(V'). In this case, we
have

y;’lU — yal in WHH(V;RY).

1.8 Global invertibility

The requirement of global injectivity of admissible deformations can be easily incor-
porated in our analysis. Our approach relies on the Ciarlet-Necas condition [38].
Let y: © — RY be almost everywhere approximately differentiable and recall Def-
inition [I.7, The map y satisfies the Ciarlet-Necas condition when the following
holds:

[ 1det Vylaz < 2 ima(y. ). (cN)
Q

Note that, by Proposition [1.9] the opposite inequality is automatically satisfied, so
that, in the previous equation, we could equivalently replace the inequality with an
equality. Also, we observe that the validity of (CN]) depends only on the equivalence
class of y.

The following result clarifies the relationship between almost everywhere injectivity
and the Ciarlet-Necas condition and it is extremely useful in applications.

Proposition 1.42 ( Ciarlet-Necas condition). Let y: Q — R be almost every-
where approzimately differentiable. Then the following hold:

(1) if y is almost everywhere injective in S, then it satisfies (CN));

(11) if y satisfies (CN|) and also det Vy # 0 almost everywhere, then y is almost
everywhere injective.

Proof. First, recall that £ (y(Qq(y)) \ img(y,2)) = 0. Indeed, this follows since
LN (Qq(y) \ img(y,Q)) = 0 by claim (i) of Lemma and y|o,(y) has the Lusin
property (N), see [69, Proposition 1, Section 1.5, Chapter 3]. Thus, the result follows
by [68, Proposition 1.5]. ]

Recalling (1.7)), the class of globally injective admissible deformations is defined as
y;“J(Q) ={y € V,(Q) : y a.e. injective in Q}. (1.13)
The following simple result provides the stability of almost everywhere injectivity

with respect to the weak convergence in W?(£2; RY) and the weak convergence in
LY(Q) of the Jacobian determinant.

Corollary 1.43. Let (y,) C V(). Suppose that there exists y € V,(Q) such that
y, —y in WP(QRY), det Dy, — det Dy in L'(5).

Then, y 1s almost everywhere injective, so that y € y;,ni(Q).
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Proof. By Proposition for every n € N, there holds
/ det Dy, de < 2 (ima(y,., Q). (1.14)
9)

Thanks to claim (ii) of Proposition [1.32] passing to the limit, as n — oo, in (1.14)),
we obtain

/ det Dy dz < Z" (img(y, Q). (1.15)

Since det Dy > 0 almost everywhere by assumption, this implies that y is almost
everywhere injective by Proposition [1.42] O

In the case of global injectivity, it is natural to wonder if the global inverse enjoys the
same kind of regularity of the local inverse established in Theorem[I.38] The answer
is actually affermative. Given y € Y™ (9Q), it follows from [8I, Theorem 3.3| that the
global inverse y,,', defined as an arbitrary extension of (y|qom, (w.2) " i (3.9)nime (v.2)
to imrp(y, ), belongs to W (imr(y, Q); RY). The question of the regularity of the
global inverse for the case p > N is addressed in the next section.

1.9 Sobolev maps with supercritical integrability

In this subsection, we specialize the results presented in the previous subsections
in the case p > N. This setting will be considered in Subsection [2.2.1 but also in
Chapter [] and Chapter [5

Since we are assuming that 2 is a bounded Lipschitz domain, by the Morrey em-
bedding, any map in WP(Q;RY) with p > N admits a representative which is
continuous up to the boundary.

Convention 1.44. Let y € W“’(Q;RN) with p > N. In this case, y is identified
with its representative in C°(Q; RY).

Standing the previous convention, we have the following result.

Proposition 1.45 ([106, Corollary 1]). Let y € WH(Q; RY). Then, y has the
Lusin property (N).

In view of Proposition the Change-of-variable Formula can be rewritten in the
following simplified form.

Proposition 1.46 ([106, Theorem 2]). Let y € WHP(Q; RY) with p > N with
det Dy # 0 almost everywhere. Then, for every A C §2 measurable, the function
€ — #(y L&) NA) is measurable. Also, for everyp: y(A) — RM measurable, there
holds
[ wov@ |t Dy@)de = [ b #y €N ) de,
A y(A)
whenever one of the two integrals exists.

Let y € WiP(Q; RY). Recalling Convention[1.44] the map deg(y, ©2, -) is well defined.
In the present setting, as observed in [13, p. 317|, the degree can be computed by
using the integral formula . This is easily checked by approximating y with
maps in C*(Q;RY). Additionally, in this setting, the topological image of Q via
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y can be defined as in Definition For orientation-preserving maps, the next
result provides an explicit characterization of the topological image. We set

W =y(@)\y(09),  Q:=0\y (y(09)).

Lemma 1.47. Let y € W'P(Q;RY) with p > N be such that det Dy > 0 almost
everywhere. Then, imr(y, Q) = QY. Thus, Q¥ and §1,, are open sets that differ from
y(Q) and ), respectively, by at most a set of measure zero. Moreover, there hold:

W=y©Q), Q=9 0W=y09), =000y " (yo9)).

Proof. Let &, € imt(y,2). Then, by the solvability property, &, € y(Q2) and, in
turn, &, € Y. Conversely, let £, € 2¥. Denote by V' the connected component of
RN \ y(09) containing &,. Let ¢ € C=°(RY) be positive, with integral equal to one
and such that K = suppt C V. Then, using formula (|1.6), we compute

deg(y,Q,ﬁo)z/woy detDyda::/ Yoy det Dydx > 0,
L y

LK)

which yields &, € im7(y, ). Thus, the equaility imr(y, ) = Q¥ is proved.
Recalling that the topological image is an open set, we deduce that Q¥ is an open
set. Also, since Q, = y~1(Q¥), so is Q,. By the Lusin property (N), we have
LN (y(Q)\ ) < LN (y(09)) = 0. Similarly, thanks to both Lusin properties (N)
and (N71), we have £V (Q\ Q) = 2V (y~H(y(09Q))) = 0. Hence, Q,, = Q.

We prove that Q¥ = y(Q). As Q¥ C y(f), we immediately have Qv C y(Q) = y(Q).
Let & € y(Q) and consider € Q such that y(x) = £&. By density, there exists
(x,) C £ such that x, — x and, in turn, &, = y(x,) — & As (§,) C Q¥ by
definition, this yields & € Qv.

Finally, we prove that 9Q¥ = y(9Q) and 9Q,, = 0QUy *(y(95)). The first identity

is checked as follows
99Y =\ Q¥ = y(Q)\ (y(2) \ y(99)) = (y(Q) \ y(Q)) Uy(9Q) = y(99),
while, for the second one, we have
09, = Qy \ Qy = Q\ (2\ y ' (¥(99))) = 0Q Uy (y(09).
O

Remark 1.48 (Positive degree). In the proof of Lemma [1.47, we have implicitly
proved that deg(y, (2, -) equals zero only on R \ y(Q), while it is strictly positive
everywhere else in R\ y(99). If we additionally assume that ¥ is almost everywhere
injective, then employing Proposition , one shows that deg(y,€2,-) =1 on QY.

The next two examples clarifies the significance of the set QY. In the first one, we
consider a locally invertible deformation while, in the second one, the deformation
is globally invertible.

Example 1.49. Let N =2 and set Q == (1/2,1) x (==, 7). Define y: Q — R? by

setting
() = T if xo <0,
Y o (21 cos(4ay), zy sin(4xs)) T if 2o > 0.
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L+

Figure 1.1: The deformation in Example

The corresponding deformed set is depicted in Figure . In this case, y € WH(Q; R?).
Setting

L™= (1/2,1) x (—m,0], LT = (1/2,1) x [0,7),

there holds y(L™) = L™ and y(LT) = A, where we set A = B(0,1)\ B(0,1/2).
The deformation y is orientation-preserving. Indeed, for every @ € L*, we have
det Dy(x) = x; > 0. Observe that the injectivity of y is violated on the preimage of
the set

T={xecA:z>1/2 2,<0},

which has positive measure. Also, y(Q) = L~ U A, while Q¥ = (L~ UA)\JT. In
particular, the y(2) is necessarily connected, while QY is not.

Example 1.50 (Ball’s example). The following is inspired by [13, Example 1].
Let N =3 and set Q = (=1,1)3. We write Q = QT U PUQ™, where

Q= (0,1) x (—=1,1)%, P:={0} x (=1,1)%, Q :=(-1,0) x (=1,1)2

Define y: Q — R3 by y(x) = (21,39, |v1|23). The corresponding deformed set is
depicted in Figure . In this case, y € WH>(Q;R3) and, for every x € Q\ P, we
have

1 0 0
Dy(x) = 0 1 0

T ZL‘3/|JZ1| 0 |ZE1|

In particular, det Dy > 0 on Q\ P. We see that y(Qt) = V*, y(P) = S and
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|
W
\

Figure 1.2: The deformation in Example m

y(Q7) =V, where we set

Vi={(eR:0<& <1, —1<& <, |G <&}
S = {0} x (—1,1) x {0},
Vi={EeR: —1<£ <0, -1 <& <, &) < &)

Note that y|o\p is injective, but y is not a homeomorphism. The image is given by
y(2) = VT USUV™, which is not open. Instead, we have Q¥ = V* U V™ since
SCuy (P N (99). Again, the set QY is not connected.

At this point, the reader must be warned: given a map y € Y,(Q2) with p > N,
Definition for U = Q is not consistent with Definition [1.30, A simple coun-
terexample is provided in Example below. For this reason, when p > N, we
prefer the notation Q¥ for the topological image. However, under the additional
assumption of y being almost everywhere injective, the two definitions turn out to
be consistent. Indeed, in that case, there holds:

= J im(y,U)= ] imr(y.0).

UCCQ open el

The first equality is established in [90, Theorem 5.10]. We refer to the same paper for
more information about the topological properties of orientation-preserving Sobolev
maps with supercritical integrability. The second equality is checked thanks to

Lemma [1.29

Example 1.51. Let N =2 and let Q, T and y be as in Example[1.49. The map y
is locally but not globally injective. Also, we have

U ime(p,U)=L"UA  QV=(L UA)\OT.

UCCS2 open

We observe that, when p > N, the divergence identities are automatically satisfied.
Indeed, any map y € W1P(Q; RY) satisfies

cof Dy € LP/N-D(Q; RN ¢ LF(Q; RV*Y),  det Dy € LPN(Q) ¢ L}(Q).
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Hence, in view of Example [1.22] y satisfies (DIV]). Recalling (1.7)), for p > N, we
have the following equality

V() = {y € WHP(Q;RY) : det Dy > Oa.e.}.
In particular, in the case of globally invertible deformations, we have
y;ni(Q) ={y e W"(Q;RY) : det Dy > O a.e., y a.e. injective}. (1.16)

Let y € V(). By assumption, there exists X C Q with £V (X) = 0 such that
Y|o\x is injective. In this case, recalling Lemma we define the global inverse
Yo' Q¥ — RY to be any extension of the map (Ylovx) Havny@x). Of course,
this definition depends on the choice of the set X which is not unique. Recalling
Lemma [1.34] a possible choice is given by X = Q \ domg(y, 2). However, in view
of Proposition the choice of the set X is not relevant since .2 (y(X)) = 0
thanks to the Lusin property (N).

In any case, the map yg' is measurable [41, Proposition 2.2.2]. The next result
show that this map has actually Sobolev regularity. This is meaningful as the set
Q¥ is open by Lemma [1.47] The regularity of the global inverse has been proved
for more general classes of admissible deformations, see [I37, Theorem 8| or [81]
Theorem 3.3]. For convenience of the reader, we provide a self-contained proof in
our setting. Note that, here, we do not assume any regularity of the deformation on
the boundary.

Theorem 1.52 (Regularity of the global inverse). Let y € WP(Q; RY) with
p > N be almost everywhere injective with det Dy > 0 almost everywhere. Then,
yg' € WHHQY; RY) with Dyg' = (Dy) oy almost everywhere in QY. Moreover,
each Jacobian minor of yg' belongs to L'(Y).

Proof. Since © is bounded, it is clear that y,' € L®(Q¥;RY). Let ¢ € C1(Q2) and
W € CHQY;RY), so that (i oy) € WP (Q;RY). Testing the Piola identity (T.9)
with 7 = ¢(¢) o y), after computations analogous to the ones in Example [1.22, we
obtain

— / divyp oy det Dy pdax = /(adey)(q,Z; oy) - Dpdx (1.17)
Q Q

Now, let ¥ € CH(Q¥;RV*N) and denote its rows by ¥' € CH(Q¥;RY) for every
i €{1,...,N}. Employing Proposition [1.46] we compute

~ [ vaaivwae = [ @-avwoy det Dy da
QY Q

N
= _Z/ z; div®i oy det Dy d.
=1 Q
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Then, exploiting (1.17)), we write
N
—/ yo! - divl dg = Z/(adjpy)(\pi oy) - e dx
= /(adey) :Woydx
Q
= /(Dy)_1 :Woy det Dyde
Q

:/Q (Dy)*1 oy§1 W dg,

where in the last line we used Proposition [[.46] The previous identity shows that
y,' admits a weak gradient which coincides with (Dy)™! o y5' almost everywhere
in QY. Thanks to Proposition [1.46| we have

[ pwitdg = [ 1(Dy) " oug'lag
QY Qv
:/|(Dy)1| detDydw:/|adey|da:,
Q Q

so that yg,' € WHL(QY;RY). The identity Dyg' = (Dy)~! o y,' almost every-
where in ¥ entails that det Dyg,' = (det Dy)~! o y,' almost everywhere in QY. In
particular, det Dyg' > 0 almost everywhere.

To prove the integrability of the Jacobian minors of yg', we recall the following

formula for the minors of inverse matrices [67, Section 1.4, Chapter 1]: for every
F e RY*Y and r € {1,..., N}, we have

-1 MN*T‘(F>
MT‘(F ) - det F )
where the elements of M N (F) € R )< (8% are given, up to a possible change
of sign, by elements of My_,.(F'). In particular, for r = N, we set N/IN,T(F) = 1.
Therefore, employing Proposition [I.46] we compute

| MDyih1de = [ IML(Dy) oyl

_ / |MN7T(D?J o y51
QY det Dyoyél

Lag~ [ ¥y (Dy)l da.

where the right-hand side is bounded. [

Remark 1.53 (Sobolev homeomorphisms). Let y € W?(Q; RY) be injective
with det Dy > 0. In this case, it follows that y(Q2) = Q¥ and y~! € Wh1(Q¥;RY).

As a consequence of Theorem , the inverse y51 is almost everywhere approxi-
mately differentiable. In particular, the Area Formula and the Change-of-variable
Formula hold for this map. The former can be used to estimate the measure of
preimages of set via y as shown in the next result.
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Corollary 1.54 (Measure of preimages). Let y € WY (Q;RY) with p > N be
almost everywhere injective with det Dy > 0 almost everywhere. Then, for every
B C RY measurable, there holds

LNy (B) = LY (yg (BNW)) = /B N det Dyg' d€.

Proof. Let X C Q with Z~(X) = 0 be such that y|o\ x is injective, so that yg'
is an extension of the map (y[o\x) *av\y(x) to Q¥. Recalling Proposition [1.45 we
have

LNy U(B) =LYy (BNQ)) =2 (y(BNQY)\ y(X))
= 2% (y (BN (¥ \y(X))) = 2" (yo' (BN (¥ \ y(X)))
= 2N (yo (BN QY)).
Thus, the claim follows by applying Proposition [I.46] O

1.10 Helly Compactness Theorem

We recall below the the Helly Compactness Theorem. We state the result in a form
which is sufficient for our purpouses, however more general versions are avalable, see
[105, Theorem 3.2].

Let 7" > 0 and let Z be a Banach space. Given a function z: [0,7] — Z and
[s,t] C [0, T], the variation of z on the interval [s, ] is defined as

l
Var (2 [5,1]) = sup {Z () = =) T = (0,8, ﬂ)} |
i=1
where the supremum is taken over all the partitions IT of [s,¢]. We define the space

BV (]0,T); Z) as the set of functions z: [0, 7] — Z such that Varz(z;[0,7T]) < +oo.

Theorem 1.55 (Helly Compactness Theorem). Let Z be a Banach space and
let K C Z be compact. Let (z,) C BV ([0,T]; Z) be such that the following hold:

VneN, Vte[0,T], =z,.(t) ek,

sup Varz(z,;[0,7]) < +oo.
neN

Then, there exists z € BV ([0,T); Z) such that, up to subsequences, there holds:
Vtel0,T], z.(t)— z(t)in Z.
Proof. This is a special case of [105, Theorem 3.2]. O

1.11 Measurable Selection Theorem

In this section, we briefly recall some notions of set-valued analysis. Without seeking
generality, these notions are presented according to our specific needs. For more
information, we refer to [7].

Let X be a complete separable metric space with distance d. Given A C X, for
every ¢y € X we set dist(py; A) = inf{d(p,,p) : p € A}.
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Definition 1.56 (Lower and upper limits of sets). Let (4,) C P(X). The
lower and upper limits of (A,,) in the sense of Kuratowski are defined as
Liminf A4,, == {p, € X : lim dist(py; A,) = 0},
n—r00 n—00
Limsup 4,, = {p, € & : liminf dist(p,; 4,,) = 0}.
n—oo

n—oo

Equivalently, Liminf, ., A, is the set of limits of sequences (p,,) C X with p,, € 4,
for every n € N, while Limsup,, ,. A, consists of all limit points, i.e. all lim-
its of subsequences, of such sequences [7, Proposition 1.1.2]. Note that both sets
Liminf, ,. A, and Limsup,, ,., A, are necessarily closed.

Let T'> 0. A set-valued map from [0,7] to X is a function S: [0,7] — P(X). In
this context, the concept of measurability is defined as follows.

Definition 1.57 (Measurability of set-valued maps). A map S: [0,7] — P(X)
is termed measurable if, for every A C X open, the set

STHA) ={te[0,T]: SEt)NA#D}
is measurable.

Concerning the measurability of lower and upper limits, we have the following result.

Proposition 1.58 (|7, Theorem 8.2.5]). Let (S,) be a sequence of measurable
set-valued maps from S,,: [0,T] — P(X). Then, the set-valued maps

t — Liminf S,,(t), t — Limsup S, (),

n—o0 n—00

are both measurable.

We now give the definition of measurable selection.

Definition 1.59 (Measurable selection). Let S: [0,7] — P(X). A measurable
map s: [0,7] — X such that s(t) € S(t) for every ¢t € [0,T] is termed a measurable
selection of §.

The existence of measurable selections is ensured by the following result which will
be employed to prove the existence of measurable energetic solutions.

Theorem 1.60 (Measurable Selection Theorem). Let S: [0,7] — P(X) be
measurable and suppose that, for everyt € [0,T], the set S(t) is closed and nonempty.
Then, the set-valued map S admits a measurable selection.

Proof. We refer to [7, Theorem 8.1.3]. ]
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Chapter 2

Existence of minimizers

In this chapter, we investigate the problem of the existence of solutions in the static
setting. These correspond to minimizers of the magnetoelastic energy. The main
results of the chapter are two: Theorem [2.6] which is a compactness result, and The-
orem [2.5] stating the existence of minimizers under Dirichlet boundary conditions
on the deformations. The results of this chapter are going to be instrumental also
for the analysis in the quasistatic setting.

In Section we describe the variational model and we list all the assumptions.
Then, in Section 2.2 we prove a compactness result which will be employed in
Section to establish the existence of minimizers.

2.1 Setting of the problem

Let Q2 C RY be a bounded Lipschitz domain and let p > N —1 be fixed. Recall ((1.7)).
For each y € Y,(Q), magnetizations are given by maps m € W'?(imr(y, Q); R"Y)
satisfying the constraint

|m o y|det Dy =1 a.e. in Q. (2.1)

As det Dy > 0 almost everwhere in 2, condition (2.1)) entails that m # 0 almost
everywhere in imr(y, £2). Admissible states belong to the class

Q:={(y.m): y€V(Q), meW"(imp(y, Q);R"), 22)
/moy|det Dy =1 a.e. in Q}. '

This class is endowed with the topology that makes the map

(y7 m) = (y7 XimT(y,Q)my XimT(y,Q)Dm)

from Q to W1P(Q; RY) x L2(RY;RY) x L2(RY; RY*N) a homeomorphism onto its
image, where the latter space is equipped with the product weak topology. When
considering only globally injective deformations, we restrict ourselves to the class

Q" = {(y,m)c Q: ye YN (O}, (2.3)
where we recall (1.13)).

The magnetoelastic energy functional E: Q — [0, 4+00] is defined by setting

1
E(q) = / W(Dy, m oy)dz + / Dmde + 1 / Dy de,  (2.4)
Q im7(y,0) 2 RN
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h

Figure 2.1: Qualitative behaviour of the functions + in (2.8).

where g = (y, m). We denote the functionals determined by the three terms in the
previous formula by E¢', E¢ and E™ respectively.

The first term in (2.4]) accounts for the elastic energy and is determined by the elastic
energy density W: RY*N x RV \ {0} — [0, +oc]. On the function W, we take the
following two assumptions:

(i) Coercivity: there exist C'> 0 and 7: (0,4+00) — (0, +00) Borel satisfying
h
)

li h) = = = 2.
et hiy(h) = +o0, hstoo h too, (2:5)
such that

VFERfXN, V)\GRN, W(F,\) > C|F|P + ~(det F); (2.6)

(ii) Partial polyconvexity: there exists a continuous function
W2 RN o RN 5 (0, 4-00) x RV \ {0} — [0, +00),

such that the map F W(F, My (F),...,My_o(F),cof F, h,A) is convex for
every h > 0 and A € RV \ {0}, and, for every F' € RY*" and A € RV \ {0}
with || det F' = 1, there holds

o~

W(F,X) =W(F,My(F),..., My _o(F),cof F,det F', \). (2.7)
Concerning (i), prototypical examples of functions 7 satifying (2.5)) are given by
y(h) == h™" + A, v(h) = ch* — dlog h, (2.8)

for some a,b > 1 and ¢,d > 0 (see Figure [2.1)). In particular, it is not restrictive,
but also not necessary, to assume that v is convex.
Observe that the first limit condition in (2.5 entails the more natural one

lim v(h) = +o0. 2.
Jm 7y (h) = +oo (2.9)

This condition is fundamental from the modeling point of view, as it ensures that
the elastic energy blows up in case of extreme compressions. Additionally, in view
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of (2.9), we can extend the map W by continuity as W: RV*N x RN — [0, +o0] by
setting W(F,X) = +oc for every F € RV*Y with det F < 0 and XA € RY. Moreover,
thanks to (2.9)), each ¢ = (y,m) € Q with E®(q) < 400 satisfies det Dy € L*(Q)
and 1/ det Dy € L'(Q).

Condition (ii) is close to the assumption of W (-, X) being polyconvex for every
A € RY. On the one hand, the function W does not depend on A € RY. On the
other hand, in (ii), the convexity requirement does not involve the determinant of
F. An example of function W satisfying (ii) is provided in Example 2.1} In (ii), for
every € {1,..., N}, we denote by M, (F') the square matrix of order (]X) whose
terms are all the minors of order r of F' with a given sign and order. A possible choice
in this sense is described in [43, Section 5.4|. In particular, there hold M;(F') = F,
Mpy_1(F) = cof F and My (F') = det F. To clarify, in the case N = 2, the identity
(2.7)) reads

—

W(F,\) = W(F,det F,\),

while, for N = 3, we have

—~

W(F,\) =W(F,cof F,det F, \).

Note that the continuity of W entails the one of . Since y has the Lusin property
(N1, the composition m o y is measurable and well defined, in the sense that the
equivalence class of the composition does not depend on the representative of m nor
of the one of y, by claim (ii) of Lemma[I.4] This ensures the measurability of the
integrand in E°(q).
Example 2.1. Let N = 3. Define L: S* — R¥® by setting L(z) = I + cz2 ® z,
where ¢ > 0 is given. Let ®: RY*N — [0, +00] be continuous and define the function
W RPN < RN\ {0} — [0, +00] by setting

W(F,\) = ®(L(Adet F)'F).
Observe that, for every z € S?, the matriz L(2z) is actually invertible since

det L(z) =1+c.

Suppose that the function ® satisfies the following property of partial polyconvezity:
there exists ®: RN x RY*N x (0, +00) — [0, 4+00) continuous such that the map

E </I\>(E, cofE, d) is convex for every d > 0 and, for every E € R**®, there holds
D(E) = O(E, cof B, det B).

In this case, W satisfies condition (ii) above. This fact is very easy to check. Let
F e RN and X € RV \ {0} with |[A|det F = 1. Using the Cauchy-Binet formula
together with the identities

1
det A’

cof (A1) AT, det(A™Y) =

T det A
for every A € R¥3 we have
W(F,A) = (L(Adet F)~'F, cof (L(Adet F)"")cof F, det(L(A det F')~") det F)

1 det F'
“det L(Adet F) det LAdet F) )

=0 (L(A det F)'F L(Adet F)Tcof F,

53



2.1. Setting of the problem 2. Existence of minimizers

Therefore, we define W : RN x RPN x (0, +00) x RV \ {0} — [0, +00) by setting

1

7 RS -1
W(F,G,h,\) = (L()\h) F, —detL()\h)

- h
L(AL)TG, m) .

From the convexity of E +— CT>(E,c0fE,d) for every d > 0, we deduce the one of

(F,.G) — W(F, G,h,\) for every h > 0 and X € RY. Moreover, the previous
computations give the identity

—

W(F,\) =W(F,cof F,det F', \)

or every F € RN and X € RV \ {0} with |A|det F = 1. This proves the claim.
+
An analogous example is valid for arbitrary dimension N € N.

The second term in constitutes the exchange energy and is given by an integral
on imr(y, ), where we refer to Definition [I.30] Since this set depends only on the
equivalence class of y, we see that the exchange energy is well defined.

The third term in represents the magnetostatic energy and involves the stray
field potential 1,,,: RY — RY. This is given by a weak solution of the Maxwell

equation:
div (D¥m — Ximr(moym) =0 in RV, (2.10)

Equivalently, 1, € V12(RY) satisfies the following:
Vo e VEHRY), /N (DYm — Ximryym) - Do d€ = 0. (2.11)
R

The next result provides the existence of weak solutions to the Maxwell equation,
which are shown to be unique up to additive constants. As a consequence, the
magnetostatic energy is actually well defined.

Lemma 2.2 (Weak solutions of the Maxwell equation). Let ¢ = (y,m) € Q.
Then, the Mazwell equation (2.10) admits a weak solution vy, € VW2(RN) which is

unique up to additive constants and satisfies

HDw’rnHLZ(RN;RN) S HXimT(y,Q)ml|L2(RN;RN)' (212)

Proof. The proof is taken from [I8, Proposition 8.8|. First, observe that the quotient
space V12(RY)/R is an Hilbert space with respect to the inner product

(b [Dysaoye = [ Do~ D

Also, the linear functional T;,,: V1?(R")/R — R defined by

To([]) = / Xima(y, )M - Dp d§
RN
is well defined and continuous on this space. Indeed, by the Holder inequality, we

have

T ([2])] < [ Ximr )™ 2@y w2y ([ Dl 2@y my)

(2.13)
= |[Ximr .07 22V R ) H[SO]HVL?(RN)/R-
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Therefore, by the Riesz Representation Theorem, there exists 1, € V1(RY) such

that T ([]) = ([m], [0])y12mnp for every ¢ € VE2(RYN), so that (2.11) is satis-
fied. As its class in V1?(RY)/R is uniquely defined, the function ,, is unique up

to additive constants. Estimate (2.12)) follows since, in view of (2.13)), we have

HWm]HVL?(RN)/R = HTmH(vw(RN)/R)/ < HXimT(y,Q)mHLQ(RN;RN)'
0

Remark 2.3 (Variational characterization). The weak solution ), of (2.10)
can be equivalently characterized as a minimizer of the convex functional

P = / | Dy — XimT(y,Q)"7’L|2 dg
RN

defined on V12(R¥Y). Indeed, ([2.11)) represents the weak form of the corresponding
Euler-Lagrange equation. Thus, the Direct Method provides an alternative way to
prove the existence of weak solutions of (2.10)).

Remark 2.4 (Integrability of the stray field potential). Since the datum of
the Maxwell equation, i.e. the map Xim;(y,0)m™, has trivially compact support, it
can be shown that admits a solution belonging to W12(RY). For a proof, we
refer to [55, Theorem 2 and Remark 3.1]

The aim of the chapter is to establish the existence of minimizers of the magnetoe-
lastic energy functional under Dirichlet boundary conditions on the deformations.
The result reads as follows.

Theorem 2.5 (Existence of mimimizers). Assume (2.6)—(2.7)). Let I' C 99 be
measurable with N 1T) > 0 and let g € V,(Q). Set

Q={g=(ym)ecQ:y=gonT} (2.14)
Then, the functional E admits a minimizer in Q. Analogously, if § € y;“j(Q), then
the functional E admits a minimizer in Q@ ~ = QN QM.

Some variants of the previous theorem will be discussed at the end of Section [2.3]

2.2 Compactness

In this section, we establish a compactness result that is going to be instrumental for
the proof of the existence of minimizers as well as for the analysis in the quasistatic
setting.

Theorem 2.6 (Compactness). Let (g,) C Q with q,, = (y,,, m,,) for everyn € N.
Suppose that

y, =y in WPQ;RY), det Dy,, — det Dy in L*(Q). (2.15)
for some y € V,(Q2). Additionally, suppose that

(1/det Dy,,) is equi-integrable, (2.16)
(Ximr(y,.0)Dmy,) is bounded in L*(RY; RV*N). (2.17)
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Then, there exists m € W12(imrp(y, Q); RY) such that q = (y,m) € Q and, up to
subsequences, the following convergences hold:

XimT(yn,Q)mnA XimT(y,Q)m in L2(RNa RN); (218)
XimT(wa)D'Inn4 XimT(y,Q)Dm m LQ(RN; RNXN); (2.19)
m,oy,— mouy ac. inQ and in L*'(QRY). (2.20)

Moreover, up to subsequences, there hold:

1 1
_>
det Dy,, det Dy

det Dy, — det Dy in L'(Q), in L*(Q); (2.21)

m, oy, det Dy, — m oydet Dy in LY(Q;RY) for 1 < ¢ < oo; (2.22)

Ximr(y,,,2) M0 — Ximp(y,Q) @.€. in RY and in LYRY;RY) for 1 < q<2. (2.23)
In particular, if (q,) C Q™ then ¢ € Q™ and, up to subsequences, there holds:

Ximr(y,,,Q) My — Ximr(y,Q) T m L2(RN; RN> (224)

For convenience of the reader, we will provide two different proofs of this result: a
first one for the case p > N assuming the global invertibility of deformations, and a
second one without any additional assumption. The two proof are presented in the
next two subsections.

2.2.1 Proof of Theorem for p > IN assuming global invertibility
We provide a first proof of Theorem under the two additional assumptions:
p>N, (g, cC Q" (2.25)

Note that, given , the second assumption in is redundant as it follows
from the first one by the weak continuity of minors.

In this first proof of Theorem [2.6] the identification of the limiting magnetization as
well as the verification of the magnetic saturation constraint for the limiting state
simplify a bit in view of the precise description of the topological image provided
by Lemma [1.47, However, the general strategy does not depend on the additional
assumptions . Otherwise, the proof of the convergence of the compositions
provided here exploits substantially the continuity of admissible deformations and
their uniform convergence inferred by the Morrey embedding.

Proof of Theorem[2.4] for p > N assuming global invertibility. For convenience of the
reader, the proof is subdivided into five steps.

Step 1 (Compactness of magnetizations). By the Morrey embedding, up to
subsequences. there holds y,, — y uniformly in Q. As (y,) C Y)M(Q) by (2.25),

from ([2.15)) and Corollary we deduce that y € Y(Q). For every n € N, set

Uy, = XQun My, V., = xov. Dm,,.
Applying Proposition and exploiting (2.1]) and (2.25)), we compute

1
mn2d§:/ mnoyn2detDynda}:/—dw. 2.26
/imT(yn,Q) ] 0 | | o det Dy, (2.26)
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By , the right-hand side of the previous equation is uniformly bounded, so that
(v,,) is bounded in L*(RY;RY). Also (V,,) C L*(RY; RY*") is bounded thanks to
([2.17). Therefore, there exist v € L*(RY;RY) and V' € L*(RY; RV*") such that,
up to subsequences, we have

v, —vin L*(RY;RY),  V, =V in L*(RY; RN, (2.27)

Let V' CC Q¥ be a smooth domain. By claim (i) of Lemma|l.18, we have V' CC Q¥»
for n > 1 depending on V. From this and from the boundedness of (v,) and (V)
in L2(RY; RY) and L?(RY; RV*N) respectively, we see that

/2
sup ||mn||W1v2(V;RN) = sup {anH%Q(V;RN) + ||V7L||%2(V;]RNXN)} <C, (2.28)
n>1 n>1

for some constant C' > 0 which does not depend on V. Thus, there exist a subse-
quence (m,, ) and a map m € Wh2(V;RY), both possibly depending on V, such
that

m,, — min W-(V:RY), m,, — mae. inV. (2.29)

Here, we employed the Sobolev embedding which is available in view of the smooth-
ness of V. Given (2.27), we deduce m = wv|y and Dm = V|, almost every-
where, so that the limiting map does not actually depend on V. Hence, can assume
m € WL2(QY; RY). In fact, since the constant on the right-hand side of is

ocC

also independent on V, there holds m € W12(Q¥; RY).

Now, we write Q¥ = [ J:°, V; for a sequence of smooth domains (V;) with V; CC QY.
Proceeding as in and then by means of a diagonal argument, we select a not
relabeled subsequence of (m,,) such that

VieN, m, —min W?V;RY), m, — mae. inV,.
This clearly yields the following:
YV cC QYopen, m, —min W(V;RY), m, - mae inV. (2.30)
We stress that no smoothness of V' is required in the previous equation.

Step 2 (Magnetic saturation constraint). In order to state that ¢ = (y, m) €
Q, we are left to show that (2.1]) holds true. For every n € N, we have

|m, oy,|det Dy, =1 a.e. in Q. (2.31)
Thanks to claim (i) of Lemma and Theorem [1.41] there holds
vV ccC QY open, y;}Q — ygo' ae inV. (2.32)

Let ¢ € C*(Q,) and set K = suppp. Let V CC Q¥ be open with y(K) C V.
By continuity, y(K) is compact and hence closed. Thus, by uniform convergence,
we have y, (K) C V C QY for n > 1. Recalling and (2.31)), with the aid of
Proposition [I.46], we compute

/ sode/@!mnoyn\detDyndw
Qy K

:/ oy, Imnldéz/woynb I, | d€.
Y, (K) 14

n
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Taking into account ([2.30)) and ([2.32)), we pass to the limit, as n — oo, in the previous
equation by applying the Lebesgue Dominated Convergence Theorem. Then, using
once more Proposition [I.46] we obtain

/ wdw—/sooygl\m!dﬁ—/ poyg |m|d¢
2, v y(K)

:/cp|moy|detDydm:/ ¢ |m oy|det Dy de.
K

Qy
As the function ¢ is arbitrary and £V(Q\ Q,) = 0 by Lemma [1.47} the previous
equality proves (2.1).

Step 3 (Convergence of the extensions by zero). From Step 1, we know that
v|oy = m and Vo = Dm. If we show that v|gvgz = 0 and Vgn gz = O, then

(2.18)—(2.19) follow from ([2.27). Note that this argument implicitly exploits that

LN (OW) = LN (y(09)) = 0 by Proposition and Lemma |1.47]
Let W cc RY \ y(Q) be open. Then, by claim (ii) of Lemma |1.18 there holds

W C RV \ y,(Q) for n>> 1 depending on W. This yields v, | = 0 and V,, |y = O
for n > 1 and, given (2.27)), also vy = 0 and V| = O for n > 1. Since W is
arbitrary, this proves the claim.

Step 4 (Convergence of the compositions). First, from (2.16) and (2.31]), we
see that (m, oy, ) is equi-integrable. From this, we deduce the following:

forevery € > 0, thereexists d(¢) > 0 such that, forevery X C Q measurable

2.33
with 2V (X) < §(¢), there holds sup/ lm, oy, —moy|dx <e. (2:33)
X

neN
Second, recalling Theorem [I.52] and employing Proposition [I.46] we compute

1 1
det Dy;1)? dg = d:/_d_
/Qyn< et Dy,.0)"de Qun (detDynoy;}z)2 ¢ q det Dy, T

The right-hand side of the previous inequality is uniformly bounded by .
Hence, by the De la Vallée-Poussin Criterion [62], Theorem 2.29] we deduce that,
for every V' CC Q¥ open, the sequence (det Dy;b), where we consider only n > 1
depending on V' given by claim (i) of Lemma , is equi-integrable on V. Taking
into account Corollay the following holds:

for every £ > 0, there exists 6(V,¢) > 0 such that,
for every Y C V measurable with 2~ (Y) < §(e, V), (2.34)
there holds 2" (y~(Y)) + sup 2V (y; 1 (Y)) < ¢,

n>1

where the supremum is taken among n > 1 as above.

We now prove (2.20). Let n > 0 be arbitrary. We take V CC QY open such that
LN\ y 1 (V) < 6(n) with §(n) > 0 chosen according to (2.33). Recalling claim
(i) of Lemma [1.18] for n > 1 such that V' CC Q¥ we write

/!mnoyn—moyldwz/ lm, oy, —moy|dx

Q Q\yil(v) (235)

+/ im, oy, —moy|dw.
y~ (V)
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By ([2.33)), the first integral on the right-hand side of the previous equations is less
that 7. For the second one, we split it as

/1 ]mnoyn—moy|dac:/1 B lm, oy, —moy|dr
y1(V) Yy (V)\yn (V) (2.36)

+/ imy, 0y, —moy|de.
Yy (V)Nyn (V)

We claim that 2V (y=*(V)\y,,*(V)) < &(n) for n > 1 depending only on 7. In that
case, we see from that the second integral on the right-hand side of is
less that 1. To check the claim, let W C R¥ be open and such that V. cc W cc Qv.
Then, y(y~!(V)) = V CC W so that, by uniform convergence, y,(y~'(V)) C W
and, in turn, y~ (V) C y,;}(W) for n > 1. Thus, we have

y (V)N g, (V) Cyp W)\ g, (V) =y, (WA V), (2.37)

for n > 1. In particular, if W is chosen such that ZN(W \ V) < §(W,6(n)) with
5(W,8(n)) > 0 chosen according to (2.34), then the desiderd claim follows from
(2.37).

To estimate the second integral on the right-hand side of (2.36) we proceed as
follows. Let 6(V,d(n)) > 0 be chosen according to (2.34). By the Lusin Theorem,
there exists K; C V compact with £V (V \ K1) < 6(V,8(n))/2 such that m|g,
is continuous. Also, by the Egorov Theorem, there exists Ky C V' compact with
LN(VN\K,y) < §(V,8(n))/2 such that m,, — m uniformly on K,. Set K := KN K>,
so that K C V is compact with ZN(V \ K) < §(V,8(n)). Observe that

y ' (V)ny,'(V) C (y (K) Ny, (K) Uy (V\K) Uy, (V\ K),
so that for the second integral on the right-hand side of (2.36]) we have

/ (V) *1(V) |mnoyn_moy|dw
Yy NYn

< / im0y, —moy|de (2.38)
Yy LK)y, ' (K)

+/ [m, 0y, —moy|de.
y 1 (V\K)Uy,  (V\K)

By (2.34)), given our choice of the set K, the second integral on the right-hand side
of (2.38]) is less than 7. For the first one, using the triangle inequality, we write

/1(K) “1(K) 0 Yo =m0 y|de
Yy Nyn

S/ im, 0y, —moy,|dw (2.39)
y~ 1K)y, ' (K)

+/ lm oy, —moy|dx.
YL (K)Nyy ' (K)

Note that, in the previous equation, the composition m o y,, is meaningful, at least
for n > 1, since the domain of integration is a subset of y~'(V) Ny, (V) and
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V . Q¥» N QY. Thanks to the uniform convergence, for n > 1 depending on 7, we
have

sup [m,(§) — m(§)| <,
{eK

which yields
/ im0y, — moy,|dz < 1.2y (K) Ny, (K)) < 0.2 (Q).
y=L(K)Ny, ' (K)

On the other hand, m is uniformly continuous on K. Namely

for every € > 0, there exsits d(¢) > 0 such that, for every &,,&, € K

with [€; — &,| < d(¢), there holds |m(&,) — m(&,)| < e.

As a consequence, for n > 1 such that [y, — yllco@ry) < (1), there holds
/ moy, —moyldz <y.27(0)
Yy~ (K)Nyn ' (K)

Therefore, combining ([2.35)—(2.36)) and ([2.38)—(2.39)), we deduce that

limsup/ lm, oy, —moy|dx < (34+2.2Y(Q))n.
Q

n—oo
As 7 is arbitrary, this establishes ([2.20)).
Step 5 (Improved convergences). By (2.1) and (2.31]), we have

J

Given , the right-hand side goes to zero, as n — oo, and this yields the
second convergence in . In particular, up to subsequences, we have det Dy, —
det Dy, almost everywhere. On the other hand, (det Dy,,) is is bounded in LP/Y ()
and hence equi-integrable by the De la Vallée-Poussin Criterion [62, Theorem 2.29|.
Therefore, the first convergence in follows by the Vitali Convergence Theorem.
Given and , claim is proved by applying the Dominated Conver-
gence Theorem to a subsequence converging almost everywhere whose existence is
ensured by f.

Eventually, employing Proposition as in , from , and ,

we deduce that

1 1
det Dy, det Dy

‘dm:/‘|mnoyn|—|moy||dm
“ (2.40)

S/]mnoyn—mom dx.
Q

lim |m,|? d¢ = lim/|mnoyn|dw:/|moyldw:/ Im|* d¢.

n—o0 [oy,

This, together with (2.18]), yields (2.24)). In particular, thanks to claim (iii) of
Lemma we see that all the maps of the sequence (v,) are supported in a
common bounded set for n > 1, so that (2.23)) follows from ([2.24)). O
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2.2.2 Proof of Theorem [2.6]

We now go back to the general setting with p > N — 1 without assuming the
global invertibility of admissible deformations. Here, the identification of a limiting
magnetization and the verification of the magnetic saturation constraint for the
limiting state become more delicate in view of the local character of Definition
In this setting, the convergence of compositions is established with a different
argument with respect to the one employed in Subsection

The proof of Theorem makes use of the following construction involving the
topological image of nested balls.

Lemma 2.7 (Topological image of nested balls). Let y € V,(2) and let z €
be such that y is reqularly approzimately differentiable at xog with det Vy(xg) > 0.
Then, there exists vz, > 0 with the following property: for every (y,,) C Vp(£2) such
that y,, — y in WEP(Q;RYN), there exist v, 7', 7" > 0 with

Tao < 1" <71 <1 < dist(xo; ON)

and a subsequence (y,, ), possibly depending on r,r" and 1", such that there hold:

B(2o, 7), B(@o, 1), B(ao, ") € [ Uy ™ NUy™, (2.41)

k=1
Y, — Y uniformly on dB(xq,r) U OB(xo, ") U OB (2o, 7"), (2.42)
imr(y, B(xo, ")) CC imr(y, B(xo, ) CC imr(y, B(zo, 7)), (2.43)

VkeN, imr(y,,,B(x,r")) CCimr(y, B(xzo, 7)) CC imr(y,, , B(xo,7)). (2.44)
In this case, up to subsequences, we have

Y, Beor) = Ybleon 06 inimr(y, B(xo, 1)) and
strongly in L' (imr(y, B(xg, r')); RY).

We stress that, in the previous statement, the radius r,, does not depend on the

sequence (y,,), but only on y and @xy. A graphical representation of ([2.43)—(2.44) is
provided in Figure 2.2

Proof of Lemma[2.7. We begin by checking the following claim:
Va>0,3rr>0: 0<r' < g <r<a LY PN, r)>0. (2.45)
Recall that ©1 (P,0) = 1. Thus, by definition, there holds
Ve>0,36(e)>0:V0<p<de), (1—e)p<ZLYPN(0,p) < (1+¢)p. (2.46)
Let € > 0. Given 0 < r < a A (), by (2.4€]), we have
(1—eyr <L (Pn(0,r) < (l+e)r (2.47)
Similarly, for 0 < r’ < r/2 A d(e), we obtain

(1—e) <L (Pn(0,7) < (1+e) (2.48)
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im (y, B(xo, 7))
imp(y, , B(zo,r))

Figure 2.2: The sets imr(y, B(zo,r”)) and imr(y,,,B(xo,7"”)) are both contained in
im(y, B(xg,r’)) which, in turn, is contained in the intersection of imr(y, B(xq,r))
and imT(ynk,B(mo, r)).

Combining —, we estimate
LYPn@, ) =LY (PN r)=2L(Pn0r) - L (Pn(0,7))

(=) — (1t > (%—ge)fr.

As we may assume € < 1/3, this proves ([2.45)).
First, by applying (2.45)) with o = dist(x; 092), we find py, po > 0 such that

Py < % < p < dist(zo; 0Q), L' (PN (pa, p1)) > 0. (2.49)

Analogously, by a repeated application of (2.45)), we find ps, p4, ps5, ps, P7, Ps, > 0
satisfying
Ps Ps P4 P3 P2

P7
< =< pr < =< pg< =< pg < —< Py < —< p3 < — 2.50
P8 5 P7 5 Pe 5 Ps 5 P4 5 P3 5 ( )

and
gl(P N (,04,p3)) > 0, gl(P N (pﬁ,p5)) > O, gl(P N (pg,p7)) >0 (251)

by taking oo = po/2, @ = py/2 and o = pg/2. Then, we set 14, = ps > 0.
Now, let (y,,) C V,(Q) be such that y, — y in WH(Q; RY). Thanks to (2.49) and
(2.51)), by Lemma and Lemma there exist 7 € PN (pa, p1), 7 € PN (p4, p3),

and a subsequence (y,,, ), possibly depending on 7~ and r, such that

B(xo,7), B(zo,7) € ) Uy, NU,
k=1
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and
Y,, — Yy uniformly on 9B (xo,7) U dB(xo, 7).

Note that, by , there holds r < 7/2. Therefore, thanks to Proposition we
conclude that each map y,, and also y, are almost everywhere injective on B(xo,7).
At this point, taking into account , we apply once more Lemma and
Lemma to select ' € P N (ps, ps) and " € PN (ps, pr), as well as a further
subsequence that we do not relabel, so that f are satisfied.
From (2.50)), we see that 7' < r/2 and " < 1//2. Thus, by claim (ii) of Lemma [1.21]
there hold

imr(y, B(xo, ")) Uy(0B(xo,r")) C imr(y, B(xo, 7)) (2.52)

and
imt(y, B(xo, ")) Uy(0B(xq, ")) C imr(y, B(x,1’")). (2.53)

These yield (2.43]). The first inclusion in ([2.44]) follows from (2.52)) by claim (iii) of

Lemma [1.18] whereas the second inclusion in (2.44]) is deduced from ([2.53)) by claim
(i) of Lemma [1.18] Finally, the last statement follows by Theorem [L.41] O

We are now ready to present the proof of our compactness result.

Proof of Theorem[2.6. This proof has the same structure of the one provided in
Subsection and is subdivided into six steps.

Step 1 (Compactness of magnetizations). In this step, we argue as in [I8]
Proposition 7.1]. For every n € N, set
Un ‘= Ximr(y,,,Q)Mn, V, = XimT(yn,Q)Dmn-

By ([2.17), (V) is bounded in L?(RY;R¥*¥). Also, (1/det Dy,,) is bounded in
L'(Q) thanks to (2.16). Applying Corollary and Proposition we compute

m 1
/ | n‘Qdé S / ’mnoyn|2detDyndaz: / —dw’
imr (yn,,€2) Q o det Dy,

where the last equality is justified by ([2.31)), which holds for every n € N. Thus,
(v,,) is bounded in L*(RY;RY). Therefore, there exist v € L?(RY;RY) and V €
L*(RY; RV*N) such that, up to subsequences, we have

v, — v in L*(RY;RY), V, — Vin L*RY; RV, (2.54)
Let U € Uy and let V' CC imp(y,U) be a smooth domain. By claim (i) of Proposi-
tion [1.32] there holds V' CC imr(y,,, 2) for n > 1. In this case, we have

1/2
sup ||, |w2 (v gy = sup {||Un|’2L2(v;RN) + ||Vn||%2(V;]RNXN)} <, (2.55)
n>1 n>1

for some constant C' > 0 which is independent on V. Thus, there exist a subsequence
(m,,,) and a map m € Wh2(V;RY), both possibly depending on V, such that

m,, — m in W"2(V;RY) (2.56)
m,,,— m in LY(V;RY) for every 1 < ¢ < 2* and a.e. in V. (2.57)
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Here, we applied the Sobolev Embedding Theorem. In view of (2.54)), there hold
m = v|y and Dm = V|, almost everywhere. In particular, we deduce that the
map m does not depend on V. As U and V are arbitrary and the constant on
the right-hand side of does not depend on these sets, we infer that m €
W2 (imr(y, Q); RY). In turn, there hold v = m and V = Dm almost everywhere
in imp(y, Q).

Now, we write imr(y, Q) = (J;°, Vi, where (V;) denotes a sequence of smooth do-
mains with the property that for every i € N there exists U; € U, such that
V; CC imr(y,U;). This is possible thanks to the Lindel6f property. Arguing as
in and applying a diagonal argument, we select a subsequence of (m,,), that
we do not relabel, for which there holds

VieN, m,—min WY (V;RY),
m,— m in LY(V;; RY) for every 1 < ¢ < 2* and a.e. in V.

This clearly entails the following:

V'V CCimp(y, Q) open, m, — m in W (V;R"Y),

) N ) (2.58)
m, — m in LY(V;R") for every 1 < ¢ < 2" and a.e. in V.

Step 2 (Magnetic saturation constraint). We check that holds. In this
case, ¢ = (y,m) € Q. Let ¢y € Q be such that y is regularly approximately
differentiable at x, with det Vy(x,) > 0. Let r,7',7” > 0 and (y,, ) be given by
Lemma [2.7] For convenience, we set

B = B(z,r), B = B(xzo,1"), B":=B(xo1").

Thus
imt(y, B") CC imr(y, B') CC imr(y, B) (2.59)

and, for every k € N, there holds
imrp(y,,, B") CC imr(y, B') CC imr(y,, . B). (2.60)

Also, we have
y;kl’B — y5' ae. inimy(y, B'). (2.61)

Let ¢ € C%(B") and set K := supp . With the aid of Proposition 7 we compute

/ pdx = / ¢ |my, oy, | det Dy, dx
B// B//

= / gpoy;kl,B M, | d€
imG(ynk vB”)
2/ Woyﬁkl,B e, | dE.
imT(y,B’)
Here, we exploited (12.31]) together with the identity
po y;kl’B =0 on img(y,, , B")\ img(y,,, K)
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and the inclusion img(y,,, , C 1mT(y, B’). The latter is justified by (2.60) and
by claim (iii) of Corollary- Given (2 and ([2.61]), taking the limit, as k — oo,

in the previous equation, we obtain

/ sodwz/ poyy |m|d¢
1" imT(y,B’)

= / poyp' Im|dg
img (y,B")
:/ ¢ |m oyl det Dy de.

Here, we applied Proposition [I.9 Similarly to before, we exploited the identity

poyy' =0onimg(y, B”)\ img(y, K)
and the inclusion img(y, B”) C imt(y, B") which comes from (2.59)) and claim (iii)
of Corollary [I.3T} As ¢ is arbitrary, this entails
|lmoy|det Dy =1 a.e. in B".

As almost every point in 2 has the same property of @y by Proposition [1.11] this
proves (2.1)).

Step 3 (Convergence of the extensions by zero). In order to establish —
([2-19), it is sufficient to show that v = 0 and V' = O almost everywhere in R" \
imr(y, ). To do this, we argue as in [I8, Proposition 7.1]. Recall and let
Y C RV \ imp(y, Q) be measurable with £V (Y) < 4+o00. Then,

/’undg‘ < 1im/ |v,| d€ =0,
Y =0 imT(yn»Q)\imT(yvﬂ)

where, in the last equality, we exploited claim (ii) of Corollary and the equi-
integrability of (v,). This last property follows from the boundedness of (v,) in
L*(RY;RY). The identity V = O almost everywhere in RY \ imr(y, Q) is proved
in the same way by exploiting ([2.17).

Step 4 (Convergence of compositions). From (2.31)) and (2.16]), we see that
(m,, oy,) is equi-integrable. If we show that

vdg' = lim
Y

n—oo

m,oy, > moy ae. in ), (2.62)

then (2.20)) follows by the Vitali Convergence Theorem.
First, we argue locally. Let xy € €2 be such that y is regularly approximately
dlfferentlable at o with det Vy(xo) > 0. Let r, 7', 7", ry, > 0 and ( be given

by Lemma [2.7 Let B, B’ and B” be deﬁned as in Step 2, so that r
1.9, we

hold true. Fix 1 < ¢ < 2* — 1. Exploiting (2 and applylng Prop051t10n
compute

/ |m,,, oy, |Tde = / imy, 0y, | det Dy, dx

:i/ [, |7 d€
imG (ynk ,B//)

[ Nt a1
AmT(y»B/)

65



2.2. Compactness 2. Existence of minimizers

By Lemma [2.7, there holds y, — y uniformly on 0B”. Thus, by claim (iv) of
Lemma [1.18, we obtain

N
Ximg (y,,, ,B") ~ Ximg(y,B”) &-€. 1 R™.

Recalling ([2.58)), we pass to the limit, as & — oo, in the previous equation with the
aid of the Dominated Convergence Theorem. Then, employing once again Proposi-

tion [1.9] together with (2.1]), we obtain

lim |mnk © yn;C |q dx = / Ximg(y,B”) |m|q+1 d€

k—o00 B imp (y,B/)

— [ jmirag
imG(y7B”)

:/ |m o y|?™ det Dy dx

= / |m o y|?de.

In particular, we see that (1, oy, ) is bounded in L4(B";RY). Hence, there exist
a subsequence of (my, oy, ), that we do not relabel, and a map A € LY(B"; RY),
both possibly depending on B”, such that m,, oy, — Xin LI(B"; RY). We claim
that A = m o y almost everywhere in B”. To see this, let ¢ € CO(B”;RY). With
the aid of Proposition and exploiting , we compute

(2.63)

My, 0 Y, - pda = / My, 0 Yy, [, 0 Yy, - det Dy, da

"

B//

—1
B / My, | e, - POoYn.B dg
.mG(ynk 7BH)

= / |mnk‘mnk 'Qooy;kl,B d€
imT(yﬂB/)

Recalling and , applying the Lebesgue Dominated Convergence Theo-
rem, we pass to the limit, as k — oo, on the right-hand side of the previous equation.
Note that this is justified as (|m,, |?) admits a integrable majorant by and
(po y;kl’ ) is uniformly bounded. We obtain

/ A-wdmz/ im|m - poyy'dg
" imT(va,)

— [ mimepoyyde

‘mG(vaH)

—/ lmoy|moy- ¢ det Dydx
B//

= moy - pdr
B//

This entails A = m o y almost everywhere in B”. Therefore, thanks to the Urysohn

property, the whole sequence (m,, oy, ) converges weakly to moy in L?(B";R").
Hence, as g > 1, the convergence in (2.63)) yields

My, 0y, — moy in LY(B";R")
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so that, up to extraction of a further subsequence, we have
m,, oy, — moyae. inB"

At this point, we stress that both the radius " > 0 of B” as well as the sequence
of indices (ny) depend on the point xy. However, " > r, > 0, where the latter
depends only on y and x.

To achieve , we employ a diagonal argument. Let €2y be the set of points & € €2
such that y is regularly approximately differentiable at xq with det Vy(xy) > 0. In
this case, ZV(Q\ Q) = 0 by Proposition [L.11] For every zy € Q, let 75, > 0 be
given by Lemmal[2.7] Thanks to the Lindeldf property, we find a sequence (z;) C
such that

Qo C | B(i,r2,). (2.64)
i=1
Now, by means of the previous local argument, for every i € N, we select a subse-
quence, indexed by <n§;)>, such that

m oy o — moy ae. in B(x;,ry,).
Ny LA
For each ¢ € N, we choose <n§;)> to be a subsequence of (n,(f_l)). In this way, we

have
VjeN:j<i, M) 0 Y, o — MOy ae. in B(xj,7y,).

Thus, setting n; = ngj ) for every j € N, there holds
VieN, my oy, - moyae in B(®;,rg,),

which, in view of (2.64)), yields (2.62)) for the subsequence indexed by (n;).

Step 5 (Improved convergences). From (2.20)), we obtain the first convergence
in as in (2.40). Up to subsequences, this yields det Dy, — det Dy almost
everywhere so t follows by the Vitali Convergence Theorem. Indeed, the
sequence (det Dy,,) is equi-integrable thanks to the second condition in and
the Dunford-Pettis Theorem [62, Theorem 2.82]. Claim (2.22)) follows combining
2.20) and the second convergence in ([2.21)) in view of d . To prove
2.23)), observe that, by claim (ii) of Proposition [1.32] and by (_2.58), there holds

. N
Ximr(y,,,.2)Mn — Ximp(y,Q)7 a.€. in RY.

AS (Ximp(y, ,2)Mn) is bounded in L*(RY;RY), by De la Vallée-Poussin Criterion [62,
Theorem 2.29|, the same sequence is g-equi-integrable for every 1 < ¢ < 2, so that
(2.23) follows by applying the Vitali Convergence Theorem.

Step 6 (Global injectivity). If (g,) C Q™ then ¢ € Q™ thanks to (2.15]) and

Corollary [1.43] Finally, we show (2.24)). Applying Proposition and Theorem
for every n € N, we compute

[ maPdg= [ myoy, et Dy, do = [ jm, oy, |da.
imr(y,,2) Q Q
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Here, we exploited (2.31)). Analogously, taking into account the injectivity of y and
(2.1]), we have

/ ]m|2d§:/]moy\zdetDydw:/lmoy\dw.
imr (y,9) 0 0

Thus, from (2.20)), we obtain

nh_?olo ||XimT(yn,Q)mn||L2(RN;RN) = ||XimT(y,Q)m||L2(RN;RN)
which, together with (2.18]), yields (2.24]). O

We conclude the subsection by explaining how the techniques employed here can
be used to prove the strong convergence of the composition of magnetizations with
deformations when the magnetic saturation constraint is formulated in the deformed
configuration as in [18]. The approach is described in the following remarmk.

Remark 2.8 (Compactness for sphere-valued magnetizations). Let (y,,) C
V,(Q) and let (m,) with m,, € W'?(imt(y,,,Q); S¥~!). Suppose that holds
for some y € Y,(2). Additionally, suppose that holds true and that there
exists y: (0,4+00) — (0,400) Borel satisfying such that

sug |v(det Dy,,) || L1y < +o0. (2.65)
ne

Then, there exists m € W2 (imr(y, Q); S¥71) such that the convergences in (2.18))-

- 2.20|) hold true. The identification of m as well as - 2.19)) have been achieved
in [I8, Proposition 7.1]. We only show how to prove the convergence of compositions.
Let oy € ) be such that y is regularly approximately differentiable at @, with
det Vy(xo) > 0. Also, let 7,7/, 7", 74, > 0 and (y,, ) be given by Lemma Define
B, B’ and B” be as in Step 2 of the proof of Theorem 2 [2.6] so that - 2.61]) hold
true. As in [I8, Proposition 7.8, we introduce 7: (0, +o00) — (0, +00) by setting

7(z) = z7(1/z). In this case, (2.9) yields

lim _’y(z) = 400

z——+00 z

Applying Proposition [1.9] and Theorem [1.26], for every k € N, we compute

— | det Dy ', d¢
imT(yn (det Dynk B> kB

:/B’y(detDynk)dw,

where the right-hand side is uniformly bounded thanks to (2.65)). Here, we used the
identity

/ A(det Dy ! ) d =
imr(y,, ,B)

det Dy;kl’B = (det Dynk)’1 o y;kl,B a.e. in imr(y,, , B).
In view of (2.59)), there holds

sup/ ~(det Dyn B) d¢ < Sup/ ~(det Dy;kl,B) dg,
mr(y,B’) imr(y,,, ,B)

keN Ji keN

ng’

68
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where the sequence (det Dy;kl’ p) 1s equi-integrable on imr(y, B’) by De la Vallée-
Poussin Criterion [62], Theorem 2.29|. At this point, Theorem ensures that, up
to subsequence, there holds

det Dy, ! 5 — det Dyz' in L' (imr(y, B')). (2.66)
Let o € CO(B";R"). Applying Proposition [1.39, we compute

mnk © ynk ) (P dm - / mnk‘ ’ LP © y”:IclvB det DyT_LkI7B d£
B! imG (ynk ,BH)

= / My, - poy,! ;det Dy, ' L dE.
.mT(val)

Recalling (2.58)), (2.61)) and (2.66]), we pass to the limit, as & — oo, in the previous
equation by employing [62, Proposition 2.61]. We obtain

lim My, 0y, - pdr = / m-@o ygl det Dng1 d&
k=00 [ gr im(y,B’)

:/ m-poyy det Dyz'd¢
img (y,B")

= [ moy - pdx,
B//
where, in the last line, we used Proposition [I.39] This yields
0y, — moyin L2, RY).

My,

In particular, as
||mnk O ynkHLQ(B”;RN) = Hm e} yHLQ(B”;RN) = D%N(B//)

for every k € N, this actually entails the strong convergence in L?(B”;RY).

By means of a diagonal argument analogous to the one employed in Step 2 of the
proof of Theorem [2.6] we select a subsequence for which the compositions converge
strongly in L?(Q; RY) and, more generally, in L(Q; RY) for every 1 < ¢ < cc.

2.3 Proof of Theorem 2.5

The proof of Theorem is a standard application of the Direct Method. For
future reference, we present the results concerning the coercivity and the lower
semicontinuity of the magnetoelastic energy functional separately. For the same
reason, the coercivity result is stated in a slightly more self-contained form.

Proposition 2.9 (Coercivity). Let (q,,) C Q with q,, = (y,,, m,) be such that

(y,,) is bounded in W'P(Q; RN), (2.67)
(Ximer(y, .00 Dmy) is bounded in L*(RY; RV*N), (2.68)
(v(det Dy,,)) is bounded in L*(92), (2.69)

where v: (0, +00) — (0,400) is a Borel function satisfying (2.5)). Then, there exists
qg = (y,m) € Q such that, up to subsequences, the convergences in (12.15)—(2.23
hold true. In particular, if (q,) C Q™, then ¢ € Q™ and the convergence in (2.24
holds true as well.
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Proof. By (2.67)), there exists y € WHP(Q; RY) such that, up to subsequences, there
holds

y, =y in WHP(Q;RY).
We need to prove that det Dy > 0 almost everywhere. From (22.5)) and (2.69)), by

De la Vallée-Poussin Criterion [62, Theorem 2.29| and the Dunford-Pettis Theorem
[62, Theorem 2.54], there exists h € L'(2) such that

det Dy, — h in L'(9Q).

Then, by Theorem , the map y satisfies and there holds h = det Dy
almost everywhere. As det Dy,, > 0 almost everywhere for every n € N, this yields
det Dy > 0 almost everywhere. Suppose by contradiction that det Dy = 0 in A for
some measurable set A C Q with ZN(A) > 0. In this case, det Dy,, — 0 in L'(A)
and, up to subsequences, det Dy, — 0 almost everywhere in A. Thus, by ,
~(det Dy,,) — +o0 almost everywhere in A and, by the Fatou Lemma, we have

lim inf/ v(det Dy,,) d > lim inf/ v(det Dy,,) de = +oc.
This contradicts (2.69) and we conclude that det Dy > 0 almost everywhere. Hence,
y € Vp(Q).

We claim that (1/det Dy,,) is equi-integrable. To check this, we define the function
7: (0,400) = (0, +00) by setting Y(z) := v(1/2). Assumption (2.5)) yields

lim
z—+00 z

Clearly, we have

/?(1/detDyn) d:c:/v(detDyn) de,
0

Q
where the right-hand side is uniformly bounded thanks to (2.69)). This gives the
claim thanks to the De la Vallée-Poussin Criterion [62, Theorem 2.29|. Taking into
account (2.68)), the proof is concluded by applying Theorem [2.6] O

The lower semicontinuity result reads as follows.

Proposition 2.10 (Lower semicontinuity of the magnetoelastic energy).
Let (q,) C Q with q,, = (y,,m,) for every n € N. Suppose that there exists

qg = (y,m) € Q such that the convergences in (2.15)) and (2.18)—(2.19) as well as
the almost everywhere convergences in ([2.20)—(2.21)) hold true. Then, there holds:

E(q) <liminf E(q,,). (2.70)
n—oo

Proof. By and by the weak continuity of Jacobian minors, we have that all
Jacobian minors of ¥y, converge weakly in L'(2) to the corresponding Jacobian
minor of y. At this point, we argue as in [95, Theorem 2.4|. Thanks to the weak
convergence of the Jacobian minors of deformations in L'(2) and to the almost
everywhere convergence in 7, exploiting and applying [14, Theorem
5.4], we obtain

E°(q) < liminf E%(q,,). (2.71)

n—oo
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From (2.19), by the lower semicontinuity of the norm, we immediately get
E®¢(q) < liminf E®(q,,). (2.72)
n—oo

For simplicity, for every n € N, set 1, := 1, . Thus, for every n € N, there holds

Vo e VI®Y), [ (Diy =~ Xy, cma) - D dé = 0. (2.73)
R
In view of the stability estimate (2.12)), we have

Sup HDwnHLQ(RN;RN) < sup HXimT(yn,Q)mn”LQ(RN;]RN)a
neN neN

where the right-hand side is uniformly bounded by (2.18)). Thus, up to subsequences,
there exists ¢ € V13(RY) such that

D1, — Dt in L*(RY;RY). (2.74)
Passing to the limit, as n — oo, in (2.73]) taking into account (2.18)), we deduce

Vo e VIARY), / (DY = Ximywoym) - Do d€ = 0. (2.75)
RN

Given the uniqueness of solutions of the Maxwell equation stated in Proposition [2.2
we can assume 1) = 1,,,. Then, by the lower semicontinuity of the norm, we obtain

E™*%(q) < liminf E™%#(q, ). (2.76)
n—o0

Finally, combining (2.71)—(2.72)) and ([2.76]), we establish (2.70]). O

The magnetostatic energy functional is actually continuous with respect to the no-
tion of convergnece provided by Theorem in the case of globally invertible de-
formations. This fact is the content of the following remark.

Remark 2.11 (Continuity of the magnetostatic energy). With the same no-

tation adopted in Proposition [2.10} suppose that (2.24)) and (2.74) hold true. Then,
there holds

Db, — Diby, in L*(RY; RY)
and, in turn,
lim E™%(q,) = E™*%(q).

n—o0
To check this, we test the weak form of the Maxwell equation with the stray field
potentials to see that, for every n € N, there holds

/ |D¢n|2 d£ = / Ximr(y,,,Q)Mn D¢n dE
RN RN
and, analogously
[ 1pvrde= [ Niaym Do de.
RN RN
Hence, from (2.24)) and (2.74)), we obtain
lim | Dy, | d€ = / | Dy d€,
RN RN

n—oo

which, together with (2.74)), entails the claim.
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We are finally ready to prove Theorem [2.5

Proof of Theorem [2.3. Let (g,,) C Q be a minimizing sequence with g, = (y,,,m,,)
for every n € N. In particular, for every n € N, there holds y,, = y on I'. The
sequence (E(g,,)) is uniformly bounded. Recalling (2.6)), this gives the boundedness
of (Dy,) in LP(Q;RY*YN) and also (2.68)-(2.69). By the Poincaré inequality with
boundary term, for every n € N, we have

1Y llzr@myy < C (1DY, |l o@rysvy + Gl e @my)) |

where the constant C' > 0 depends only on 2, N and p. This, together with the
boundedness of (Dy,,), entails (2.67). Hence, by Proposition 2.9, we deduce the
existence of ¢ = (y, m) € Q such that, up to subsequences, 1) hold true.
In particular, and the weak continuity of the trace operator ensure that y =y
on I') so that g € Q. Finally, applying Proposition we obtain

B(q) < liminf E(g,) = inf E(@),

so that g is a minimizer of E in Q. The proof under the constraint of global
injectivity of deformations is totally analogous. n

We conclude the chapter by presenting some possible variants of our existence result.
First, in view of Remark 2.8 we realize that our results can be used to provide an
alternative proof of [I8, Theorem 8.9]. More precisely, our results provide a more
direct proof of the lower semincontinuity of the elastic energy, while the remaining
arguments to prove the existence of minimizers remain unchanged.

Other variants of Theorem are collected in the following series of remarks.

Remark 2.12 (Applied loads). Let f € LY (Q;RY), g € L(X;RY), where
¥ C 09 is measurable, and h € L*(RY;RY), represent applied body forces, surface
forces and magnetic fields, respectively. The work of applied loads is determined by
the functional L: Q@ — R defined by

L(q) ¢=/f-yda:+/g-yda+/ h-mdg, (2.77)
Q z imT(y’Q)

where ¢ = (y, m). In particular, we see that the energy contribution corresponding
to external magnetic fields, known as the Zeman energy, is of Eulerian type. The
functional in is continuous with respect to the convergences in and
(2.18). Therefore, the proof of Theorem can be easily adapted to prove the
existence of minimizers of the total energy functional £ — L in Q and Q .
Remark 2.13 (Magnetocrystalline anisotropy). The effect of magnetocrys-
talline anisotropy can be accounted in the variational model by considering the
functional E®: Q — [0, +00) defined by

ani — ﬂ
b (q) o \/imT(y,Q) ¢ (’m’) dé’

where ¢ = (y,m). The density ¢: S¥~1 — [0,+00) is given by the restriction
of a polynomial function on RY to S¥—!. This function is strictly positive except
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for a finite set of direction, known as the easy axes. These represent the preferred
direction of magnetization which are determined by the crystalline structure of the
sample. The case of uniaxial anisotropy corresponds to the choice

o(z) = co (1 — (ao - z)2) ,
where ¢y > 0 and ay € SV~!, while in the case of cubic anisotropy we have

P(z) =1 ((a1-2)* (az-2)* + (a1 - 2)* (a3 - 2)° + (a2 - 2)* (a3 - 2)°)

+ea(ar - 2)* (ay - 2)* (as - 2)%,

where ¢, c; € R satisfy suitable relations and a4, a2, a; € SV~! are mutually or-
thogonal.

Given the regularity of ¢, the continuity of the functional E* with respect to the
convergence provided by Theorem follows from the almost everywhere conver-
gence in by applying the Dominated Convergence Theorem. Therefore, by
adding the anisotropy term to the magnetoelastic energy in , the extension of
Theorem 2.5 is achieved with no effort.

In particular, if ¢ € Q™ then, using Proposition [1.9) we can write

E™(q) = / ¢(m oy det Dy) det Dy d.
Q

Looking at this expression, the continuity of E* on Q™ follows also from ([2.21])—
(2.22)) thanks to the Dominated Convergence Theorem.

Remark 2.14 (Asymmetric exchange). Materials whose crystalline structures
lacks of inversion symmetries might exhibit asymmetric exchange, also known as
Dzyaloshinskii-Moriya interaction (DMI). This interaction has a fundamental role
in the formation of magnetic skyrmions [10§].

For N = 3, the asymmetric exchange is accounted by the functional EPM': Q — R
defined by

imt(y,)

EPM(q) = A/ curlm - mdg,

where A € R. From (2.19)) and , we immediately see that EPM! is continuous
on Q™ with respect to the notion of convergence provided by Theorem . Note
that the global injectivity of deformation is crucial for the validity of this property.
Since the parameter A may be negative, the coercivity of the total energy, given by
the sum of the magnetoelastic energy in ([2.4)) with the asymmetric exchange energy,
is not obvious. This property can be deduced by employing the so-called helical
derivatives [108]. For every j € {1, 2,3}, set

8;‘61777, = 0;m — Ae; x m.

Also, define the helical gradient as the matrix D"'m € RV*Y whose columns are
given by 0;*'m for j € {1,2,3}. Then, setting

g = [ DMmldg
.mT(yrﬂ)
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where g = (y, m), the following identity holds:

exc DMI hel A2 2 3A2 N
E™(q) + E”"(q) = E™(q) + — Im|*d§ — ——Z7(Q).
4 imr(y,82) 4

Exploiting this identity, it is possible to recover the coercivity of the functional
E+EPML Therefore, in view of the previous considerations, the proof of Theorem
can be adapted to the case in which the DMI term is included in the magnetoelastic

. e . . —=inj
energy to prove the existence of minimizers in Q

Remark 2.15 (Incompressibility). The case of an incompressible material is
implicitly included in our analysis. This corresponds the choice of the function ~
in (2.6) which is equal to +o0o whenever its argument is different from one. In
that setting, the constraint is equivalent to the requirement of magnetizations
being sphere-valued. Thus, as observed in [95, Remark 2.2|, the convergence of
composition follows easily by employing the Change-of-variable Formula.

Remark 2.16 (Integral boundary conditions). A simple variant of Theorem
consists in replacing the boundary condition in the sense of traces with an integral
boundary condition. That is, we define the functional EPT: Q — [0, +00) by setting

EP"(q) = / ly — 5P da,
T

where ¢ = (y, m), and we seek for minimizers of £ + EP™ in Q. Obviously, the
proof of the existence of such a minimizers works as the one of Theorem [2.5] From
a modeling point of view, in the case in which the material is clamped, integral
boundary conditions correspond to keeping track also of deformations of the clamp
itself.

74



Chapter 3

Existence of energetic solutions

In this chapter, we address the existence of quasistatic evolutions for our variational
model. Our analysis is set within the theory of rate-independent processes [110]
with the notion of energetic solution. The main result of the chapter is Theorem
which claims the existence of such solutions.

In Section [3.1] we describe the quasistatic setting and we recall the definition of ener-
getic solutions. In Section we study the approximate incremental minimization
problem and, in Section [3.3] we present the proof of Theorem [3.2] Eventually, in
Section [3.4] we mention an alternative setting and we show how the analysis can be
adapted according to the latter.

3.1 Setting of the problem

In this chapter, we mantain all the assumption stated in Section[2.1l Let T'> 0 be
the time horizon. Let I' C 9 be measurable with 52 ~'(T') > 0 and let 7 € )),()
be the boundary datum. Recall the definition of Q in ([2.14)).

Applied loads are determined by
f e AC([0,T); LY (;RY)), g € AC([0,T); L (5 RY)),
h e AC(0, T); L(RY; RY)),

representing mechanical body and surface forces, and external magnetic fields, re-
spectively. Here, 3 C 0f) is a measurable subset.
Recalling (22.4]), the total energy functional F: [0,7] x Q — R is defined as

Analogously to (2.77)), the functional £: [0,7] x Q@ — R is given by
L(t,q) = / ft)-yde+ / g(t)-yda —|—/ h(t) - mdg, (3.3)
Q b im (y,$)

where ¢ = (y, m). This functional accounts for the work of applied loads. Observe
that, given the regularity of the applied loads in , the map t — F(t, q) belongs
to AC([0,T1) for every fixed g € Q.

The dissipation distance D: Q x Q — [0, +00) is defined by

/ 1Z(q q)| de, (3.4)

(3.1)
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3.1. Setting of the problem 3. Existence of energetic solutions

where, for ¢ = (y,m) € Q, we set
Z(q) = m oy det Dy. (3.5)

From (2.1)), we see that Z(q): Q — R¥ is sphere-valued and, in turn, the dissipation
distance is always bounded.

Given a map q: [0,7] — Q, its variation with respect to D on the interval [s,t] C
[0,77] is defined as

!
Varp(q; [s, t]) == sup {ZD(q(ti_l), q(t)): = ¢,... ,tl)} , (3.6)

=1

where the supremum is taken over all the paritions II of [s,¢]. By a partition of
[s,t], we mean any finite ordered subset II = (¢°,... #!) of [0,T] for some [ € N
with s =% < ... <t/ = ¢ . The quantity in (3.6] represents the amount of energy
dissipated along the evolution described by g within the time interval [s,¢].

We present the definition of energetic solutions in our context.

Definition 3.1 (Energetic solution). A function q: [0,7] — Q is termed an
energetic solution of the quasistatic model if the function ¢ — 0,F (¢, q(t)) belongs
to L1(0,T) and, for every t € [0, T], the following two conditions are satisfied:

(i) Global stability:
Vte[0,T], Vg e Q, Flt.q(t)) < F(t.q)+Dlq(t),q); (3.7)

(ii) Energy-dissipation balance:
t
vVt el0,T], F(t q(t))+Varp(q;[0,1]) = 7:(07q0)+/ OpF (,q(7))dr. (3.8)
0

We stress that, in Definition [3.1} the Dirichlet boundary conditions have been di-
rectly incorporated into the state space.

The aim of this chapter is to establish the existence of energetic solutions for our
quasistatic model. The main result reads as follows.

Theorem 3.2 (Existence of energetic solutions). Let ¢° € Q satisfy
vgeQ, F(0,¢°) <F(0,9)+D(q’q) (3.9)

Then, there exists a map q: [0,T] — Q satisfying the initial condition q(0) = q°
which is an energetic solution of the quasistatic model. In particular, the map
q is measurable and uniformly bounded. Also, the map t — Z(q(t)) belongs to
BV ([0, T]; L*(; RY)), while the map t — F(t,q(t)) belongs to BV ([0,T]).

In the previous theorem, the measurability of g is meant with respecto to the Borel
sigma-algebra of Q, while, setting q(t) = (y(t), m(t)), the uniform boundedness of
q is understood as the one of the map

t = (Y1), Xime (w62 M), Xima (.00 DA(1))

from [0, 7] to WhP(Q; RY) x L*H(RY; RY) x L2(RY; RNY*N). Given the highly non-
convex character our energy functional, we cannot hope for better regularity for
energetic solutions nor for their uniqueness.
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3. Existence of energetic solutions 3.2. Incremental minimization problem

Remark 3.3 (Global invertibility). For simplicity, the statement of this chapter
have not been specialized for the case of of globally invertible deformations. How-
ever, it is clear that this requirement can be easily incorporated in the analysis by

employing Corollary [1.43|

The remainder of the chapter is devoted to the proof of Theorem The strategy of
the proof is standard and consists of two main steps: first, for a fixed partition of the
time interval, one solves an incremental minimization problem; then, one considers
a sequence of partition of vanishing size and constructs the desired solution from
the sequence piecewise-constant interpolants corresponding to the solutions of the
incremental minimization problems by compactness arguments. These two steps will
be addressed in the next two subsections.

3.2 Incremental minimization problem

Before proceeding, we show that our model fulfills the basic assumptions of the
theory of rate-independent systems [110].

Denote by Z C (0,7) the set of times for which the applied loads do not admit a
pointwise derivative. Given (3.1)), there holds .£*(Z) = 0.

Lemma 3.4 (Time-control of the total energy). There exist two constants
C, L > 0 such that, defining x € L'(0,T) by setting
(1) = C (170 gz, + 190 sam, + D0 2z
for every q € Q, the following estimates hold:
Vie (0, 1)\ Z, |0.F(t q)| <r(t)(F(t.q)+ L), (3.10)
Vs,t€[0,T], F(t,q)+ L < (F(s,q)+ L)eEOKE (3.11)
VEe[0,TI\Z Vs € [0,7], 10.F(tq) < n(t) (F(s,q) + L)eKOKOL  (3.12)
Here, we define the function K € AC([0,T]) by setting

t
K(t) = / k(1) dT.
0
In particular, the constant L is chosen such that

inf 7.7:(t,q) > —L. (313)
(t,@)€[0,T]xQ

Proof. First of all, we claim that there exist two constants C1, Ca > 0, both depend-
ing only on the given data, such that, for every ¢t € [0,7] and g = (y, m) € Q, there
holds

F(t,q) 2 Cr (IDyl gy + [7(det Dy)ll11co))

2 (3.14)
+ ”DmHL2(imT(y,Q);RN><N) - Cg.
Thanks to the Poincaré inequality with trace term, we have
lyllwismn) < C (IDYllsamn<n) + [1Fllrres)) (3.15)
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3.2. Incremental minimization problem 3. Existence of energetic solutions

where the constant C' > 0 depends only on 2, N and p. Define 5 as in the proof
of Proposition and recall that, by (2.5)), this function has superlinear growth at

infinity. Applying Proposition and exploiting (2.1]), we estimate
/ Im|*d¢ < / |m o y|? det Dy dx
imr(y,§2) Q

1
_ da = d
/Q‘moy] T /(;detDy e (3.16)
<C (1 + |17 (1/det Dy)HLl(Q)>
C (1+ |[v(det Dy)|| 11 @) ,

where the constant C' > 0 depends only on 2 and v. Employing (3.15] - the

Holder inequality and the trace inequality, we have

1Lt @) < [ F O ey 1Yoy + 19O |2 wmmy 1Yl Lr sy
+ Hh’(t)HL?(RN;RN) ||m||L2(imT(y,Q);RN) (3.17)
< (5 (HDyHLP(Q;waN) + ||y(det Dy)HE/IZ(Q)) + Cy,

for some constants C3, Cy > 0. These constants depend on the given data. In par-
ticular, they depend on the norms of f, g and h in the spaces C°([0, T]; L¥ (Q; RY)),
CO([0,T]; L¥' (2;RY)) and C°([0, T); L2(RY; RY)), respectively, as well as on the
norm of y in LP(I';RY). Then, recalling (2.6) and using and the Young

inequality, we obtain the bound

F(t.0) = ClDYIY qven, + [7(det DY) 11(0) + DM i)
- G (HDyHmm oy + [y (det Dy)|ffo) ) = €

= Gy <||Dy||LP g~y T [[y(det Dy)||L1(Q)>

+ ||Dm||L2(imT(y7Q);RN><N) — (O,
where the two constants C',Cy > 0 depend only on the diven data. This proves the
claim.

Now, recall that, for every fixed q € Q, the map t — F(t, q) belongs to AC([0,T).
In particular, for every ¢t € (0,7) \ Z, there holds

/f yd:z:—/ (t) - yda—/ h(t) -md€. (3.18)
im(y,Q)
For convenience, set
() = 1F Ol @zny T 19O mmmy + 1R 2@y ).
Employing again Holder and Young inequalities together with (3.14]) and (3.15)—
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3. Existence of energetic solutions 3.2. Incremental minimization problem

(3.16)), we estimate

0F (t. @) < 1 F Ol @z 19wy + 19O mpm) [l o)

+ || At M z2 @y mmy 1m | L2 e (.00 )

< C(®) (DYl ocoeem, + [7(det Dy) o) + Cs)
< CH() (1D, +||fy<detDy>uL1<m+o6)
< CR(t) (1 (t.q +02)+06)

C 1

1
Setting x(t) == CCy'(t) and L := Cy + O Cg, this proves (3.10). In particu-

lar, (3.13)) follows from (3.14) as L > Cs. From (3.10)), by applying the Gronwall
inequality, we deduce (3.11]). Finally, combining (3.10) —(3.11]), we obtain (3.12)). [

For convenience, in the next two results, we highlight the coercivity and lower semi-
continuity properties of the total energy functional. These are simple consequences
of the result of Chapter 2]

Lemma 3.5 (Coercivity of the total energy). Let (t,) C [0,T] and (q,) C Q
with q,, = (y,,, My,). Suppose that

sup F(tn, q,) < M, (3.19)

neN

for some M > 0. Then, there exists q € Q with ¢ = (y,m) such that, up to
subsequences, the convergences in (2.15)—(2.23)) hold true.

Proof. From (3.19)), thanks to %3.15;, we deduce (2.67)—(2.69). Thus, the

proof is concluded by applying Proposition [2.9 ]

Lemma 3.6 (Lower semicontinuity of the total energy). Let (t,,) C [0,T] and
(g,,) C Q with q,, = (y,,, m,). Suppose that there exist t € [0, T] and q € Q with

q = (y,m) such that that t, — t and that the convergences in ) and (2.18)-
(2.19) hold true as well as the almost everywhere convergence in 1-) Then, there

holds
F(t,q) <liminf F(t,,q,). (3.20)
n—oo

Proof. Observe that the functional g — L(t,q) is continuous with respect to the
convergences in (2.15)— (2.18)). This, together with Proposition [2.10] yields

F(t,q) <liminf F(t,q,).
n—oo
Hence, in order to establish (3.20)), it is sufficient to check that
Tim {F(tn, q,) = F(t,q,)} = lim {L(t,q,) = L(tr,q,)} = 0.

The last equality is easily checked by exploiting the boundedness of the sequences
(¥,,) and (Xime (g, .0)Mn) iIn WHP(QRY) and L2(RY; RY), respectively, together with
the continuity of the applied loads with respect to time ensured by (3.1)). O
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3.2. Incremental minimization problem 3. Existence of energetic solutions

We now introduce the incremental minimization problem.

Definition 3.7 (Incremental minimization problem). Let IT = (¢°,...,#') be
a partition of [0, 7] and let ¢° € Q. The incremental minimization problem (IMP)
determined by II with initial datum q° reads as follows: for every i € {1,...,1} find
q' € Q such that

F(t'.q) +D(g"".q) = inf {F(".9) +D(¢"".9)}. (3:21)

q

In the next result, we prove the existence of solutions of the incremental minimization
problem. These turn out to satisfy time-discrete versions of the global stability
condition and of the upper energy-dissipation inequality. Also, we establish some

estimates that are going to be instrumental for the compactness argument adopted
in the proof of Theorem [3.2]

Proposition 3.8 (Solutions of the IMP). Let IT = (t°,...,t) be a partition of
[0,T) and let ¢° € Q. Then, the incremental minimization problem determined by I1
with initial datum q° admits a solution (q',...,q"). Moreover, if q° satisfies (3.9),
then, for every i € {1,... 1}, the following hold:

VgeQ, F(t'q)< f(ti,a) +D(q',9), (3.22)
Ft',q")—Ft 1t ¢ ) +D(q ' at (r,q" ) dr, (3.23)
F(t',q)+L+> D" q) < (F(0,q°) + L) X (3.24)

j=1

Moreover, for everyi € {1,...,l}, the following estimate holds:
IF(#,q") = F(# . q7) + D@, q)|

< (Ft,q"Y) + L) (eK(ti)—K(t“l) _ 1) ‘
Proof. We first prove the existence of solutions. Let ¢ € {1,...,{} and suppose that
q'' € Qis given. Let (q,) C Q with g, = (y,,, m,) be a minimizing sequence for
the functional g — F(t',q) + D(¢'"",q). As the sequence (F(t',q,)) is bounded
with respect to n € N, by Lemma there exists ¢ = (y,m) € Q such that, up to
subsequences, the convergence in (2.15)—(2.22) hold true. Thus, by Lemma and

by the definition of the dissipation distance, we have
F(t'.q)+D(q"", q) <liminf F(#', q,) + lim D(q"", q,,)
=liminf {7(t',q,) + D(q" . q,)}
= mf {.7: (t,q)+D(g"",q)}.

(3.25)

This proves the existence of solutlons of the incremental minimization problem.
The other claims are achieved by means of standard computations [110, Proposition
2.1.4]. For convenience of the reader, we provide full details. First, combining
and the triangle inequality, we obtain

F(t',q")=F('.q")+D(q H7 q)-D(q ', q)
<F{t,q9) +D(q"'q) D" q")
< F(t',q) +D(q',q),
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which is (3.22)). To see (3.23)), we test (3.21]) with ¢°~! and we employ the Funda-

mental Theorem of Calculus to infer

F(t'q) ~ F(6 ) + Dlg ™ ) < F(t g — F(i ™ q)

t'L
= / O F(t,q 1) dr.
i—1

We now move to the proof of (3.24]). For convenience, for every j € {0,1,...,1},
we set f7 = F(t/,q’) and & := D(q¢’~ ', ¢’). From (3.24]), making use of ([3.12)), we

estimate

ti
fiad < fs / 0 F(7,q" ") dr
ti—1

@
tt

< U (L) / (e R dr (3.26)
ti—

— ity (fifl + L) (eK(ti)fK(ti’l) — 1)

= (fi' 4 L) KW -K®=Y) _ 1

In particular,
fi +L< (fi—l + L) eK(ti)—K(tifl)‘

and, by arguing by induction, we deduce

FrrD < (4 L) [T 000 = (£ + D)ef . (3.27)

Jj=1

Summing (3.26]), with j in place of i, for j € {1,...,i}, we have
DI I P (L) (eKW*K(“‘l) - 1) :
j=1 j=1 j=1 j=1

so that, employing (3.27)), we obtain

i+ Z &< fO+ sz(fj‘1 +1) (eK@j)—K(“’l) - 1)
j=1 j=1

<Oy (4 L) ZeK(tﬂ'*l) (eK(tJ‘)_K(tﬂ‘*l) _ 1)
j=1

D ()

=1

= (f°+ L)e"™).

This gives (3.23]). Eventually, we check (3.25)). Testing (3.22)) for s — 1 if ¢ > 1 or
(3.9) if ¢ = 1 both with g°, we have

< FE L )+ d

81



3.3. Proof of Theorem |3_2| 3. Existence of energetic solutions

From this, employing the Fundamental Theorem of Calculus and (3.12)), we compute
fr=f—-d<—(Ft.qd)-Ft".q))

ti
= —/ O F(,q")dr
ti—l
4 | (3.28)
<(f7+ D) / R(r)e KK ET g

$i—1

< (fi_l I (eK(ti)—K(tH) _ 1> .

Thus, combining (3.26]) and ([3.28)), we obtain (3.25). O

3.3 Proof of Theorem [3.2]

We are finally ready to proceed with the proof of Theorem

Proof of Theorem[3.3. We rigorously follow the scheme provided in [110, Theorem
2.1.6]. The proof is subdivided into five steps.

Step 1 (A priori estimates). Let (II,,) with II, = (t°,...,#") be a sequence of
partitions of [0,7] such that |IL,| — 0, as n — co. By Proposition [3.8| for every
n € N, the incremental minimization problem determined by II,, with initial datum
q° admits a solution (ql,...,q!"). The corresponding right-continuous piecewise

constant interpolant g,,: [0, 7] — Q is defined by setting
(1) = q. ifteltt i) for somei € {1,...,1,},
Dl = N g it =T,

We claim that the following estimate holds:

sup { sup F(t,q,(t)) + Varp(q,,; [O,T])} < (F(0,¢") + L) KD = M. (3.29)

neN | t€[0,T]
To see this fix n € N. For every t € [0,77], let ¢ € {1,...,1,} be such that ¢t €
[ti=1¢8). By definition, we have
i—1

q,(t) =g, ", Varp(q,;[0.]) = > D@ ¢).

J=1
Thus, using (3.11)) and (3.24]), we estimate
i—1
F(t,q,(t) + L + Varp(q,; [0,1]) = F(t,¢ )+ L+ > D(g) ", q))
j=1
_ i—1
< (Fti ' gy ) + L) XO-RED LN " D(g) q))
j=1
i—1 .
< (f (g )+ L+ > D), qi)) oK)
j=1

< (F(0,q°) + L) e*®.
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3. Existence of energetic solutions 3.3. Proof of Theorem lﬂ

This proves .

For convenience, for every n € N, define f,,: [0,7] — R by setting f,(t) == F(t, q,(t)).
By , we already know that the sequence (f,) is uniformly bounded. We now
establish a uniform bound for the total variation of the functions f,,. Denote by [f,]’
the jump of the function f, at time ¢’ . Since the map ¢ — F(t, g’ ') is continuous,
with the aid of (3.12) and (3.25)), we compute

601 = | {5) = 15— )]
tim {76 d) — (6~ 5.0 )
U a )~ )
< |f£—f£‘1|+/; |0 F (T, @) dr (3.30)

n

ti

n

/@(T)eK(T)’K(tifl) dr
1

<fi- S+ U D [

tn

. . i iy :‘;1
U= SN (7 D) (RO )
<d +2(fi'+ L) (eK(t“—K(t@_l) - 1) .

Second, for t € (¢! ¢1), we have f,(t) = F(t, q%") and, in turn, f,,(t) = 9, F(t, ¢).
Making once more use of (3.12)), we compute

it tn ! '
[ h@ler= [ 0
t t,

n
i—1
tn

<(fi'+ L)/ /g(T)eK(T)—K(tifl) dr (3.31)
e

<(fi' 4 L) (eK(t;wK(tf:l) _ 1) _
Thus, combining ([5.88])—(3.31]), we obtain
i—1

wasson =S [ o)

i=1 128

In -
<y {d; +3(fi 4 1) <eK<t;>—K<t; ) 1)}

(3.32)

< Varp(q,; [0,T]) + 3(f7 + L) (X — 1),

where in the last line we computed

In _ I _ _ _
Z (eK(t;)_K(tgl) _ 1) _ ZG—K(ﬂfl) (eK(t;) _ eK(tifl)>
i=1 i=1
In _ _
<y (emtm _ eK(t;*))
=1
= KM 1,
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Thus, (5.90) together with (3.29)), gives

sup Var(fy; [0,7]) < C(L,M,T). (3.33)

h>0

Step 2 (Compactness). Set
U {gea: F(t.g <M}

te[0,T]

and
= U (2@:qen.
t€[0,7)
In view of (3.29)), the sequence (q,,) takes values in H. For every n € N, we define

the functions
2,:[0,T] = LY RY),  A,:[0,T] — [0, +0c0)
by setting
zn(t) = Z(q,(t)),  An(t) = Varp(q,;[0,1]).
By construction, the sequence (z,,) takes values in K. Note that this is a compact
subset of L*(€; RY) thanks to Lemma [3.5 while, by (3.29)), there holds

sup Varpi vy (2n; [0, T]) = sup Varp(q,,; [0,7]) < M.
neN neN

Also, each function A, is clearly increasing and the sequence (4,) is uniformly
bounded by (3.29). At this point, we are in a position to apply Theorem m This
ensures the existence of functions

f:00,T] = R, z:[0,T] = L*(Q;RY),  A:[0,T] — [0, +00),

with f € BV([0,T]), 2 € BV([0,T]; L*(€;RY)) and A increasing, such that, up to
subsequences, there hold

Vi e [0,T], fult)— f(1), (3.34)
Vt€[0,T], zn(t)— 2z(t)in L'(QRY), (3.35)
Vte[0,T], An(t)— A(t). (3.36)

To construct the candidate solution q: [0,T] — Q we proceed as follows. First, by

(3.14)), every q = (y, m) € H satisfies
||D§||LP(Q;RN><N) + ||'y(det D@)HLl(Q) + ||D/m\||L2(imT(g7Q);RNxN) S O(M)

From this, setting

V= Xime @) V= Xime o) DM,
by arguing as in (3.15)—(3.16|), we deduce
[Yllwre@rny + [0l 2@y myy + |V 2@y < C(M). (3.37)

Therefore, we define X as the set of triples
(.0, V) e WH(Q:RY) x LARY;RY) x L}(RN; RV*Y)
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3. Existence of energetic solutions 3.3. Proof of Theorem lﬂ

satisfying (3.37)). This is endowed with the product weak topology which makes
it a compact metrizable space. Now, let g, (t) = (y,(t), m,(t)) for every n € N
and define the maps v,,: [0,7] — L*(RY;RY) and V,: [0,T] — L*(RY; R¥*N) by
setting

V(1) = Ximo(y, (6),0)Mn (1), V() = Ximo(y, 6),0) Dy (t).

In view of to the previous considerations, the map s,: [0,7] — X with s,(t) =
(y(t),v(t), V(t)) is well defined. We define the set-valued maps S,,: [0, 7] — P(X)
by setting S, (t) = {s,(t)}. Then, we define S: [0,7] — P(X) where S(t) is given
by the set of all limit points of the sequence (s,(t)) in X'. Clearly, S(t) is closed in X
and nonempty for every t € [0,T]. Also, by Proposition , the set-valued map S
is measurable. Therefore, by Theorem [I.60] there exists a measurable selection of S,
namely a measurable map s: [0,7] — X such that s(t) € S(t) for every t € [0,T].
Let s(t) = (y(t),v(t), V(t)). By definition of S, for every t € [0,T], there exist a
sequence of indices (ny), possibly depending on ¢, such that

Y, ()= y(t) in WP (Q; RY), (3.38)
v, (1) v(t) in L*(RY;RY), (3.39)
V.. ()= V(t) in L*(RY; RV, (3.40)

Thanks to Proposition we deduce several facts. First, y(t) € V,(2) satisfies
y(t) =y on I' and there holds

det Dy, (t) — det Dy(t) in L'(<2). (3.41)
Second, there exists m(t) € W2(imr(y(t),Q); RY) satisfying
|m(t) o y(t)| det Dy(t) =1 a.e. in ©,

such that
V() = Ximep(y(t). )M (t), V(1) = Xim (.00 Dm().

In particular, setting g(t) = (y(t),m(t)) € Q for every ¢t € [0,T], this defines a
measurable map q: [0,7] — Q. Third, up to subsequences, there holds

zn, (1) = Z(q(t)) in L' (G RY),
which, together with (3.35)), yields
z(t) = Z(q(t)) a.e. in Q.

For every n € N, define P,: [0,7] — R by setting P,(t) = 0:£(t,q,(t)). As q,, is
piecewise-constant, the function P, is measurable. Also, by (3.10) and (3.29), we

have

|Pu(8)] < w(t) (F(t q,(t) + L) < (M + L)s(t) (3.42)

for almost every ¢ € (0,T), so that the sequence (P,) is equi-integrable. Thus, by
the Dunford-Pettis Theorem [62, Theorem 2.54|, up to subsequence, there holds

P, — P in L}(0,T) (3.43)
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for some P € L'(0,T). If we define P: (0,T) — R by setting

P(t) = limsup P, (1),

n—oo

then, by (3.42), we deduce P € L(0,T). Moreover, by the Reverse Fatou Lemma
[147, Corollary 5.35|, there holds P < P almost everywhere.

To identify 13, Let t € (0,7) \ Z. Up to subsequences, we can assume that, for the
sequence of indices (ny) for which(3.38)—(3.39)) hold true, we also have

P(t) = lim Py, (t).

In this case, recalling (3.18]) and exploiting (3.38])—(3.39), we deduce that ﬁ(t) =

O, F(t,q(t)). Therefore, this equality holds for almost every ¢t € (0, 7).

Step 3 (Stability). We first prove that the map g satisfies the global stabil-
ity condition (3.7). For every n € N, define 7,: [0,7] — II, by setting 7,(¢) =
max {s € II,, : s <t}. Since |II,| — 0, as n — oo, we have 7,(t) — ¢, as n — oc.
Also, by definition, there holds q,,(t) = q,,(7,,(t)) for every n € N.

Fix ¢ € [0,7] and let (ny) be the sequence of indices for which (3.38)—(3.41)) hold

true. By (3.22)), we have
Vg e Q,  F(r (1) 4, (1) < F(7,(1), @) + D(g,, (1), q)-

Passing to the limit, as & — oo, with the aid of Lemma taking into account

and f, we obtain
F(t, q(t)) <liminf F(7,, (1), g, (t))
< timinf { F(r, (1).@) + Dla,, (1).9)}
= F(t,q) +D(q(t), 9).

This proves (3.7)) for ¢ € [0, 7] fixed.

Step 4 (Upper energy-dissipation inequality). We want to prove the following
inequality

Vte[0,T], F(t q(t)+ Varp(g;[0,]) S]:(O,qo)+/0t O F (7, q(T))dr. (3.44)

Fix t € [0,7] and n € N. Let 7,(¢) be defined as in Step 3. We compute

[ F (8 qn (1) = F(7a(t), @u(7a(t)))]
= [F(t, 4, (7a(1))) = F(7a(t), @, (1 (1)))]

gL@@ﬂn%m@mw

< (F(1a(t), @, (1a(t))) + L) / t(t) k(1)K M=K@®) qr

< (M + L) (eK(t)—K(Tn(t)) _ 1) 7
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where we employed (3.12)) and (3.29). From this, we infer

Ft,q,(t) < F(1a(t), @u(ma(t))) + (M + L) (eKO-Km0) 1) (3.45)

Then, let 7,,(t) = ¢!, where i € {1,...,1,}. In this case, we have
i—1

0, (1a(t) =i, Varp, (@,: 0. 7(0)]) = Y .
=1

Summing the inequality (3.23)), with j in place of 4, for j € {1,...,7—1} we obtain:
F(7a(t), 4n(Ta(t))) + Varp(qy; [0, 7 (£)])

R (3.46)
< F(0.4) + / O F (T q, (7)) dr.
0

Since
Varp(g,; [0,t]) = Varp(q,; [0, 7. ()]),
the previous inequality together with (3.45)) yields

F(t, q,(t)) + Varp(q,; 0,1]) < F(7a(t), ¢,(1a(t))) + Varp(q,; [0, 7(1)])
+ (M + L) (eK(t)—K(Tn(t)) _ 1)

n(t)
< F(0,¢°) + / O F(1,q,(T))dr
0
+ (M + L) (KO-Km®) _q)

n(t)
= F(0,4°) + / P,(r)dr
0

+ (M + L) (RO~ Km®) 1)

(3.47)

Now, let (ny) be the sequence of indices for which (3.38)—(3.41]) hold. Thanks to
Lemma (3.6]), we have

F(t.q(t) < limint F(t,q,, (1) = f(2), (3.43)

where in the last equality we exploited (5.45)). Also, recalling (3.35)—(3.36|), the

lower semicontinuity of the total variation gives

Varp(q; [0,t]) = Varpiorw)(2; [0, t])
S lim inf VaI'Ll(Q;RN)(an; [O, t]) (349)

k—o00

= lillcrn inf Varp(q,,; [0,t]) = A(t).

Eventually, the convergence in ((5.56)) yields

Tn(t)

¢ ¢
lim P,(r)dr = / P(r)dr < / P(r)dr.
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Therefore, taking the inferior the inferior limit along (ny), as k — oo, in (3.47), we
obtain

F(t,q(t)) + Varp(q; [0,t]) < lilggirolf {F(t.q,,(t) + Varp(q,,;[0,t]) }
= f(t) +A)
< F(0,q°) + /t P(r)dr (3.50)

~

< F(0,q°) + /t P(r)dr.

Here, we exploited that 7, (t) — t, as k — oo. This proves (3.44)) for ¢ fixed.

Step 5 (Lower energy-dissipation inequality). Given ([3.44)), in order to estab-
lish (i), we are left to check the following inequality:

Vte[0,T], F(tqt))+ Varp(g;[0,t]) > F(0,q°) + /Ot O F(1,q(7))dr. (3.51)

This is deduced from (3.7)) by arguing as in [I10, Proposition 2.1.23|.

Step 6 (Regularity of the energy). To conclude the proof of Theorem
we have to show that the map t — F(t,q(t)) belongs to BV (]0,7]). Combining

(3.50)—(3.51)), for every t € [0, 7], we obtain
F(t,q(t)) + Varp(gq; [0,t]) = f(t) + A(t).

As F(t,q(t)) < f(t) and Varp(g;[0,t]) < A(t) by (3.48)—(3.49), we deduce the
identity F(t,q(t)) = f(t), which concludes the proof. ]

So far, we are not able to treat time-dependent boundary data in Theorem
In particular, the strategy in [64] seems not to be applicable to our problem. The
obstacle is that, regardless to the regularity of the boundary datum, the magneto-
static energy is not differentiable in time when composed with it. However, the other
energy terms are well behaved in this sense. Therefore, the strategy in [64] in combi-
nation with our results could be used to study quasistatic evolutions for variational
models of nematic elastomers with time-dependent boundary data. For our prob-
lem, time-dependet boundary data can be treated by imposing integral-boundary
conditions as described in the following remark.

Remark 3.9 (Time-dependent integral boundary conditions). For a given
function y € AC([0, T]; LP(T'; RY)), define EP: [0,T] x Q — [0, +00) by setting

£V (1, q) = / G(t) — yP da.,
T

where ¢ = (y,m). The proof of Theorem can be easily adapted to prove the
existence of energetic solutions q: [0,7] — Q driven by the energy F + EP*. Of
course, in this case, we do not prescribe any boundary condition in Definition [3.1]

Remark 3.10 (Convergence of solutions of the IMP). Theorem [3.2] can be
stated as a convergence result for sequences (q,,) of piecewise-constant interpolants
corresponding to a sequence (II,,) of partitions of [0,7] such that |II,,| — 0, as
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n — oo. Apart from the convergences already proved in the theorem, we also have
the convergence of the power of the applied loads. Namely, employing the notation
used in the proof, we have that P, — P in L'(0,T) and P = P almost everywhere.

Indeed, from (3.50)—(3.51)), we have

/OtP(T)dT:/Otﬁ(T)dT

for every t € [0, T], which yields the desired identity. Then, the strong convergence
is achieved by applying [64, Lemma 3.5].

3.4 Alternative setting

In this section, we briefly describe an alternative setting for the study quasistatic
evolutions for our variational model. This setting has been investigated in [29].
We refer to the same paper for more information and for the proof of the various
statements.

To motivate the introduction of this alternative setting, we begin by making an
observation. Let ¢ = (y,m) € Q and let T: RY — R" be a rigid motion with
Q = DT € SO(N). By superposition of g with T', we obtain the admissible state
q=(y,m) e Q, where y =T oy and m := Qm o T '. In this case, employing
the notation in (3.5)), we have

Z(q) = QZ(q)

so that
D(q.q) /!Q I)Z(q)| dz >0,

whenever Q # I. Basically, since the quantity in is not frame-indifferent, the
notion of dissipation defined in ([3.6)) makes possible to dissipate energy by composing
with rigid motions. Although this possibility is discouraged by energy minimization,
this is certainly questionable from the modeling point of view.

To overcome this issue, one can consider the map Z (@): Q — RY defined as
Z(q) = (adjDy)m o y det Dy. (3.52)

Notably, the quantity in (3.52)) is frame-indifferent. Indeed, with g as above, we
have

2(g) = Z(q). (3.53)

Also, given (2.1)), there holds Z (q) € LP/(N=1)(Q; RN). Therefore, one can define an
alternative d1851pat10n distance D: Q x Q — [0, +00) by setting

D(q.9) /|z Z(q)| dz. (3.54)

In this case, trivially yields 5(q,6) = 0. That is, with the definition in
, energy cannot be dissipated by means of composition with rigid motions.
This property constitutes an appreciable feature of the distance in (3.54)) which
makes it more realistic compared with the one in . In view of this observation,
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this notion of dissipation appears to be selective enough to only account for the part
of the magnetic reorientation that corresponds to changes of the geometry of the
deformed sets.

At this point, we might aim to prove the existence of energetic solutions for our qua-
sistatic model with D in place of D. First, we observe that D is lower semicontinuous
on sublevel sets of the total energy and, in turn, the incremental minimization prob-
lem is solvable. However, D is not continuous, so that the existence of energetic
solutions seems to be out-of-reach in this framework. Indeed, while the existence of
mutual recovery sequences [110] is in principle still possible, the explicit construction
of such sequences represents an extremely challenging task. This kind of situation
is quite common in large-strain theories, see [105] for an example in finite plasticity.
A practicable way to proceed with the analyisis relies on the notion of gradient
polyconvexity [22]. Recalling (1.7)), we restrict the following class of deformation

Yn(Q) = {y € YN(Q) : cof Dy € BV(QRV*N)} (3.55)
and we regularize the energy by adding the higher-order term
q = (y,m) — |D(cof Dy)|(€2).

Here, we denote by |D(cof Dy)|(§2) the total variation of the tensor-valued measure
D(cof Dy). Examples of deformations belonging or not to the class in (3.55)) are pro-
vided in Example and Example below. Of course, we could equivalently re-
strict ourselves to admissible deformations y € ),(2) with cof Dy € Whe(Q; RV*N)
for some a > 1 and augment the energy by the gradient term

q = (y,m) = || D(cof DY)||Te(qpxvewy-

In this way, by exploiting the Sobolev embedding, we recover the continuity of the
dissipation distance D on the sublevels of the regularized total energy. Therefore, the

existence of energetic solutions can be proved following the usual time-discretization
scheme [T10].

Example 3.11. Let N = 3 and let Q, P and y be as in Example [1.50. Then,
y € V,(Q). To see this, for every x € Q\ P, we compute

|l’1| O —I1 $3/|ZE1|
cof Dy(x) = | 0 || 0
0 0 1

Set f(x) == |x1| and g(x) = —xy23/|71|. Then f € Wh(Q), while g € BV ()
since

Dig=h#?L {0} x (=1,1)%

where Dy denotes the distributional derivative with respect to the first variable and
we set h(x) = 2x3.

Example 3.12. Define f: [0,1] — R by settmg f(z) = z*cos (7‘(‘/1’ ) for every
0 <x<1and f(0) =0, and let g: [0,1] — R be given by g(x _fo

We have f € C°([0,1]) \ BV([0,1]) and g € CY([0,1]). Moreover, g is stmctly
increasing and, in turn, injective. Let N = 3 and © == (0,1)3. Define y: Q — R?
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by y(x) = (21,29, g(x1)x3). In this case, y € C*(Q;R?) is a homeomorphism and
det Dy > 0. However

cof Dy(x) = 0 g(x)

so that cof Dy ¢ BV (Q;R3*®). Therefore, y € V,(Q2) \ jﬂvp(Q).

We conclude the section with two observations about this regularized setting. First,
by the Sobolev embedding, every y € W1P(Q;RY) with cof Dy € BV (Q; RV*Y)
satisfies

cof Dy € LY N1 (Q; RV*M),

Hence, recalling Example we have the identity
yini(Q) = {y e W (Q:RY) : cofDy € BV (Q;RYN), det Dy > 0 ace.,
Y a.e. injective}.

Second, in this regularized setting, we do not need to impose any polyconvexity
assumption on the elastic energy density. This possibility represents one of the main
advantages of gradient polyconvexity and relies on the following simple observation:
if (y,) C WIP(Q;RY) and y € WLP(Q; RY) are such that cof Dy, — cof Dy almost
everywhere, then there holds Dy, — Dy almost everywhere. For more information,
we refer to [22], 92] 93].
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Part 11

Dimension reduction problems






Chapter 4

Dimension reduction in the static
setting

In this chapter, we focus on the rigorous derivation of a reduced model for mag-
netoelastic plates by means of I'-convergence techniques. We consider low-energy
configurations by rescaling the elastic energy according to the linearized von Kér-
mén regime [65]. The main results of the chapter are Theorem and Theorem
describing the asymptotic behaviour of the energy of the plate, as its thickness
goes to zero. Precisely, Theorem identifies the reduced energy functional as the
[-limit of the bulk magnetoelatic energies, while Theorem [4.14] establishes the con-
vergences of sequence of almost minimizers of the bulk energies to minimizers of the
reduced energy.

We start in Section by describing the bulk model and the reduced model. The-
orem and Theorem are stated and proved in Section and Section

respectively.

Notation. In this chapter, the spatial dimension is N = 3. For every a € R?, we
denote by a’ € R? the vector given by its first two components. The same notation
is used with vector fields. For A € R3*3, we denote by A” € R?*? its submatrix
determined by the first two rows and the first two columns. With this notation, 0’
is the null vector in R?, while O” and I" are the null vector and the identity matrix
in R?*2, We denote by D’ the gradient with respect the first two variables.

4.1 Setting of the problem

In this section, we specialize the variational model introduced in Chapter 2 to the
case of plates. After stating all the assumptions, we perform a change-of-variable in
order to work with functionals defined on a common domain. Then, we introduce
the reduced model that will be rigorously derived in the following.

Note that, in this chapter, we are mainly interested in the asymptotic behaviour of
minimizers, as the thickness of the plate goes to zero, rather than in their existence.

4.1.1 The bulk model

Let ), := S x hl represent a thin magnetoelastic plate in its reference configuration.
The section S C R? is a bounded connected Lipschitz domain, the parameter h > 0
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gives the thickness of the plate and I == (—1/2,1/2).

Let the exponent p > 3 be fixed. We consider deformations ¢ € W»(Q,; R?) that
are almost everywhere injective and such det D¢ > 0 almost everywhere. In this
setting, by Lemma m, the topological image of 2}, via ¢ coincides with Qf Recall

that this set is defined as Qf = ¢(Q5,) \ (). The corresponding magnetizations
are maps m € WLQ(Qf; R3) satisfying the magnetic saturation constraint

|m o ¢|det Dp =1 a.e. in Q. (4.1)
We consider the following magnetoelastic energy functional:

Gu(p,m) ::%/Q Wh(D¢,mo¢)dX+/Q¢ |Dm|? d¢

| (4.2)
2

The first term in (4.2)) accounts for the elastic energy and it is rescaled according to
the linearized von Karméan regime [65]. Precisely, we assume

b >6Vp.

The elastic energy density Wj,: RY® x R3\ {0} — [0, +00] is continuous and, for
every F € R¥? and X € R?® with |A|det F = 1, takes the form

Wi(F,A) =@ (Ly(Adet F)"'F), (4.3)

for some function ®: R¥** — [0, +o0c]. In (#.3)), we define Lj,: S* — R3*® by setting
+ +

Ly(z) =1+ cpz® z, (4.4)

where ¢, > 0. Regarding the asymptotic behaviour of (¢;), we assume

Co ‘= hli%l"' W > 0. (45)
A direct computation shows that
det Lh(Z) =1+ Cp (46)

for every z € S%. In particular, the matrix Ly (2) is invertible and its inverse is given
by

Lﬂ@lzI—lf%z®z (4.7)

The function @ is assumed to satisfy the following:

(i) Normalization:
®(I) =0 = min P, (4.8)

(ii) Frame indifference:

VR e SO(3), VE € RY® &(RE)=d(E), (4.9)
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(iii) Growth: there exist Cp, Cy,Cy > 0 and a > 1 such that

VE e R¥?, O(E) > Cydist*(E; SO(3)) Vv dist?(E; SO(3)), (4.10)
and
VE R, OE) > ’defla‘a — O, (4.11)
(iv) Regularity:
® is continuous and of class C* in a neighborhood of SO(3), (4.12)
Given , we have
VReSO3),VzeS?, L,(Rz)'=RLyz)'R". (4.13)

This, together with , yields the frame-indifference of W},, namely
VRe SO3),VF e R”? VA€ R’ W,(RF,R\) =W,(F,X\). (4.14)
From (4.8) and , we realize that the function W}, is minimized on the set
{(RF,R\): FeR>® XeR’, Re SO(3), F=Ly(AdetF)}.

Instead, by (4.10]), the map ® has global p-growth and quadratic growth close to
SO(3). In particular, there exist C, Cy > 0 such that, for ¢ € {2, p}, there holds

VEEeRY?, @E)>C|E|"— . (4.15)

The specific form of the growth condition of ® with respect to the determinant in
(4.11)) is assumed just for simplicity. More generally, the this can be replaced by the
requirement

VE e RY? @(8) > v(det B),

where v: (0, +00) — [0,4+00] is a Borel and satisfies ([2.9)).
Assumptions (4.8) and (4.12)) justify the second-order Taylor expansion of ® close
to the identity. Precisely, we have the following:

1
VEER™: 8|« 1, (I +8)=QE) +wE) (4.16)

The quadratic form @ is defined by Q(E) = D?*®(I)(E, E) while w(E) = o(|E|?),
as |E] — 0T. Note that @ is positive semidefinite and, in turn, convex by (4.8).
Additionally, exploiting (4.10]) and (4.16)), and arguing as in [I13], p. 927], we show
that @) is positive definite on symmetric matrices. That is, there exists C' > 0 such
that

VE e R¥™3 Q(E) = Q(symE) > C|sym E[*. (4.17)

The last two terms in (4.2]) account for the exchange energy and the magnetostatic
energy. The stray-field potential 1, : R® — R is defined as a weak solution to the
Maxwell equation:

div (Dtpm — Xgem) =0 in R®. (4.18)
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4.1.2 Change of variables and rescaling

For h > 0, we introduce the map m,: R® — R3 defined by m,(x) == ((x')", has)".
Set Q := S x I. Given any deformation ¢ € W1?(Q,; R?), we consider the map
Yy = Ppomylqg € WHP(Q;R?). Then, Q¥ = Qf, where QY = y(Q) \ y(09). Recalling
and applying the Change-of-variable Formula, we obtain

1 1 1
pGulo.m) = [ WiDw.moy)de s [ [Dmiag

h ! (4.19)
a5 [ 1DvmP e,
where the scaled gradient is defined as Dy, == (D', h~'03). Also, yields
|lmoy|det Dy =1 a.e. in . (4.20)

Therefore, we define the class of admissible states as
Q= {(y,m): y € YI(Q), m e WH(Q¥R?), [moy|det Dy =1 aec. in Q}.

Here, Y™(Q) is defined as in (L.I6). In view of [.19), we consider the energy
functional Ej,: Q — [0,400) defined by

1 1
En(q) = ¥ /Q Wi(Dpy,moy)de + E/Q |Dm|*d¢
v (4.21)

— | | DYm|?d

where ¢ = (y, m). We denote the three terms on the right-hand side of (4.21) by
Edy,m), EX°(y,m) and E,"*®(y, m), respectively. Given (4.18), the function ¢y,
in (4.21) is a weak solution of the equation

div (D — xovm) =0 in R®. (4.22)

Remark 4.1 (Invariance with respect to rigid motions). The functional F,
is invariant with respect to rigid motions. To see this, let ¢ = (y,m) € Q) and let
T: R® — R3 be a rigid motion of the form T(£) := Q& + ¢, where Q € SO(3) and
cc R Ifweset = (y,m)c Q, withy:=Toyand m = QmoT ', then,
there holds E4(q) = Ex(q). Indeed, by (4.14), we have Ef'(q) = Ef(q) while, by
Proposition [1.46] we infer Ef*(q) = E5*(q). Also, if ¢ is a stray field potential
corresponding to g, then, using again Proposition we check that ¥ o T is a
stray field potential corresponding to q. Clearly, this yields E;%(q) = E;*®(q).

Remark 4.2 (Existence of minimizers for the bulk model). Our assumptions
on the function ® are compatible with the result obtained in Chapter [2 concerning
the existence of minimizers. Precisely, if ® has the partial polyconvexity property
stated in Example [2.1] the existence of minimizers of the functional Ej, for fixed
h > 0 is guaranteed by Theorem [2.5]

4.1.3 The reduced model

We introduce some notation that is going to be used in the remainder of this work.
For h > 0 and q = (y,m) € Qp, we define the (scaled) horizontal and vertical
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averaged displacements and the (scaled) first moment, respectively

Un(q): S — R? Vi(q): S — R, Whiq): S — R?,

by setting
1
Un(q)(x') = B2 I(y'(m’,xg) — ') dus,
1
Vi@)(@) = s [ 0@ da,

W(@(@) = 15 [ ma(u(elsan) = m (@' ) da

for every &’ € S. Furthermore, we define
Mu(q): Q — R, Nu(q): Q — R¥3, Zu(q): Q — S,
by setting
M(q) = (xavm) o 7y,

Ni(q) = (xavDm) o mp,
Z(q) = moydet Dyy. (4.23)

We stress that the map Z,(q) is sphere-valued as a consequence of (|4.20)).

Recall the quadratic form @ in (4.16)). As in [65], we define the reduced quadratic
by setting

~ % |0 : 3
Qred(X) == min {Q (((0’)T 0) +c®Res+e;® c) : ceR } (4.24)

for every 3 € R?*2. The positive definiteness and the convexity of Q,eq follow from
that of (). Moreover, from (4.17)), we deduce that ()..q is also positive definite on
symmetric matrices, namely, there exists C' > 0 such that

VI € R”? Qred(E) = Qrea(symX) > Clsym X2 (4.25)

The T-limit of the functionals (FE}) in (4.21]), as h — 07, is given by the functional
Ey: Qo — [0,400), where

Qo == WH(S;R?) x W2(S) x WH*(S;$?),
defined as

1
_§/Qred SymDu_COC ®C d.’B +_/Qred
S

1
T / D¢ da’ + 2 / P da,
S 2 /s

where g, = (u,v,¢). We denote the sum of the first two terms on the right-hand
side of (#.26) by E&(q,) and the last two terms on the right-hand side of
by Eg*(q,) and E;™(q,), respectively. With a slight abuse of notation, we will
sometimes write E§*(¢) and Ey*#(¢). Note that the limiting functional Ey is purely
Lagrangian and that it trivially admits minimizers.

(4.26)
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4.2 TI'-convergence

Our first main result asserts the I'-convergence of (E},) to Ey, as h — 01, and reads
as follows.

Theorem 4.3 (I'-convergence). The following two assertions hold.

(i) (Compactness and lower bound). Let (q,) with q, = (y,, my) € Qy be
such that
sup Er(q,) < C (4.27)
h>0
for some C' > 0. Then, there exist (T') with Ty: R — R® rigid motions
of the form T1(&) = Q. & — ¢, where (Q,) C SO(3) and (¢;) C R3, and
q, = (u,v,¢) € Qp such that, setting q,, = (y,, my) wherey, = Tjoy, and
m, = Q;mh o T,;l, up to subsequences, the following convergences hold, as

h— 0t
wy, = Uy(q,)— u in WH(S;R?); (4.28)
U = Vh(q,)— v in WH2(S); (4.29)
Zn = Zn(q,)— € in LYQR?) for every 1 < ¢ < oo. (4.30)

Moreover, the following inequality holds:

Eo(qy) < liminf Ey(q,,). (4.31)
h—0+

(ii) (Optimality of the lower bound). For every G, = (u,0,¢) € Qp, there
exists (q,) with q, € Qp, such that the following convergences hold, as h — 07 :

uy, = Un(q,)— u in W1’2(S; R2);

U = Wh(q,)— 0 in WH(S);

Zp = Zh(ah)—ff in LY(Q;R?) for every 1 < ¢ < co.
Moreover, the following equality holds:

Eo(ao) = hlif& Eh(ah)- (4-32)

Actually, since the functionals E;, and Ey have different domains of definitions, the
abstract definition of I'-convergence for sequences of functionals defined on metric
spaces [20, 44] does not apply. Nevertheless, it is possible to reformulate Theorem
according to the abstract framework as shown in the next remark.

Remark 4.4 (Abstract I'-convergence). Define the functionals
En, Eo: WHP(Q;R?) x WH2(S; R?) x WH2(S) x L*(R* R?) — [0, +o0]

by setting &,(y,u,v, u) = E(q) if there exists m € W12(Q¥;R?) such that q =
(y,m) € Qy, satisfies

uw=U(q), v=W(q), p=Myuq),
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and &, (y,u,v, u) = 400 otherwise, and by setting & (y, u, v, u) = Ey(q,) if there
hold y = g, v € W?2(S) and there exists ¢ € W'?(S;S?) such that g, = (u,v,¢) €
Qo satisfies u = xo(, and & (y, u, v, u) = +0o otherwise. In this case, one proves
that the functional & is the T-limit of the sequence (&), as h — 01, with respect to
either the produc strong topology or the product weak topologies. Full details are
provided in [27].

Anyway, it must be said this last result provides less information than Theorem
Indeed, we cannot deduce the convergence of almost minimizers from the abstract
I"-convergence result as the sequence (&) does not satisty suitable the compactness
assumptions of the Fundamental Theorem on I'-convergence [26, Theorem 1.21].

The remainder of the section is devoted to the proof of Theorem 4.3

4.2.1 Compactness

For future reference, we start by collecting some preliminary compactness results
which we present in a more self-contained form.

The compactness of deformations is proved by adapting the techniques in [65] to our
setting. A fundamental tool in these arguments is the celebrated rigidity estimate
[66, Theorem 3.1]. For convenience, given y € WHP(£;R3) and h > 0, we set

Riu(y) = /QdistQ(Fh; SO(3)) Vv dist? (F; SO(3)) de. (4.33)

We will use the following slight modification of [65, Theorem 6].

Lemma 4.5 (Approximation by rotations). Let y € WHP(Q;R3). For h > 0,
set v, = Ru(y) and Fy = Dypy. Suppose that r,/h* — 0, as h — 0%. Then, for
h < 1, there exist R;, € WP(S; SO(3)) and Q,, € SO(3) such that, for q € {2,p},
the following estimates hold:

|F), — Rl oqamss) < Cry/", |D' Ry || La(simsxsxsy < Ch™lr/9, (4.34)
IR: — Q|| Lagsms=sy < Ch™ /% | Fy — Qpllnoumsxsy < Ch™lry/% (4.35)

Proof. By [65, Theorem 6|, for every h > 0, there exists a map P, € C>(S;R3*3)
satisfying

|Fn — Pl r2@rsxsy < Cy/rh, |1 D' Py | 12 (smexaxsy < Ch™'\/ry,

and

sup dist( P (z'); SO(3)) < Ch™ry,.

x'eS
The construction of Py is explicit and does not depend on the exponent ¢ = 2.
As rp/h? — 0, as h — 0T, the second estimates ensures that, for h < 1, the map
P, takes values in a tubular neighborhood O of SO(3) for which the nearest-point
projection IT: O — SO(3) is defined and smooth. Therefore, we define R;, =
ITo Py. The estimates (4.34)—(4.35) with ¢ = 2 are established exactly as in [65],
Theorem 6]. Moreover, by repeating the computations with ¢ = p instead of ¢ = 2,
we prove the estimates — for ¢ = p. Note that, at this point, we already
know that fih takes values in O for h < 1, so that we do not necessarily need that
(rn/hP) tends to zero, as h — 0. O
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The next proposition provides a reformulation of the compactness results in [65].

Proposition 4.6 (Compactness of deformations). Let (g,) C W'?(Q; R?) and
let (er,) C R with e, > 0 be such that ey, /h? — 0, as h — 07. Set 1, .= Ry (y,) and
suppose that rp, < Cey, for every h > 0. Also, set ﬁ'h = Dpy,, and suppose that there
exists (IAih) C W2(S;S0(3)) such that, for every h > 0, the following estimates
hold:

IFs — Rl 2mss) < Cv/r, | D' Ry || 2 (smsxsxsy < Ch™'/rn  (4.36)
IR, — I||L2(S;R3X3) <Ch! Th, | Fy — IHL?(S;R?’X?’) < C’h_l\/r—h. (4.37)

Fventually, assume that y, — 7, has null average over Q0 for every h > 0. Define

ﬁh:S—>R2, @\hZS%R, @hZS%Rg,
by setting
(@) = - L/(@’(m’ 15) — ') da
h . en \/a ’ h s L3 3

~

h o
() = / G (@', xy) das,

A~

wy(x) = \/% /ng@h(m’,x;;) — (@, x3)) das.

Then, the following estimates hold:

~ Th Tn Tn
12wy < C — — N ==, 4.38
Janlra(siney < (, ey hf) (438)
~ [r
[0l L2(smexsy < C i, (4.39)

~ Th
|Wh || 2 (smexs) < C =~ (4.40)

Moreover, there exist u € WY2(S;R?) and v € W?%(S) such that the following
convergences hold, as h — 0%

up— u in WH(S; R?); (4.41)

Up— v in WH(S); (4.42)
1 )

wp,— 3 ( DOU ) in W2(S;R?). (4.43)

Proof. All these results are taken from [65]. However, for convenience of the reader,
we present a detailed proof. This is divided into two steps.

Step 1 (Estimates). Set

h = ~ h =~ ~ h? ~
(Rh—I>, Bh = —(Fh—I), Ch = —sym(Rh—I).

2]1 = —
Ve, n Ch
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Then, the following estimates hold:

o [r
| Anllwrzsraxsy < C i, (4.44)

D r

| BrllL2(smsxsy < Cy i, (4.45)
s T

||Ch||L2(S;R3><3) S Ci (446)

The first two estimates follows immediately from (4.36))—(4.37)). The third one follows

from the identity
1 ~T~

by applying the Holder inequality, the Sobolev embedding and (4.44)). Observe that
u;, and v, have both nulla average on S. First, employing the Jensen inequality, we
estimate

N 2 ~1
||SymD,’U,h||L2(S;R2><2) S ; A —ehHSym(Fh — I”)||L2(Q;R2X2)

< LB - Rl
AN h hll L2 (QR3x3)

h2 1 Eh |
“ A —— ) Y Cul| 2 s mox
" (eh ¢e—h) pa| Ol

h2/—
SC —Th/\ T_h+r_h/\r—h ,
€hn ep €hn h2\/€_h

where, in the last line, we employed the first estimate in (4.36) and (4.46]). Then,
using the Korn inequality, we obtain (4.38]). Similarly, using the Jensen inequality,
we see that

. h =~ ~
|1 D"On | 2(s:2) < C\/_e_hHFh — I 12(@rsxs) = C||Ba||r2orsxs),

so that (4.39) follows from (4.45) and the Poincaré-Wirtinger inequality.
We now show ([4.40]). For every h > 0, define 9, € W1?(Q; R?) by setting
Bul@) = Gule) - ml@) ~ [ (§@2) -~ m(e,2) dda
I
By definition, 9 has null average over §2. Also, we have
h_la3’l/§h = h_lag@\h — €3 = (ﬁ‘h — ﬁh)eg — (ﬁh — I)eg,

so that N R

||h_133’l9h - (Rh - I)63||L2(Q;R3X3) < C\/ﬁ, (447)
thanks to the first estimate in (4.36)). Observe that, for every &’ € S, the map

x5 = h™'9(ax’,x3) — z3(Ru(x') — I)es has null average over I. Hence, by the
Poincaré-Wirtinger inequality, there holds

/ h1D(!, 23) — a5(Ra(a') — Des|” dus
I

< c/]h-laﬁ(w',xg) — (Ru(a') — I)es|” das,
I
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where the constant C' > 0 clearly does not depend on &’ € S. As o’ € S is arbitrary,
from this and from (4.47)), we deduce the estimate

|h19 — z5(Ry — I)es| 12 msxsy < C/rn. (4.48)

At this point, using the Jensen inequality, we compute

J

1~ 2
W), — —Ayes do’

d’:
12 r

—_— <1:3@h —Ty) — hx%(ﬁh — I)63> dxs
I

2

dx’

XT3 <h_1’l/§h — X3 (ﬁh — I)63> dl‘g

B2 - 2 -
< ‘h ﬂh—xg(Rh—I)eg‘ de < 0,
eh Jo €h

where the last inequality is justified by (4.48]). This yields

H”l/l\fh — Ahe3HL2 SR3 < 01 / @h (449)

To estimate the norm of the gradient of w),, we observe that
1 1 ~ ~
8@h:—/x38@ d[L‘gZ— T3 Fh—Rh egdiL',
J \/a s JIh \/@ ; ( )

where j € {1,2}, which, in view of the first estimate in (4.36)), gives

~ r
| D'y, 2 (simsx2) < C /i. (4.50)

Therefore, combining (4.44) with ( - -, we establish ( -

Step 2 (Compactness). Since (ry/ep) is bounded, from (4.44)) we deduce that
there exists A € WH2(S;R3*3) such that, up to subsequences, we have

A, — A in WH(S;R?"3). (4.51)
Similarly, from f we deduce the existence of
uc WhH(S;R?), e W"(S), wec Wh(S;R?),
such that , up to subsequences, the convergences in f hold true and also
wy, — w in WH2(S;R?). (4.52)
Thanks to , passing to the limit, as h — 07, in the identity

\/_A Ah—Ah+A

with the aid of the Sobolev embedding and the Dominated Convergence Theorem,
we deduce that A takes values in Skew(3). In particular, A3 = 0. Then, for
J € {1,2}, we estimate
S W s h /i
0o — A |25y < —= 10,78 — BY || 12(s) < C :
” ]Uh h HL S) = \/aH ]yh h HL S) = \/e_h
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Here, we employed the Jensen inequality and the first estimate in . As the
right-hand side of the previous inequality goes to zero, as h — 0%, this entails
0;0 = A3. Therefore, v € W?2(S) and we have Aes = ((D'0)",0)". Thus,
and f yield . O]

Remark 4.7. In the setting of the previous Proposition, it is easily checked that
~ ~ ~ ~92
Bj, — A in L*(Q;R3%) and Cj, — —1/2A" in L*(Q;R**3). Moreover, one has

- (o |-D%
A= <(D/U)T 0 )

These facts have been observed in [65] but will not be exploited in the following.

To identiy the limiting strain, we will employ the following result.

Lemma 4.8 ([65, Lemma 2]). Let (y,) C Wh2(;R?) and let (e;) C R with
en, > 0 be such tha ey /h* — 0, as h — 0. Set r, = Ry(Y,) and suppose that
r, < Cey for every h > 0. Also, set ﬁh = Dyy, and suppose that there exists
(R),) C WY2(S:SO(3)) such that, for every h > 0, the following estimate holds:

||Fh - Rh”LQ(Q;Rg’X?’) S C\/Th.
Define uy: S — R? and 0,: S — R by setting

~

h? 1 N
up(x') = o A NG /1 (G (2, 3) — ') du,

~

op(x) = \/Le_h/l@\z(m’,xg)dxg,
for every €' € S, and assume that there exist u € W2(S;R?) and v € W2%(S) such
that the following convergences hold:
uy — u in WH(S;R?), U, — U in WH(S).
Then, there exists G € L*(;R¥3) such that

. 1 AT~ .
Gy= ——(R, Fp—I) ~ G in L*(Q; R¥?).

$

Furthermore, there exists Y€ L2(2; R?*%) such that, for almost every x € Q, there
holds

G (z',z3) = S(2) — D't(a)xs.
Eventually, if e, /h* — 0, as h — 0T, then sym S = symD'4.
We will use the following notation. Given n > 0, we define
Shi={x' € S: dist(z’;09) < n}, S":={x €R?: dist(z';05) < n}.

Moreover, for p > 0, we set (2} := S x pI and ;7 := S X pl.
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Proposition 4.9 (Compactness of magnetizations). Let (g;,) with g, € Q
and q, = (y,, my,) be such that

sup {Efll(ijh) + Eﬁxc(ah)} <C. (4.53)

h>0
Suppose that there exists a > 1 such that, for every h > 0, there holds
1Y — mhllco@rsy < CRT, (4.54)
1Fy, = I||poamsy < CHPP (4.55)

Then, there existsz € W12(S;S?) and x € L*(R?;R3) such that, up to subsequences,
the following convergences hold, as h — 07 :

By, = Mp(q,)— Xa in L*(R% R, (4.56)
Ny = Na(@)— xa(DC|X) in LR R¥); (4.57)
Xy =1, 0 Y,— C in L'(Q;R?); (4.58)
zn = Zn(q,)— ¢ in LY(Q;R*3) for every 1 < q < +00. (4.59)
Proof. For convenience of the reader, the proof is subdivided into four steps.

Step 1 (Approximation of the deformed configuration). The estimate (4.54)
entails the following statements (see Figure and Figure :

Vn>0,Y0<d <1, 3h(n9)>0: YO<h<h(n9), Q) C Q¥  (4.60)

Vn>0,Ve>1, 3h(n,0) >0: Y0 <h<h(nl), Q¥ c Q.. (4.61)

To see (4.60), fix n > 0 and 0 < ¢ < 1. Let £ € Qy,. As a > 1, there exists
h(n,d¥) > 0 such that for every h < h(n,?) there holds

dist(&;0Q,) > n A (1 —9)h/2 > Ch®
so that, by (4.54]), we obtain
1Y, — mallco@msy < dist(&; 002) = dist(&; w,(052)).

By the stability property of the topological degree, this entails € ¢ ¥, (9€2) and
deg(y,,, 2, €) = deg(my, 2, &) = 1. Thus, by the solvability property of the topolog-
ical degree, we deduce &€ € QUn. As € € ), was arbitrary, this proves .

To check ([4.61), fix n > 0 and ¢ > 1. Again, as o > 1, there exists h(n, ) > 0 such
that for every h < h(n, ¢) there holds

dist(Qy;09,") > n A (0 —1)h/2 > Ch*.
Thus, by , we have
Q¥  Q, + B(0,Ch%) C Q).
Similarly to (4.60f), we also have the following;:

VO <mo<n VO<V<<1, Ih(n,no,9,0) >0:

0 o (4.62)
VO < h < h(n,nm,v,%), Qy, CYn(%)
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dh | h

Figure 4.1: On the left, the cylinder £}, is contained in the deformed configuration Q¥ On the
right, the corresponding section.

Figure 4.2: On the left, the cylinder Q,," contains the deformed configuration Q¥». On the right,
the corresponding section.

Step 2 (Identification of the limiting magnetization). Employing the notation
in (4.7) and (4.23)), we set F, := Dy, and Z;, = L;(Z,(q,,)) ' F},. Thanks to (4.6)
and (4.11f), we have

1 1
—,\dw: (1+Ch)_a/ —Ad$
/Q | det Dy, o | det Eyle

< (1 + Ch)ia {/Q (I)(éh) dx + C}
< (1 +a) *{rE(q,) +C} <C,

(4.63)

where in the last line we used (4.5)), (4.11) and (4.53). As a > 1, we infer that

(1/det Dyy,,) is equi-integrable by the de la Vallée-Poussin Criterion [62, Theorem
2.29).

Now, let n > 0 and 0 < ¥ < 1. By (&.60), for h < h(n,?), the composition
¢, = my, o my, is well defined as a map in W2(Q}; R?). Using Proposition 1.46] we
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compute

—~ . 1 _—
/ Cu)? da :/ My, o my)* da = —/ jm|? dé¢
Q7 o h Jan

vh
1

— 1 o~ ~ ~
< —/ [ms|* dg < —/ |m o g, |* det Dy, dz (4.64)
h Qgh h [9)

1
— o~ 2 A~
= det D de = ————dx,
/Q|moyh| Y /Qdechyh v

where in the last line we used 1-} Thus, by - the sequence (Zh) is bounded in
L*(Q1;R3). From ( and (4.60)), employlng again Proposition | we estimate

/Qg

~ |2 - 1 —

Dhch‘ de = / | Dy, o 7 |* de = E/ | Dy, | A€
o @on (4.65)

1 iy ~
< | D g = B < c.

h QYn
Therefore (¢,) is bounded in W'2(Q%:R?), so that there exists ¢ € W2(Ql; R?)
such that, up to subsequences, ¢, — ¢ in W?(Q23;R?). Also, by (£.65) - there exists
a map x € L*(Q);R?) such that, up to subsequences, h~ 195C, — X in L2(Q);R3),
as h — 0F. This yields 9;¢ = 0, so_that ¢ e W12(S87; R?). In principle, both
the subsequences and the weak limits C and x depend on the parameters n and 9.

However, by means of a diagonal argument, we can assume that Z € I/Vlif (S;R?)

and x € L2 _(£;R?), and that, for a not relabeled subsequence, the following holds:

Vnp>0,V0<d<l, Eh —~¢in Wh2(QF: R?) and a.e. in QJ, (4.66)

h'05C, — X in L*(Q; RY). '
Here, we exploited the Sobolev embedding, which is applicable since Q) is a Lipschitz
domain, at least for n < 1 and 1 — ¥ < 1. Note that the sequences in (4.66|) are
defined only for n > 1 depending on 7 and ¢. In view of (4.63)—(4.64) and (4.66)),
by lower semicontinuity, for every n > 0 and 0 < ¥ < 1, there holds

IC|? da’ —/ ) de <hm1nf/ 1C,12de < C. (4.67)

Sn

Similarly, by (4.65) and (4.66), for every n > 0 and 0 < 9 < 1, there holds

o [ |DEPda + / R de = / DEP da + / RP de
s o ) o

< lim inf
h—0+ Qng

Letting n — 0+ and ¥ — 1~ in (£.67)(1.63), we deduce that ¢ € W12(S;R3) and
X € L*(;R3).

Set ), = My(q,) and N}, :== N,(g,,). Note that these two maps are defined on the
whole space for every h > 0. We claim that (p,,) is bounded in L?(R3;R3). To see

o (4.68)
Dhqh‘ dz < C.
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this, making use of Proposition and exploiting (4.20]), we compute

A~ —_~ 1 —~
/ |,uh|2dzr::/ . |mho7rh|2da::E/A | dg
R3 (V) Q¥n

1

— & [ o det DG de = [ [0 g, det Dy de (469
Q Q

o~ 1
= my, o de = [ ———— d=x.
/Q o Gl /Q det Dyy,,

Then, the claim follows from (£.63). We deduce the existence of g € LQ(]R3 R3)
such that, up to subsequences, g, — g in L*(R* R?). However, by (4.60)—(.61),
there holds XaL(@in) — X9 almost everywhere which, together w1th 1_' yields
w, — XQC almost everywhere in R3, as h — 0%. Also, by (4.61] - the maps uh are
supported in a common compact set containing Q2 for h < 1, so that @, — XQC in

L'(R3; R?) by the Vitali Convergence Theorem. Thus, g = XQE and this establishes
the weak convergence in (4.56)).
To prove (4.57)), we observe that

o~ 1 o~ —_~
E(q,) = —/ | Dy |* d€ = / | Dmy oy de = / |IN,|?de, (4.70)
Q¥ L(Q¥n) R3

h
where we employed Proposition [1.46 _ In view of ( - this gives the boundedness
of (Nh) in L?(R*%R¥3). To check ([4.57), let ® € L*(R*R*?) and set N
XQ(D’C,X). Given n > 0 and 0 < ¢ < 1, we write

/ (N, - N): ®dax = / (N, —N): <I>d:c+/ (N, —N): ®dx. (4.71)
R3 Ql R3\Q)

The first integral on the right-hand side of (| goes to zero, as h — 07. Indeed,
by ([4.60), for every h < h(n,), we have

/m (ﬁh—ﬁ):@dm:/m (Dmhoﬂ‘h—< E )):‘I)dw

:/nz@hZh DTR)): ®de,

where the right-hand side goes to zero, as h — 0T, by (4.66]). The second integral
on the right-hand side of (4.71]) goes as well to zero, as h — 07. Indeed, by (4.61)

and by the boundedness of (N},) in L*(R* R3*3), for every ¢ > 1 and for every

h < h(n, ), there holds
/ (ﬁh—ﬁ):@dx / (ﬁh—ﬁ):cbdm
R3\Q'] Q; M\
I[P

As the right-hand side can be made arbitrarily small by properly choosing n, 9 and
¢ according to ® only, this establishes (4.57)).
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Step 3 (Convergence of compositions). We now prove . Recall that
(1/det Dyg),) is equi-integrable. Thus, in view of ([£.20), so is (M, 0 g,). For this
reason, in order to prove the claim, it is sufficient to show that, for every n > 0 and
0 <9 < 1, we have i, 0 g, — ¢ in L'(Q%; R3).

Fix n > 0 and 0 < ¢ < 1. Recalling (4.60), we consider h < h(n, ). We have

/ |mho@h—z|dws/
[oX Q

mn
9 [
By , up to subsequences, the second integral on the rigth-hand side of
goes to zero, as h — 0. Thus, we focus on the first one and we show that, up to
subsequences, this goes as well to zero, as h — 07.
Let € > 0 be arbitrary. Let also 0 < m <7 and ¢ < ¢y < 1. Observe that, for
h < h(ny, 1), the sequence ({},) is equi-integrable on Qg by (4.66). Therefore, there
exists d(m, 1, ) > 0 such that the following property holds:

VA C QJ measurable : £°(A) < d(n1, V1, ¢),

|mh oY), — Eh| de + /m |Zh - E| de. (4.72)
9

sup [ [, 09, - Gl dw < = )
h<h(e1,91) /A
Set Ay, = Uy (). Let . <o < nand 9 < ¥ < 9, be such that
L2(QF N\ Q) < 6(m, 01, €). (4.74)
By ([@.62), for every h < h(n,no,9,9), we have Ajj, C Q. We write
| g, -Glde= [ g, - &lde
Q! Q1NAY
! o (4.75)

s [ fmeg, -Gl
Q5\AG

We focus on the second integral on the right-hand side of the previous equation. For
convenience, set o, == det Dy, — 1. Thus, o, — 0 in L'(Q) by (4.55)) since 8 > p.
Using Proposition [1.46, we compute

2,) = L @A) - |

det Dy, de = h.L%(A} ) + h/ opde.
A

n n
9,h Aﬁ,h

Then
LA = L) — / oy da.

n
Aﬁ,h

so that
LU\ A ) < L2\ AY,) = Z22(QF) — £°(AF,)

— QD) — L) +/ o dz.

n
A19,h

Here, we exploited the inclusion Ag,h C Qg‘; This yields

limsup £%(Q) \ Aj ) < ZL2(Q) \ Q) < 6(m, V1, ¢),

h—0t
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4. Dimension reduction in the static setting 4.2. T'-convergence

where we used (4.74)). Therefore, from (4.73)), we obtain

lim Sup/ [T oG, — Cp| < e (4.76)
QA

h—0t

To estimate the first integral on the right-hand side of (4.75)), we proceed as follows.
Without loss of generality, we can assume that 2} is a Lipschitz domain. In this

case, the map Zh e WhH(QI; R?) admits an extension Z;, € WY2(R3: R3), possibly
dependent on 7 and ¥, which satisfies
1 Zn lwregsgs) < C,9) [|Chllwrz@nms)-

In particular, recalling (4.63)), (4.64) and (4.65]), we have
IDZ || 12(g505x3) < C(n,9) ( /Q 6P da + /Q ,, |DZh|2d:c) <C(n,v).  (477)
9 9

Define J/\/\Ih = 7 o m, . By construction, ]\/Zh|gzh = 7n\h|Qgh. Moreover, by (4.77)
and the Change-of-variable Formula, we have

—_~ ~ ]_ ~
/3 |DM ;,|* d¢ = /3 |DnZy o, |?de < ﬁ/g |\DZ), om;, ' |2de
R R R

1 =~ C(n, )
=— [ |DZ,)*dx < ——.
p P2l de s =
Let A > 0. By the Lusin-type property of Sobolev maps [1], there exists a measurable
set Fy; C R? such that the following estimate holds:

(4.78)

VEEE Py (M) - My(@)] <CAE-E| (4.79)
Thanks to (4.78), the measure of the complement of the set F); is controlled as
follows o Clnd
LRI\ Frp) < — / DM 2 d¢ < (Z’ ), (4.80)
RISV IESVE A*h

Going back to the first integral on the right-hand side of (4.72)), setting
Xan =Gy, (Fan), Yan =75 (Fan),

we split it as

/ |mho@h—chrdw=/ 7m0y — & da
Q1NA"

9,k (Q5NAG ,)N(XxmNYAR)

(4.81)
+f 7 0 Gy — Gl
(QNAG ON(XARNYAR)

We first estimate the first integral on the right-hand side of (4.81)). Note that, for
every x € (25 N AY,) N (Xyn N Yyy), both Y, (x) and 7, (x) belong to 2, N F)p.

Thus, by (4.54) and (4.79), we have

| 0 B — Ol de
(QFNAG ,)N(Xx,RNYR)

(4.82)

/ |Mh0§h—MhO7Th|diL'
(QINAF IN(X A RNYAR)

S C)‘H@h - 7Th||00(§;R3) S CAh™.
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4.2. I'-convergence 4. Dimension reduction in the static setting

For the second integral on the right-hand side of (4.81f), observe that
(5N AG )\ (Xan N YaR) C (25 \ Xon) U (25 \ Yan)- (4.83)
By Proposition [I.46] there holds

LG\ Fua) = LG\ X)) = [ det Dy do

QX n

=h$3(QZ\X)\7h)+h/ ahdx.

Q\Xxn

From this, recalling (4.80)), we obtain

1 .
LAY Xo) = 3 LG\ P+ [ onde

QX n

’ 4.84
Lo 459

< 33 T oy dax.

A*h QX n
Instead, using Proposition together with (4.80), we estimate
_ 1 C(n,0

LU\ Yon) = L2 (7, (), \ Fan)) = 533(9% \ Fan) < /ghg ) (4.85)

Now, recalling (4.156)), we choose A = h™° for some 1 < b < «. In this case, the
bound in (4.82)) yields

lim [mn 0, — | da = 0. (4.86)

h=0% J(@QBnAD )N(XanNYan)

Also, from (4.83))—(4.85]), we obtain
lim .,%3((9?9 N Agh> \ (X)\h N Y)\h» =0,
h—0+ ’ ’ ’

which, by (4.73)), entails

lim sup 7 0 Gy, — ¢y da < €. (4.87)

h—0F /(QgﬂAg,h)\(Xx,hﬁYx,h)

Therefore, combining (4.76)) and (4.86])—(4.87)), we obtain

limsup/ my, 0y, — Eh| dx < 2e.
Q

h—0t i

Since € > 0 is arbitrary, this shows that the first integral on the right-hand side of
(4.72) goes to zero, as h — 07.

Step 4 (Improved convergences). We are left to prove the strong convergences

in (.50) and ([I.59). By (@.55), there holds F, — I in LP(Q;R®3). Thus, up to

subsequences, we have det F;, — 1 almost everywhere. As (1/det Dyy,) is equi-
integrable by (4.63)), this yields
1

— 5 1in LYQ 4.88
dechgh% in L' () (4.88)
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4. Dimension reduction in the static setting 4.2. T'-convergence

by the Vitali Convergence Theorem. By -, up to subsequences, we also have

mpoy, — C almost everywhere. Taking mto account - this gives (4.59) by the
Dominated Convergence Theorem. From (4.20)), passing to the limit, as h — 01, we

deduce that |C | = 1 almost everywhere in Q Equwalently, C € W12(S;S?). Finally,
passing to the limit, as h — 0T, in - 4.69)) by exploiting (4.88]), we obtain

lim/ 1,2 de = 23(Q /|XQC|2d£

h—0t

Given that i, — Yo in L*(R3?; R?), this proves the strong convergence in (4.56). [

4.2.2 Lower bound

We move to the the proof of the lower bound. For convenience, we highlight the
results regarding the convergence of the magnetostatic energy. This is established
by adapting the results in [34] [70].

Proposition 4.10 (Convergence of the magnetostatic energy). Let (g,,) with
q, = (y,,my) € Qn. Suppose that there exists ¢ € WYH2(S;S?) such that the
following convergence holds, as h — 07 :

iy, = My(@,) = xo€ in L (R* R?). (4.89)
Then, the following equality holds:

Ey™(Q) = lim EJ™(@,) (190

Proof. Denote by 1, € V2(R3) a stray field potential corresponding to g,. Thus,
we have the following:

Vo e VIA(RY), / Dy, - Do d€ = / Xom ™ Dedg.— (4.91)
R3 R3

By (2.12)), there holds
| Dnll L2 rsirs) < X o a2 (R3:R5)-

Then, taking the square at both sides and applying Proposition [I.46] we estimate

/ D[ dg < / X T2 dE = / G2 ot de=h / B2 de. (4.92)
]R3 R3 R3 ]R3

Define py == ¢y, o s € V12(R3). From (£.92), using again Proposition [1.46, we

estimate
~ 2 2 1 2 ~ 12
[l ae= [ D omaz =1 [ phidg< [ a2 ae
R3 R3 R3 R3

As the right-hand side is uniformly bounded in view (4.89)), we deduce that (Dypy,)
is bounded in L*(R3;R?). From this, we deduce two facts. First, there exists X €
L*(R?) such that, up to subsequences, d3p5/h — X in L*(R?) and, in turn, d3p; — 0
in L?(R3), as h — 0". Second, exploiting the Hilbert space structure of the quotient
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4.2. I'-convergence 4. Dimension reduction in the static setting

V12(R3)/R, we prove the existence of p € V1?(R3) such that, up to subsequences,
there holds Dp, — Dp in L?(R3;R3), as h — 0*. These two facts together imply
that d3p = 0 almost everywhere which, as Dp € L*(R?;R3), yields D’'p = 0’ almost
everywhere.

Now, testing again (4.91]) with ¢ = @/Z)\h and applying Proposition , we write
E@) = 55 | New T D dg

RS
1

Z—/ y, - Dppp, dze
2 Jos

1 o~ ~ 1 3 O3ph,
_ - DGy dz + = %Pn g
2/Rsﬂh Ph 33+2/Rsﬂh 4T

Then, by (4.89), passing to the limit, we obtain

. mag /-~ 1 3~
lim E(q,) = §/Qg3xda3. (4.93)

h—0t

Thus, if we show that ¥ = xo(3 almost everywhere in R3, then (4.90) follows from
(4.93). To check this, we go back to (4.91). Using Proposition once more, we
deduce the following

Ve VI(R?), Dupn - Dppdx = / Hy, - Dy de.
R3 R3
Then, multiplying by A and then passing to the limit, as h — 0T, we obtain

Vo€ VI2(RY), / (%~ x0C?) drpda = 0.
]R3

Given the arbitrariness of ¢, this entails that the function Y — XQZ 3 does not depend
on the third variable. However, as this function belongs to L?(R?), we necessarily

have ¥ — xaC? = 0 almost everywhere. O

The next result asserts the existence of a lower bound and, for future reference, it
is presented in a more self-contained form.

Proposition 4.11 (Lower bound). Let (g,) with g, = (y,,, my) € Q. Set F), =

Dyy,,. Suppose that there exist (Ry) C WH2(S;50(3)) and also G € L*(2;R3*3),
u € W2(S;R?) and v € W*%(S) such that, as h — 0%, there hold

Ry, — I in LY(S;R**3) for every 1 < q < oo, (4.94)
Gy = h 2R, Fy—I) —~ G in L2 RY), (4.95)

and, for almost every x € €, we have
G (z) = symD'u(z)) + (D)*0(x')) zs. (4.96)

Moreover, suppose that there existE € W12(S;S?) and x € L*(R3;R?) such that the
following convergences hold, as h — 0" :

w, = Mu(q,)— XQE m LQ(R3; Rg); (4.97)
Ny, = Ni(@,)— xa(D'CIR) in LA(R*RPP); (4.98)
Zh = Z,(G,)— C in L' (L RY). (4.99)
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4. Dimension reduction in the static setting 4.2. T'-convergence

Then, the following inequality holds:
Eo(w,7,¢) < liminf E4(g,). (4.100)
h—07t

Proof. 1t is sufficient to prove the following:

ENG,0,¢) < lim inf EN@,); (4.101)
ES(¢) < liminf EX(g,). (4.102)
h—0t

Indeed, thanks to (4.97)), the limit in (4.90) holds by Proposition |4.10, Thus, com-

bining (4.101)—(4.102)) with (4.90]), we obtain (4.100)).
Recalling (4.70]), claim (4.102)) follows immediately from (4.98). Indeed, by lower

semicontinuity, we have

lim inf |ﬁh|2dmz/|D'E|2dm+/ |>2|2dmz/|D’Z|2dm’.
Q Q S

h—0t g3

We thus focus on (4.101f). This is proved similarly to [65 Corollary 2]. Recall ([{.3)-
. For snnphClty, set /\h = my, o y,and Lh = L;( Rh zp). By (4.94] - and -

recalhng ) and - we have
K, = A1 — i,: ) — ¢ ® ¢ in LY(Q; R¥3) for every 1 < ¢ < co.  (4.103)

Define Ay, == {|Gp| < h=?/*}, so that, by [@.95), x4, — 1 in L*(Q2). Note that, on
Ay, there holds

L, R, Fy=1I+1P%Gy — Ky +O(h¥9), (4.104)

: S-1T = .
Recalling (4.16)), for h < 1 we have |L, R, F; — I| < 1 on A;. Then, exploiting

(4.14) and (4.104)), we write
~el ~T ~

~ o~ AT~ ~T~
/Wh(Fh,Ah) dm:/Wh(RhFh,RhAh) d$:/¢’(Lh RhFh)dm
Q Q Q

/XA q)(iilﬁ;ﬁ’h) dx

_ / x4, ® (T -+ 172Gy~ K)) + O da
Q

hbB ~ —
L ) <XAh(Gh Ky + O(h35/4)) da
2 Ja
+ / XA,W <h5/2(CA}'h — f{\h) + O(h35/4)> dex.
Q
Thus

1 P
B@) = 5 [ Q (xalsvm @~ K) + O09) da
@ 4.105)
1 - (
+—5 [ xaw (W7 sym Gy = Ki) + O(1)) da
Q
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For the ﬁrst integral on the right-hand side of (4.105} m we exploit the convex1ty of Q

By (4.95) and (4.103), we have x4, G, — G in L2(2;R3%3) and XAhKh —cl®C
in L9 (Q R3*3) for every 1 < ¢ < oo, as h — 0F. Thus, by lower semicontinuity, we
get

lim inf/QQ (XAh(éh — /Izh) + O(h3ﬁ/4)> de > /QQ(G' — ol ® Z) dex

h—0t
Z/Qred(@ — e ®¢)da
Q

where the last inequality is justified by the definition of Qeq. Given (4.96|), this
proves (|4.101) once we show that the second integral on the right-hand side of
(4.105)) goes to zero, as h — 0T. To prove this, for every r > 0, we set

w(F)]

FeR3%3: |F|<r |F|?

w(r) =

By definition, the function @ is decreasing and satisfies @W(r) — 0, as r — 07.
Therefore, we have

1
hﬂ XAh

o (172G - R + 00 | da

~ — 2
(WG — ) + O(W1)

g/XAhw (hﬁ/2|éh—/15h| +O(h3/3/4)> 3 da
Q
~ o~ 2
<a(O") [ |G- B+ 0| dz,
Q
where the right-hand side goes to zero, as h — 0. [

4.2.3 Optimality of the lower bound
The existence of recovery sequences in ensured by the following result.

Proposition 4.12 (Recovery sequence). Let q, = (u,7, E) € Qy. Then, there

ezists (q,,) with g, = (Y, my) € Qy such that the following convergences hold, as
h — 0F:

Yy mo in WH(QRY); (4.106)

F), = Dyij,— I in LP(Q; R*"3); (4.107)

Uy, = Uy (q,)— u in WH(S;R?); (4.108)

U = Vi(@y)— T in W2(S); ( )

wy, = Wi(q,)— —1/12 ( D()/6 ) in W**(S); ( )

By, = Mn(g,)— Xa in L*(R%R%); ( )

Ny = Niu(@y)— xa(D'C|0) in L*(R*R¥3): (4.112)

X, =, 0§, — C in L' (L RY); ( )

2 = Zn(@,)— ¢ in LY R?) for every 1 < ¢ < oo. ( )
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4. Dimension reduction in the static setting 4.2. T'-convergence

Moreover, the following equality holds:
Eo(@,7,¢) = lim Ey(g,). (4.115)
h—0*t

Proof. For convenience of the reader, the proof is subdivided into three steps.

Step 1 (Construction of the recovery sequence). First, we additionally assume
that & € W2($;R?), T € W3*(S) and ¢ € C1(5;S?). Also, let @,b € C2(S;R3).
Deformations of the recovery sequence are constructed according to the classical
ansatz of the linearized von Karmén regime [65]. That is, for every h > 0, we define

u 0 D'v
Yy, =1 + b2 (u)+hﬁ/21 (A) R ( >
Yn =T 0 0 L0 (4.116)

120 @ + P2 2.
Thus y € W>*(Q;R?) and there holds:
1T — mllcopsy < CRPP (4.117)

From this, as § > 4, we establish (4.60)—(4.61]) by arguing as in Step 1 of the proof
of Proposition 1.9 We compute

S ST iR BT D
)7 | 0 (D) | 0

4.118
(DY | O R ~ ( )
) o o + 21776 ® ez + 20 23b @ e3 + O(RP/*HY),
so that we immediately deduce
1Es — Il coggzsxs) < ChP2L (4.119)

Recall the identity (I + F)"(I + F) = I +2sym F + F'F for every F € R3*3,
Thanks to the assumption 3 > 6, we have

~ \ I ~ ~ ~
(Fh> Fy=I+1%2(D+ 23 E)+ O(h2), (4.120)

where
B (symD’ﬁ o’
)" |o
B ((D’)% 0’
0)" |0

>+a®e3+e3®a,

) 1bRest+es®D.

Using the identity det(I + F) = 1+ trF + tr (cof F') + det F for every F' € R?*3  we
obtain R R
det F, =14+ O(h??),  D(det F},) = O(h%/?).

In particular, this ensures that

1/2 < det F, < 3/2 a.e. in Q, (4.121)
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at least for h < 1. We claim that the map g, is injective, that is, g, € Y (Q) for
h < 1. To see this, we argue as in [37, Theorem 5.5-1, Claim (b)|. Fix z,z € Q
with « 7é . By [37 Exercise 1.9], there exists a ﬁmte number of dlstlnct points
Ti,..., T, € Q with £y = x and x,, = @ such that each segment connecting
x; to T;41 is entirely containted in €2 and 21:1 |Zi1 — x| < Clax — Z| for some
constant C' > 0 depending on 2 only. Then, applying the Mean Value Theorem in
combination with (4.119), we estimate

Yn(®) — Yy (T) — (ma(@) — 74 (2))]
< Z (Un(@i11) = Tr(@i11)) — (Yu (@) — 7w (T3))]

m
S HD@h - Dﬂ-hHCO(Q;R3X3) Z ’%i+1 — .’7}1‘
i=1

< CRPP Ve — 2| < CRP272 |, () — 7u(2)).
Since § > 4, for h < 1, we obtain

Yn(®) =Y, (@) — (ma(@) — m0(@))] < |[mn(2) — 70(2)].

As 7, (x) # 7, (Z), we necessarily have y,(x) # y,(x), which proves the claim.
By the Invariance of Domain Theorem, the map ¥, is a homeomorphism. Thus,
recalling Theorem , we have g,' € WH(Q¥:;R?) N CO(Q¥;R3). This map
actually belongs to W1 (Q¥r;R?). To see this, setting I, := Dy, observe that

-1

I, D@EI =TI (D@h)_l © @h (Dyh © @El Iﬁl) (4.122)
~ 1\ 1 ~—1 ___ .
:(Fhoyh1> =F, oyhl.

From (4.118]), by approximating the matrix inverse with the Neumann series, we

obtain .
F, =T+0(°* (4.123)

~—1
In particular, this gives ', € L°°(; R3*?) and proves the claim in view of (4.122)).
Now, define m,: Q¥ — R3 by setting

A—1
o~ C
my, ‘= —-
dechyhoyh

Observe that m;, € Wh2(Q¥r;R?) thanks to the regularity of @;1 and to (4.121)).
Moreover, my, oy, det Dy, = ¢ in Q, so that g, = (y,, my) € Qp.

Step 2 (Convergences). The convergences in (4.106)—(4.110) follow by direct
computation, while (4.114)) is trivial. From (4.121]) and (4.123)), we also have

~ 1
det F, — 1 in L®(Q), _ 5 1in L®(Q), (4.124)
det F'p
and
D(det Fy) — 0in L®(Q;R?),  F, — I in L®(Q;R¥3), (4.125)
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Thus (4.113)) easily follows. We prove (4.111]). We have

Eogﬁl O7Th
) det Dyy,, yh omy,

Nh = X L(Qvn)

Let z € R3\ Q, so that x € R*\ " for some > 0 and ¢ > 1. Then, (4.6
entails that & € R3\ ;' (Q¥) for h < h(n, £). Instead, let z € Q and let > 0 and
0 < ¥ < 1 be such that z € Q). By [.60), we have = € ;' (Q¥)for h < h(n,?)
and, in turn, z, = g, (wy(x)) € Q. From [@.117), we see that

7y 0 Uy — i [l co@ms) < —||yh Tolleoggey < CHPP 72,

Let € > 0 be arbitrary. For h < 1, the right-hand side of the previous equation is
smaller than ¢, so that

& =gy, (m(@))] = |7, (G (an) — 2] < |, 0 )y — i | cogmns) < e

This shows that §;, ' (wu(z)) — @, as h — 0F. Since ¢ is continuous and ([{.124)

holds, we deduce that g, — Yol almost everywhere in R®. As () is uniformly
bounded and supported in a compact set containing 2 by (4.61)) for h < 1, by the

Dominated Convergence Theorem, there holds i, — yo in LY(R3;R3) for every
1 < ¢ < o0. In particular, this shows (4.111)).
To prove (4.112]), first we compute

D, — D({oy,") oy, D(det Dyg,oy,')
det Dy, 0 Gy, (det Dy, 0 Y, )2

Since E is a function of the plane variable only, there holds E = Eo 7y, Thus
~ ~ o ~ A_ ,\_ A~ 1

D(¢ Oyhl) =D(Comyo0 yhl) = DComy, OyhlIhDyhl =D¢o ythh © yhla

where, in the last line, we used (4.122)). Also, we have
(D(det Dy, 03, ")) ' = D(det Dyiy) o ' Dy
= D(det D)) 0 37 I; ' By, 03"

where we employed again (4.122). Thus

~ -1 ~ e 1
D¢ o ythh o yh1 o yh1 D(det Dyy,,) o yhlIthh oyh1

det Dy, 0 Gy, ' (det Dyyy, 0 Yy, ')

Dmy, =

)

so that

~ ~—1
~—1 ~1
Doy, om, F) oy, om,

Nu = Xo10
hT X @) det Dy, 0 Yy, o

Coyh owhD(dechyh)oyh o7rhI Fh oyh o7'rh
(det Dygy, 0 Gy, ' 0 )2
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Similarly to how we did before, exploiting the Contmulty of D/ C together with (4 -f

- m and m m we show that Nh — xa(D’ C 0) almost every-

where. As both maps are bounded and supported in a compact set containing €2, we
infer that ﬁh — XQ(D/E, 0) in L9(R3; R3*3) for every 1 < ¢ < oo by the Dominated
Convergence Theorem. In particular, is checked.

We now compute the limit of the magnetoelastic energy. Recalling and Propo-

sition from (4.111)—(4.112)) we obtain

lim Eg(g,) = E§(C lim E}°%(q,) = Ey**(C). 4.126
L B (@) 0 (€), L L, (@) 0 S(¢) ( )

We move to the convergence of the elastic energy. By the Polar Decomposition

~ ~ AT ~ 1/2
Theorem, there exists (P,) € W*(Q; SO(3)) such that F), = P, (FhF > :
Thanks to (4.119)—(4.120]), passing to the limit, as A — 07", in the previous identity,

= —~ ~T .
we see that Pj, — I uniformly in Q. For convenience, set L; = L,(P,z,). By

(4.5) and (4.7), there holds
Ky =h??I—-L, )= c¢®Cin L'(QR>), (4.127)

Recalling (4.9) and - we write

~ ~ PN PN ~T ~ 1/2
Wh(Fh, )\h) = (Lh(zh) th) = (Lh(zh) 1Ph <Fh Fh> )

—o (Pina B (F1R) ) o (L (R ).

(4.128)
Then
=1 (2T \1/2 o (P T = 241
I (Fh Fh> e (D K+ xgE) + O(RP/PHY, (4.129)
Using ([4.16)) and (4.128)—(4.129), we compute
~ 1 ~ol [T~ \1/2
EY(@) = /Q o (Lh (FhFh> > da
1 .
-3 / Q(D Ky +mB+0(h) de (4.130)
Q

1 ~ =~ ~
+ 78 / w (hﬂ/z (D - K, + 933E> + O(h’B/QH)) dex.
Q
Thanks to (4.127)), applying the Dominated Convergence Theorem, we obtain

hhm E(q,) / Q(D — ol ® ¢+ 23 E) dx (4.131)
—0+

Therefore, combining (4.126]) and (4.131)), we have
l1mthh /Q —COC®C daz—l——/Q

+/1D'q2da:’+/\c 2 da’.
S S

120
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Step 3 (Diagonal argument). By definition of Q,eq, there exist a,/l;: S — R3
such that

Qrea(sym D' — co¢' @ ¢') = Q(D — o€ ® ),

N (4.133)
Qred((D/)Qﬁ) = Q‘P(E)v

where we set

()" |0
- ((D/)?@ o

~ symD'u | 0/ N .
D +ta®e;t+e3Ra,

E:

(Ol)T 0>+b®€3+63®b

In particular, thanks to (f.17)), we have @, b € L%(S;R3).
To conclude the proof, we employ a standard diagonal argument. Let (u;) C

~

W2>(S;R?), (v;) € W3*°(S) and (a;), (b;) C C2(S;R?) be such that the following
convergences hold, as j — oc:

u; — ain WH(S;R?),  9; — 0 in W>?(S), (4.134)
a; — a in L*(S;R%), b; — b in L*(S;R?). (4.135)

If we set

~  [symD'u; |0

o 0)" |0
5 (D)%, | O
E== oy To

>+aj®63+63®aj,
>+3j®e3+e3®3j,

then, by —, we immediately have
D; - D in L*(S;R>?), E; — E in L*(S;R>*®),
as j — 0o. Moreover, by [76, Theorem 2.1], there exists (E]) C C(S;S?) such that
= Cin WH(SRY),
as j — 00, and, in turn, there holds
Ej ® Ej — E®E in LI(S;R**®) for every 1 < ¢ < o0, (4.136)

as j — oQ.
For every fixed j € N, by Step 1, there exists a sequence (?jgj)) with ijgj) =
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(yg), 7n\§f)) € Qy, such that the following convergences hold, as h — 07:

@g)—> mo in WHP(Q; R?); ( )

FY) = D~ Iin LP(Q; R¥); (4.138)
ug) = U, (qg))—> u; in WH2(S;R?); (4.139)
Uh = Vh(qh )— 0; in W*2(9); ( )
(4.141)

. R 1 (D' .
o = W) -5 (7") i w2s)
ﬁﬁf) = M(@) = xal; in L*(R%R?); ( )
= Na(@)~ xa(D'E;[0) in L*(R%RS); (4.143)
)‘h = /nigz) o yh ) Cj in L'(Q;R?); (4.144)
2= 20@))— & in D R?) for every 1< g < oo #14)

Moreover, we also have

hmEh /Q COC ®C da:—i——/Q

1
+/|D'Cj|2dcc'+—/|§j| dz'

In view of ( m and (4.137)- m we select a subsequence (h;) such

that, setting th = (yhj,mhj) with y Yp, = yg and my,, = mﬁf), the convergences

in (4.106)—(4.114) hold for h = h;, as j — oo, as well as

lim 5 @,) = /QD <®<dx+—/c2

/|D'<|2dm +3 [ 1Pz

As the right-hand side of ({£.147) equals E§'(g,) by (4.133)), this establishes ({.115)
for the subsequences 1ndexed by (hj). O

(4.146)

(4.147)

4.2.4 Proof of Theorem [4.3]
We are finally ready to prove our first main result.

Proof of Theorem[{.3. We have to prove just claim (i), since claim (ii) has already
been proved in Proposition [4.12]

Recall f. For simplicity, we set
Fy:=Dyy,, An:=myoy,, Lj=Ly\,detF,), E,:=L,"F,.
First, recalling —, we write
dist(F'p; SO(3)) < |Fy, — Ey| + dist(Ey; SO(3))
< |Lp, — I| 8] + dist(Ep; SO(3))
< ChPPR|E,| + dist(Ej; SO(3))
< C (BP? + dist(Ey; SO(3))) -
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Thus, for ¢ € {2,p}, we have
/ dist?(F; SO(3)) d < C (hW?)q + / distq(Eh;SO(B))dzc) :
Q Q

Recalling (4.10)) and (4.33]), this shows that
Riu(y,) < Ch? (Eg,) +1). (4.148)
Set 4, = R (y),). Applying Lemma [4.5|to each y,, we find (R,) C W?(S; SO(3))
and (Q),) C SO(3) satisfying
|F), — Ryl poamsns) < Cry/", D' Ry|| pa(sigsxsxsy < Ch™lr/9, (4.149)
IR: — Qplloqsmss) < Ch )% |Fy — Qyllpasmsxsy < Ch™lry/e. (4.150)
Denote by ¢;, € R? the average of Qth — 75, over €2 and consider the rigid motion
T),: R® — R? given by T,(§) = Q. & — ¢,. Set y, = T}, oy, and note that
Yy, — 7, has null average over ) by our choice of ¢;,. From (4.149)—(4.150)), setting
Ry, = Q;Rh, we immediately deduce
|Fs, — Rl ogumsxs) < Cryl, D' Ry || pa(simsxsxsy < Ch™rp/® (4.151)
IRy, — I|| pogsmoxsy < Chlry/% |Fy — Il agsmsxsy < Ch™lr/% (4.152)
At this point,we apply Proposition to g, = ¥y, with e, = h®. Note that, in

view of (4.27)) and (4.148)), the sequence (rp/e;) is bounded. Therefore, there exist

u € WH(S;R?) and v € W?2%(S) such that, up to subsequences, claims ([4.28)—
(4.29) hold true. Thanks to these convergences and to the first estimate in (4.151)),

we apply Lemma [4.8/ to g, = ¥, with e, = h?. Thus, there exists G € L*(Q; R3*3)
such that, up to subsequences we have

G = h PR, Fy — I) ~ G in L2 R*) (4.153)

and, for almost every x € €2, there holds

~ I

G (', 13) = symD'u(x’) + ((D)*0(x')) 3. (4.154)

Given the assumption f > 6 V p, we have 5/2 —1 > 0 and /p — 1 > 0. Recall
the second estimate in (4.152). Let 0 < s < 1 and consider 2 < g5 < p such that
1/qs = s/2+(1—s)/p. By the interpolation inequality |73, Proposition 1.1.14], there
holds

1Fn — I s moxsy < 1 Fh — |52 qmos | Fn — I|| iy < Ch®,  (4.155)
where we set a = s(8/2—1)+ (1 —s)(8/p —1). We choose s in order to have
0 >3, o> 1. (4.156)

Note that these two conditions are equivalent to

2(p —3) 2(2p - B)
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respectively. Therefore, as

22 =) _2p—3)

Blp—2) 3p-2)
if and only if 5 > 6, such a value 0 < s < 1 always exists. Define my, = QthoT,jl,
so that g, = (y,,m;) € Qn. From (4.155), by applying the Poincaré-Wirtinger
inequality and the Sobolev embedding, we deduce the estimate

1Yn — mhllco@mrsy < ClF R — I s @raxs) < Ch™.

Note that here we implicity exploited the first condition in (4.156|). Hence, given the
second condition in (4.156)) and the second estimate in (4.152), we apply Proposition

to g, = q,,. This yields the existence of ¢ € W'2(S:S2) and X € L2(R3;R?)
such that, up to subsequences, there hold
i, = Mu(@y)— xof in L*(R%R%); (4.157)
Ny = Ni(@,)— xa(D'C,X) in (R} RY); (4.158)
Moreover, also (4.30)) holds true. From this and from (4.153)—(4.158]), by applying
Proposition to g, = q,,, we obtain

Eq(q,) < liminf E; (g
0(qo) < 1;2(1)9 n(a),

where we set g, = (u, v, E) Thanks to Remark , this proves (4.31]). O

In the next remark, we comment about the specialization of Theorem in the case
of incompressible materials.

Remark 4.13 (Incompressibility). In the case of incompressible materials, the
class of admissible states for given h > 0 is restricted to

Qi = {(y,m): y € Y(Q), det Dy = h a.e. in Q, m € W(Q¥;§%)}.

Indeed, the physical deformation ¢ == y o ﬂgl € WhP(Qy; R3) satisfies the incom-
pressibility constraint det D¢ = 1 almost everywhere in €, if and only if there holds
det Dy = h almost everywhere in 2. The fact that, for incompressible materials,
magnetization are sphere-valued has already been observed in Remark [2.15]

In this setting, Theorem [4.3] still holds true up to replacing the reduced quadratic
form Qpeq in (4.24)) with its incompressible version Qi¢d: R?*2 — [0, +00). This is
defined by setting

; X |0 1
red(23) = mi i ceRY P =¥
red () mln{Q<<(0/)T 0>+c®ea+eg®c> c , C St }

The adaptations needed to prove Theorem in the incompressible case rely on the
techniques developed in [42] [100]. Full details are provided in [27].

4.3 Convergence of almost minimizers

Henceforth, we consider applied loads determined by body forces and by an external
magnetic field. For simplicity, applied surface forces are excluded. However, these
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can be easily included in the analysis. According to the assumption of dead loads, the
work of mechanical forces is described by Lagrangian terms. Conversely, the energy
contribution corresponding to the external magnetic field, usually called Zeeman
energy, is of Eulerian type.

Given h > 0, let f, € L*(S;R?), g, € L*(S) and h;, € L*(R* R?) represent an
horizontal force, a vertical force and an external magnetic field, respectively. The
work of applied loads is determined by the functional L;: QO — R defined by

1 o 1 1
L) = 5 [ e —edat g [ade [ hemde, (1159)

where g = (y, m), so that the total energy Fj,: Q, — R reads
Fy(q) = En(q) — Ln(q). (4.160)

Regarding the asymptotic behaviour of the applied loads, we assume that there
exist f, € L*(S;R?), go € L*(S) and hy € L?*(R? R?) such that the following
convergences hold, as h — 0%:

W P2, —~ f,in L*(S;R?), (4.161)
h=P2 g, — gy in L*(S), (4.162)
hy o mh— xrho in L*(R*; R?). (4.163)

We stress that f, go and hg are a priori assumed to be independent on the vertical
variable. Also, we recall that I == (—1/2,1/2).
The limiting total energy Fy: Qo — R is defined as

Fo(qo) = Eo(qq) — Lo(qy)- (4.164)
The functional Ly: Qg — R is given by
Lo(qy) = / fo-uda' + / govdax' + / ho - ¢ do’, (4.165)
s S S

where q, = (u, v, ). We observe that the limiting total energy is purely Lagrangian.
Additionally, from now on, we impose some Dirichlet boundary conditions on defor-
mations. Precisely, let

uec W>°(S;R?), ©eW>(9). (4.166)
Also, assume the following:

A C 95 is a finite union of disjoint, closed and maximal connected

4.167
subsets of 9S with J#'(A) > 0and I := A x I C 5. ( )

As in [97], we consider clamped boundary conditions by restricting ourselves to the
class of admissible states

Q. ={(ym) € Qy: y=7,onl}, (4.168)

where we set

_ , -
Yy, = 1, + b2 (’g’) + pp2 (%) — WP (DO”> : (4.169)
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Accordingly, limiting admissible states belong to the class
Qo ={(u,v,$) €Qy: u=uwonA, v=vonA, Dv=DTonA}. (4.170)

Our second main result claims that, under the boundary conditions in (4.168)), almost
minimizers of the sequence (F}) in (4.160) converge, as h — 0T, to minimizers of

the energy Fj in (4.164) in the class Q.

Theorem 4.14 (Convergence of almost minimizers). Let (q;) with q, =
(y,, mp) € Qp be such that

lim {Fh(qh) — inf Fh} = 0. (4.171)
On

h—0t

Then, there exist q, = (u,v,{) € Qqy such that, up to subsequences, the following
convergences hold, as h — 07 :

wy, = Uy (q,)— u in WH(S; R?); (4.172)
v = Vilgy,)— v in WH2(S); (4.173)
2, = Zu(q,)— ¢ in LY R?) for every 1 < q < o0o. (4.174)

Moreover, q, is a minimizer of Fy in Q.

We mention that the weak convergence in (4.172) can be improved to strong con-
vergence by arguing as in [66, Subsection 7.2].

Remark 4.15 (Existence of minimizers for the reduced model). As a conse-
quence of Theorem , we deduce the existence of minimizer of Fy in Qy. However,
under our assumptions, this can be established directly. Indeed, the functional Fj
is lower semicontinuous with respect to the product weak topology thanks to the
convexity of (Qreq. Thus, in order to apply the Direct Method, one only has to show
that the functional Fj is coercive on Qy. This is done by exploiting the positive def-
initeness of Qr.q on symmetric matrices in and applying Korn and Poincaré
inequalities in view of the boundary conditions in .

Remark 4.16 (Convergence of minimizers). By Remark and Remark
if we assume ® to be polyconvex, then the functional Fj, admits minimzers in Q)
for every h > 0. In this case, Theorem ensures that any sequence of such
minimizers converge to a minimizer of Iy in Q.

4.3.1 Clamped boundary conditions

Observe that in (4.172)—(4.174)), unlike in (4.28])— (4.30)), compactness is obtained

without composing with rigid motions. This improved compactness is due to the
boundary conditions imposed in (4.168)). To see this, we need a preliminary result
which is inspired by [97, Lemma 13].

Lemma 4.17 (Clamped boundary conditions). Let (y,) C WY2(Q; R?) and let
(en) C R with e;, > 0 be such that ey /h? — 0, as h — 0. Set r, == Ry(y,,) and
suppose that r, < Cey, for every h > 0. Also, set F), := Dyy, and suppose that
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there exist (Ry,) C W12(S;80(3)) and (Q,,) C SO(3) such that, for every h > 0,
the following estimates hold:

||Fh - Rh||L2(Q;R3X3) S C\/T_h, ||D/Rh||L2(S;R3X3X3) S Ch_l Th, (4175)
||Rh — Qh||L2(S;R3x3) < Ch~! Th, ||Fh — Qh||L2(S;R3X3) < Ch_l\/ﬁ. (4.176)

Also, suppose that y, =7y, on " for every h > 0. Then, for h < 1, there holds
Q, —I|<C ({ + hP2- 1) : (4.177)
Moreover, denoting by ¢, € R? the average of Q, y, — ), over Q, there holds

len] < C (\/h_ + /2= 1) . (4.178)

Proof. We first prove (4.177)). As in the proof of Theorem define ,@ L= QL y,—ch
with ¢, € R? chosen so that Yy, — 7'rh has null average over §). Set F' = Dy, and

Rh = Qh Ry,. Assumptions (4.175)—(4.176) immediately yield

||Fh - RhHLZ(Q;RSXB) S C\/E, ||D RhHLQ(S;R3X3X3) S Chil\/ﬁj
IRy — I||2(s:msx3) < Ch™\/rh, | Fy — Il 2(smaxsy < Ch™' /Ty,

Define @y,: S — R?, 0, : S — R and wy,: S — R? by setting

ane) = (o =) [(Giia )~

op(x') = \/_/th x3) dxs,
wy(2') = \/_G_h /Ix3(§h —7ry,) das.

Applying Proposition [4.6] to 4, = ¥, and then the trace inequality, we obtain the
estimates

~ th/T‘h Th Th
Ry < Ny — " A 4.179
[wn | L2am2y < C ( - - + " o hQ\/—) (4.179)

~ T
[Tnll 2y < C,/—:, (4.180)

[l < € (D2 4+ [72). (1181)

Analogously, define uy: S — R?, v, : S — R and wy: S — R3 by setting

we) = (2 h ) [ - ) d

vp (2’ ::—/yha: x3) dx,

wy, (2’ ::\/—_/ —7ry) das.
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In view of the boundary condition satisfied by y,,, there hold

h5/2+2 h,8/2

up = AN —=u on A,
(& \/Eh
hB/2
v, = ——0U on A,
€h

1 W32 ( D' A
wh—_ﬁ—\/a( 0 ) on A.

For simplicity, set d;, := Q),c;. Then

h_2€h V \/e_huh . h_2€h V \/e_hﬁh
( h—l en Un - (Qh - I) ™o + Qh h—l\/e—h”ﬁh + dh7

h ~
Verwy, = E(Qh —Ies + \/erQ) wy,.
From (4.186|), given (4.181)) and (4.184)), we obtain
e _ hB/2 _
@~ Dl < CY (Ilzinaey + = Dl

<C (@ + hﬁﬂ—l) .

In turn, we also have
(@ - Derf < 0 (G2 o).

Looking at the first two components of (4.185)), we estimate

(4.182)
(4.183)

(4.184)

(4.185)

(4.186)

(4.187)

(4.188)

(& ~ Eh 1~
@5 = I+ di |aeey < C (75 V Ve ) inll ey + C52 T2

€
+C (25 V ven) lunllzsse.

From this, recalling (4.179)—(4.180) and (4.182))—(4.183]), we obtain

@~ T + dyllizqnaey < C (v var) (2 ) w0 [
’ h? €n €n h

€n

en hﬁ/2+2 h,B/2
—l—C’(ﬁ\/\/e_h) ( iy

< C(@Jrhﬁ/?).

In the last inequality, we exploited that 7, /h* < 1 for h < 1.
Up to translations, we can assume that

/a:’dl =0
A
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In this case, (4.189)) yields
Qy —I"|+1|d,| < C (@ + hm) (4.190)

Combining (4.187)—(4.188|) with (4.190]), we establish (4.177)).

Similarly, looking at the third component of (4.185)) and exploiting (4.179)—(4.180)),
(4.183) and (4.188)), we estimate

|d | < C( V \/_> ||Uh||L2 A;R2) +O£||Uh||L2(A

+ OV 20 + @]~ D

<0 (55 ven) (\/g €h> \/_ Z—: (4.191)

VBT ( o)

h /e
<C (£ . h6/2—1) .
h
Thus, (4.178)) follows from (4.190)—(4.191)). O

The next result provides the analog of Proposition under clamped boundary
conditions. For technical reasons, we need precise estimates on the norm of the
averaged displacements.

Proposition 4.18 (Compactness of deformations under clamped BCs). Let
(g,) € WE2(Q;R?) and let (ep) C R with e, > 0 be such that e, /h* — 0F. Set
rn = Rp(y,) and suppose that ry, < Cey, for every h > 0. Also, set F), = Dyy,

and suppose that there exist (Ry,) C WY2(S; SO(3)) and (Q,) C SO(3) such that,
for every h > 0, the following estimates hold:

IF), — Rl 2amss) < Oy ||D'Rullr2(smsnsxsy < Ch™t/m, (4.192)
||Rh — QhHLQ(S;R?’X?’) S Oh_l Th, ||Fh - Qh||L2(Q;R3X3) S Ch_l Th, (4193)
Q,—I|<C (\/—f + h5/2‘1> : (4.194)
Also, assume that y, =1y, on ' for every h > 0. Define
ﬁh:S—HRQ, ﬁh:S—HR, ’l/l\)hIS—>R3,
by setting
uy(x') = — /\ —/ U, (x' x3) ’) dxs,

op(x') = \/—e_h /I@L(a:’,xg)dxg,

A~

N om 23(y, (2, 23) — (2, 23)) do
wh(w)-—\/a/l (G (@', x3) — 7 (2, 23)) dus.
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Then, the following estimates hold:

. Th o Th Th h?
N ol Y MLy L 4.195
[wn||wr2(sre) < ( eh+€h h2\/a+€h) ( )
N Th h5/2>
Snllyyr.e gc( I Y 4.196
oo < € (/2 4+ 22 (4.196)

. [T
|wh [l wresrsy < C e—h- (4.197)
h

Moreover, there existu € WH2(S;R?) and v € W2(S) such that, up to subsequence,
the following convergences hold, as h — 0%

up— u in WH(S; R?); (4.198)
Up— v in WH(S); (4.199)
. 1 0\ .

W=7 ( DO'” ) in WH2(S; R?). (4.200)

Proof. From (4.193)—(4.194]), we immediately get the estimates

Hﬁh - I||L2(S;R3X3) <(C (@ + hﬁ/Ql) :

||ﬁ‘h — I||L2(S;R3X3) S C (\/—]:_h —+ hﬁ/2—1> )
At this point, we proceed as in the proof of Proposition [4.6] Define
h =~ - h =~ ~ h? -
—(Rh—I>, Bh' (Fh—I), Ch = —sym(Rh—I).
Ve,

o \/Eh €h
First, we obtain the estimates

~ hB/2
| An|lwrzsmexsy) < C A , (4.201)
e en ' en

2]1 =

~ r hP/2

| Bl r2(srexsy < C ( i + \/—e_h> : (4.202)
~ r hB

IC L2 (smaxs) < C (i + +Z) : (4.203)

Then, we show (4.195)—(4.197)) by taking into account the boundary condition on y,,
while applying the Poincaré inequality. Eventually, we prove (4.198)—(4.200|). n

For convenience, in the next result we register some useful estimates for the norm of
the averaged displacements that follows from Proposition m in the case e, = h®.

Corollary 4.19 (Norm of the averaged displacements). Let (g,) with q, =
(Y, M) € Qp. Setry, = Ru(y,) and suppose that r,, < ChP for every h > 0. Also,
set wy, = Up(qy), Un = Vu(q,) and wy = Wy(q,), and suppose that the following
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estimates hold:

~ v/ Th Ty
[un|wrzsre) < C (W +o5+ 1) : (4.204)
~ VTh
|On|[ w12y < C (_hﬂ/Q + 1) , (4.205)
~ T
[wnllwr2(sire) < oY (4.206)

hB/2’
Then, there holds

H’ahHWLQ(S;Rz) —+ H@\hHWLQ(S;RQ) —+ ”@hHWLQ(S;Ri‘) < C < El‘f‘bl(ah) + 1) . (4207)

Proof. By (4.148)), we have that r,/h? < C + Ef(q,). Thus, (#.207) immediately

follows from (4.204))—(4.206)). O

The major difficulty in proving Theorem [4.14] is to deduce the equi-boundedness
of the elastic energy starting from the equi-boundedness of the total energy. This
is accomplished by arguing by contradiction, similarly to [97, Theorem 4|. The
strategy is quite involved and relies on the estiamtes provided in Proposition [4.18|

Lemma 4.20 (Energy scaling). Let M > 0 and let (q,,) with q, € O, for every
h >0 be such that

sup Fi(q,) < M. (4.208)
h>0

Then, there exist (M) > 0 and h > 0, where the former does not depend on (qy,),
such that
sup Ei(g,) < C(M). (4.200)
h<h

Proof. We introduce some further notation. Given h > 0 and q = (y, m) € Qy,, we
set

h@%z/wﬂ&&wwyM%
9]

Jh(q)Ifh(q)—/th-(y’—w')der/Qghysdw-

For convenience of the reader, the proof is subdivided into three steps.

Step 1 (Preliminary estimates). First, we check that
In(q,) < C(M)RP2. (4.210)
Let g}, = (y,,, m;) and, for simplicity, set
F,=Dyy,, An=myoy,, Lj,=L,A,detF}), E,:=L;,"F,.
Recalling , for every h > 0, we have
o= Ru(y,) < Ch? + I(q,,), (4.211)

131



4.3. Convergence of almost minimizers 4. Dimension reduction in the static setting

which yields
|1 Fll2ozos) < C (|[dist(Fy; SO(3)) |2y + 1)
<SCWrn+1)
< C( In(gy) + 1) .
Then, using the Poincaré inequality with trace term, we obtain

1y — Tallzzms) < C (I1Fn — Il r2omss) + 1yn — Tallr2(ams))
< C (IFnlr2meoxs) + 1) (4.212)
< C’( In(g,) + 1) .

Given (4.161)) and (4.212)), applying the Holder inequality, we estimate

i 1= 0e] <
¢ o (4.213)

< ) Yy, — || L2 m2)

< %( Ih(Qh)+1>.

Similarly, exploiting (4.162)), we obtain

1
‘hﬁ/gh yhdm

iz I — @'z

< hﬁthHL?(S H?Jh||L2

C
S 3T (lyh = hasl 2 + 1) (4.214)

< %( Ih(Qh)+1)-

Set w;, = Mpy(q,). Recalling (4.163) and using the Change-of-variable Formula, we

estimate

1
‘ hhon'h-uhda:

h/ﬂyhh hE‘ /R3

< w0 7l L2y [ benl| L2 (rojrs)

<C(VTilan) +1).
Indeed, as in (4.63])—(4.69)), there holds
1 1
2d:/—d</—d<1 1).
/]Rdllllh| r Qdech w_C Q|dech|‘1 m_C( h(qh)+ )
The combination of (4.213])—(4.215)) yields
C
(@] < 75 (VIi(@) + 1) (4.216)

so that, employing the Young inequality, we write

1 C C C«/
Filan) = 551n(an) = 555 <\/Ih(qh) + 1) > 5 (@) ~ 1

(4.215)
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This entails (4.210]) thanks to (4.208)). Recalling (4.211)), we immediately get
r, < C(M)RP/2. (4.217)

Also, we obtain
Ju(a,) < C(M)R”, (4.218)

since

1
P Iu(ay) < Filg,) + E/ hy - my, d§ < M"‘C( In(qy) + 1) <C(M),
Qvh

thanks to ([£.208)), ([#.210) and (#.215).

Step 2 (Improved estimates). We claim that I,(q,,) is actually of order h”. By
contradiction, suppose that

1
limsup —I(q,) = +oo. (4.219)
h—07+ h’B

Set F}, = Dy, and note that r,/h?> — 0, as h — 07 by (4.217) since 8 > 4. By
means of Lemma 1.5 we find (R,) C W'?(S; SO(3)) and (@Q),) C SO(3) such that
the following estimates hold:

||Fh - Rh||L2(Q;]R3X3) S O\/’f’_h, ||D,Rh||L2(S;R3X3X3) S Ch_l\/a,

IRy = Qullp2smsxsy < Ch™'\/rn, | Fi = Qulliziamsxsy < Ch™'/ry.

Let e, = I;(g;,). Given (4.219), up to subsequence, we have

hB
lim — =0, (4.220)
h—0t ey
which, together with (4.211)), yields
lim sup 2 < 1. (4.221)
h—0+ €h

Also, applying Lemma [£.17 we deduce

\/ Tn V' Th€hn B8/2—1
—I|<C (e, +X— —— 4+ ——+h .
1Q | ( SRR AL 2 s =t g2 T

Now, define Uj: S — R? and V},: S — R by setting
Up(x) ':h—z/\L/(y'(w’ x3) — ') do
h . en \/a | h s L3 3

h
Vi(2') = \/—e_h /Iyi(:c’,xg)dm.

As the sequences (r,/h?), (rn/en) and (h?/e;) are bounded because of ([4.217)
and (4.220)-(4.221)), Proposition entails that (Uj) and (V},) are bounded in
WLZ(S;]R2) and WH2(S), respectively, for h < 1. Hence, taking into account

f and m, we compute

hlz%a{eh/fh ades [ ouide
hB/2 hB/2
= i R —— /hﬁ/2 Uy da’ —/hﬁ/21 Vi, dz' ¢ = 0.
hirg{r{( 1/eh> s fh h T +\/€h S In ¥ C®
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This, in turn, gives

1
1= lim —1Ix(q,)

h—0t ey,
:hlg(%{ Tn(an) /fh o dw—i——/ghyhdw}
=1 —J < C(M) 1 —:O

Jim, = Ju(gn) < C(M) lim = =0,

where the last equality is justified by (4.220]). This provides a contradiction and, in
turn, we necessarily have

! — I (qy) < +o0. (4.222)

Step 3 (Bound on the constant). Clearly, the constant L > 0 in (4.222]) depends
on the sequence (g;). We claim that

L < C(M) (4.223)

for some constant C'(M) > 0 depending on M but not on (q;). First, observe that,
in view of (4.211)) and (4.222)), there hold

. Tho
hiliiljp m <C+1L, hlirg+ 7= 0. (4.224)

Set uy, = Uy(q;)and v, == Vi(q,,). By applying Proposition to ¥y, = y, with
en, = h?, we deduce the two estimates:

fuslssiey < C (3% + e +1). (4.225)
[onllwragsy < C (i\z/ﬁ; + 1) (4.226)

Then, recalling (4.161])—(4.162)) and (4.218)) and employing the Holder inequality, we

estimate

1
—1In(q,) = 5Jh(CIh) /h_ﬁ/th'uh d$/+/h_ﬂ/2_lghvhdw/
hb h S S

< C(M) + C (Jlunllr2(sirz) + llonllrzs)) -

Exploiting (4.225)—(4.226)), we take the superior limit, as h — 07, at both sides of
the previous inequality with the aid of (4.222]) and (4.224]). This yields

L<C(M)+CVL,

which entails (4.223)) by applying the Young inequality.
Therefore, in view of (4.222]), we have proved that

In(g,) < C(M)R?

for h < 1 depending on (g;). At this point, from (4.216)), we infer L,(q;) < C(M)
and, recalling (4.208]), also (4.209)). m
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We now prove the compactness of sequences of admissible states with equi-bounded
energy under clamped boundary conditions. This result is going to be instrumental
also in the quasistatic setting.

Proposition 4.21 (Compactness under clamped BCs). Let (q,) with q; =
(yp, myp) € Qp, be such that

sup { Bl (@) + By"(a,)} < C. (4227)

Then, there exist q, = (u,v,{) € Qo and x € L*(R*;R3) such that, up to subse-
quences, the following convergences hold, as h — 0% :

wy, = Uy(q,)— u in WH(S;R?); (4.228)
vy = Vilg,)— v in WH2(S); (4.229)

1 !/
py, = Ma(gy)— xo€ in L*(R* R?); (4.231)
Ny = Ni(g,)— xa (D'¢,x) in L*(R%R™); (4.232)
A i=my 0y,— ¢ in L'(Q;R?); (4.233)
2y = Zn(qy,)— € in LYQ;R?) for every 1 < q < oo. (4.234)

Proof. Set rj, :== Ry,(y,,). From ([4.211)) and (4.227), we obtain the bound r, < Ch”.
By applying Lemma we establish the existence of (Ry,) C W'?(S;SO(3)) and

(Q,) C SO(3) such that (4.149)-([4.150) hold for ¢ € {2,p}. Taking e, = h” in
Lemma we obtain the estimate

1Q), — I| < ChP/* 1,
so that, setting F'j, := Dy, we deduce
| Fy, — I|| agaumaxsy < CRP/27 (4.235)

From this, by employing the interpolation inequality as in the proof of Theorem [4.3]
we also find gy > 3 and oy > 1 such that

HFh - IHqu(Q;Riixii) S Ch/OéO‘ (4236)

Now, using (4.235) with ¢ = p and the Poincaré inequality, we infer (?7?), while,
by Proposition 4.18, we deduce ([4.228)—(4.230)). Eventually, in view of (4.227) and
(4.237)(4.236), claims (4.231)—(4.234) follow at once by applying Proposition

to g, = qy. u

The next result provides the existence of recovery sequence under clamped bound-
ary conditions. Although its proof is analogous to the one of Proposition [1.12] the
requirement of the deformation to satisfy the boundary condition represents a tech-
nical difficulty. This difficulty is overcame by employing an approximation result
which is available in the literature.

Proposition 4.22 (Recovery sequence under clamped BCs). Let g, € Q
with q, = (4,0,() € Qp. Then, there exists (q,) with q, € Q, such that the

convergence in (4.106)—(4.114) hold true as well as (4.115)).
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Proof. The proof works as the one of Proposition [£.12] In Step 1, we additionally
assume that 4 = won A, v = 7 on A and D0 = DT on A. In this way, each
deformation y, clearly satisfies y, = g, on I'. Then, in Step 3, we apply [66,

Proposition A.2| to choose the sequences (u;) and (v;) to satisfy u; = w on A,
v; =v on A and D'v; = D'U on A for every j € N. Here, we exploit the regularity
assumption (4.167)). O

4.3.2 Proof of Theorem [4.14]

We are now ready to prove our second main result.

Proof of Theorem[{.1] For convenience of the reader, the proof is subdivided into
two steps.

Step 1 (A priori estimates). For every h > 0, set F), = D,y,. Define
my,: QY — R3 by setting
e

 det Fog,

my, :

for some fixed e € S?. Thus, g, == (¥,,, M) € Q. We claim that Fj,(g,) < C.
First, with computations analogous to the ones in (4.118)—(4.120]), we check that

F,=T+0M"?"), detF,=1+0("?), D(detF))=0(R"?). (4.237)

VF,Fy= I+ (D+a3E).

where, for convenience, we set

- (sympla 0,>’ - (—(D/)2U 0,>.
(OI)T 0 (OI)T 0

_ T \1/2
By the Polar Decomposition Theorem, we have F) = Py (F;Fh> for some

(P,) € Wh=(S;S0(3)). Setting

Also, we compute

_ _ — —=T_ — _ —1
Zy = Z,(G,), Ln=LyP,Z,), K,=hP?*I-L,),
using (4.16) as in (4.128])—(4.130)), we compute
1 T\ 1/2
El(g,) = — / (T, (FZFh) de
h? Jq
1 . —
Q
1 — —
+ / w (h’? (D - K} + 23E)) da.
h? Jq
Since (K},) is uniformly bounded, this shows that E¢'(g,) < C. Using Proposition
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[1.46] we write

EP(g)) = /Q | D 0 g, det D, de
Yh

_ le ® D(det F,|?

B /Q (det F)*
|D(det F'p)]|

o (det F)3

det Dy, dz

Thus, E5*(g,) < C in view of (4.237). Denote by 1), the stray field potential
corresponding to q,,. By (2.12), we have

_ 1
Dy, |*d </ m)* d :h/ —
- | Dy = d€ < - | dg o det F)

so that E}"*®(g,) < C, again, thanks to (4.237)). Indeed, by Proposition (.46 we
have

dx,

/ [72n|* A€ = / [T 0 Gy|? det Dy, d
Qv Q

2
1

:/—| ¢l detDyhdaz—h/ —

(det F'y)? o det F'j,

This shows that Ej,(g,) < C. Applying the Hélder inequality and Proposition [1.46]
we estimate

|Lh qh ’hﬁ/fh
< /h—ﬁﬂfh-adw'
S

(4.238)
dx.

1 1
d h, -m;d
‘hﬁ/ghyhl' ‘h/g'yh B T, 5’

+ /h_ﬁ/Z_lgh-Eda)’
s

+

/ hj, o7y, - Ty, o T da
(QFn)

< WP Fulliasze (@l aesme) + B2 Hlgnllags) [0] cags)
+ [lhn © a2 (r3m3) ’\Xwgl(nvh)mh o || r2msme) < C,

where we used (4.161)—(4.163) and we set f;, = M,;(q,,). This because, by ({4.238))
and Proposition [I.46] there holds

1 1
_2d:/ mowzd:—/m%:/ _dx,
/Rg’NH '3 wgl(Qﬂh)| h h| '3 h th| h| 3 o det By

where the right-hand side is uniformly bounded thaks to (4.237)). Therefore, the
claim is proved. Clearly, this gives infg, F}, < C' which, in view of (4.171)), yields
Fu(gy) < C.

Step 2 (Compactness and minimality). By Lemma [1.20, we have  Ein(q,) <C
for h <« 1. Then, by Proposition [4.2 L there exist q, = (u v,¢) € Qp and x €

L*(R3;R?) such that the convergences in (4.172)(4.174) and ( m ([+.232) hold
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true. Also, set Fy, = Dyy,. By Lemma [L.5 there exists (R;) C W12(S;R3*3)
satisfying
| Fy, — Ry r2msxs) < ChP/2.

Given this and ﬁ m we are in a position of applying Lemma to
Y, =y, with e, Thus, we find G € L*(2; R3*3) such that

Gp=h PR F, —I) =~ G in L*(Q;R>?), (4.239)
and, for almost every x € €2, there holds
G’ (', x3) = symD'u(x’) + ((D')*v(x')) 3. (4.240)

In view of (4.174)), (.231)-(4.232) and (4.239)—([1.240), we apply Proposition [4.11]
to q,, = q,, and we conclude that

Folgy) < liminf Fy(q,). (4.241)
h—0t

Eventually, let g, = (u,7, E) € Q. By Proposition 4.22| there exists (g,) with

g, € Qp, such that (4.115) holds true. Thus, combining ({.115)), (4.171]) and (4.241]),

we get

F < liminf F; < liminf F,(q,) = Fo(q,).
0(go) < liminf Fy(g,) < liminf F,(g,) = Fo(y)
Since g, is arbitrary, this shows that q, is a minimizer of F;y on Qj. O

We conclude the chapter with some variants and extensions. These are collected in
the following remarks.

Remark 4.23 (Integral clamped boundary conditions). Similary to Remark
2.16, we can consider integral boundary conditions. In this case, for every h > 0, we
define the functional E{': Q; — [0, +00) by setting

o 1 _
B = 5 [ - vPdat o - o Pdas o [l - )P da,

where ¢ = (y,m). Augmenting the total energy by this functional imposes the
clamped boundary condition y = ¥, on I' in a relaxed sense. The scalings are
choosen for the corresponding reduced functional E§': Qy — [0, +00) to be defined
as

EsNq,) ::/A\ﬁ—u|2dl—i—/AW—U]2dl+/A|x3 (D'v — D'v) |*dl,

where g, = (u, v, ), thus recovering the limiting boundary conditions u = w on A,
v=1on A and D'v = D't on A. Indeed, whenever (q;) with q, = (y,,, m;) € Q,

satisfies (4.228])—(4.230)), we have
EgNqo) < liminf Ef(q),).
0 (qo) = liminf £ (q),)
Therefore, with minor adaptations, is it possible to prove the I'-convergence, as
h — 0%, of the functionals (F}, + E{') to the functional Fy + ES as well as the

convergence of sequence of almost minimizers to minimizers of the corresponding
reduced functional.
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Remark 4.24 (Incompressibility). In view of Remark [4.13] it is possible to spe-
cialize Theorem for incompressible materials. Define Q" as in Remark [4.13]
On the one hand, the maps w and 7 in (4.166|) can be choosen in such a way that
the boundary datum vy, in (4.169) satisfies det Dy, = h almost everywhere in (2.
On the other hand, the approximation result employed in the proof of Proposition
does not guarantee that the deformations of the recovery sequence fulfill the
incompressibility constraint. Therefore, for general clamped boundary conditions,
we do not have an analog of Theorem {4.14] in the incompressible case. However,
such a result holds true under the boundary condition y; = 7, on 0S. In this
case, the proof of Proposition [4.22]it is easily adapted by considering approximating
sequences (u,) and (v;) that satisfy homogeneous Dirichlet boundary conditions on

0S.

139



4.3. Convergence of almost minimizers 4. Dimension reduction in the static setting

140



Chapter 5

Dimension reduction in the
quasistatic setting

In this last section, we study the quasistatic evolution for the variational model stud-
ied in the previous chapter under dissipative effects. The framework of the theory
of rate-independent systems [I10]. In particular, we examine evolutions driven by
time-dependent applied loads. Our aim is to investigate the asymptotic behaviour,
as the thickness of the plate goes to zero, of quasistatic evolutions in the sense of
evolutionary I'-convergence.

The main results of the chapter are Theorem and Theorem [5.11] The first
result states the convergence of energetic solution of the bulk quasistatic model to
energetic solution of the reduced model, while the second one claims an analogous
results for solutions of the approximate incremental minimizations problem. These
results extend the one of Chapter [4] from the static setting to the quasistatic setting.

5.1 Setting of the problem

In this chaper, we mantain all the assumption stated in Section [4.1 Also, we still
make use of the notation introduced at the beginning of Chapter [4]

Let T' > 0 be the time horizon. For A > 0, we consider time-dependent applied loads
described by the functions

fn € AC(0,T]; L*(S;R?)),  gn € AC((0, T); L*(9)),

hi, € AC([0,T); L*(R% R?)). (5.1)

The functional Ly, [0,T] x Qj, — R defined by

Lilt ) = 55 / Fult)- (v =)o+ o [ an(t)y et / u(t) - mde,

where ¢ = (y,m), accounts for the work of the applied loads. Thus, recalling
the definition of the magnetoelastic energy in (4.21), the total energy functional
Fir:[0,7] x Qp — R is defined as

Fi(t,q) = En(q) — Ln(t, q).
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We define the dissipation distance Dy,: Q X Qp — [0, +00) by setting

Du(qd) = / 1Z4(q) — Z4(@)| de,

where we employ the notation introduced in (4.23). Thus, the energy dissipated by
an evolution q: [0,7] — Qp, in the time interval [s,t] C [0,77] is given by

Varp, (q; [s,t]) == sup {Z Du(q(th), q(t"™")) : T = (°,...,t") partition of [s, t]} )

i=1

For the reduced model, we also have an evolution driven by time-dependent applied
loads. Precisely, we assume the existence of the functions

Jo € AC([O’T};LZ(SS RQ))ﬂ 9o € AC([O,T];LQ(S)),

ho € AC((0, T]; L*(R%: R?)), (5:2)

such that the following convergences hold, as h — 07:

h PP f,— fo in WHH0,T; L*(S; R?)); (5.3)

h P2 g — go in WHH0, T L2(S));

hy, o p— xrho in WHH(0, T; L2 (R?; R?)).
As before, the functions f,, go and hg are assumed to be absolutely continuous
with respect to time. Recall also that I = (—1/2,1/2). In (5.5)), we trivially set
hj, o w,(t) = hy(t) o m), for every ¢t € [0,T]. In particular, this gives a function in
AC(]0,T]; L*(R3; R?)) whose time-derivative is defined as hy, o m,(t) = hy(t) o 7,
for every t € [0,T].
Recalling (4.26)), the limiting total energy Fy: Qo — R reads

Folt:qo) = Eo(qo) — Lo(t, qo)-

Here, the functional Ly: [0,7] x Qy — R is defined by setting

(t,q0) /f cudx’ + / ()vda:'—i—/sh(t)-g”daz’,

where q, = (u,v,¢). The dissipation distance Dy: Qy x Qy — [0, +00) for the
reduced model is defined as

Do(do,@o) = / ¢~ &lda

where q, = (u,v,¢{) and q, = (4,7, E) Accordingly, the energy dissipated by
q,: [0,T] = Qo in [r,s] C [0,T] is given by

Varp, (qy; [r, s]) == sup {Z Do(qo(t)), ot 1)) = (t°,...,t™) partition of [r, 3]} )

=1

In the quasistatic setting, we impose the same boundary conditions in (4.168]) and

(4.170). In particular, we assume (4.166))—(4.167) and (4.169)).
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5.2 Evolutionary I'-convergence

In order to state our first main result, we give the definition of energetic solution
for the bulk model and for the reduced model. Here, as in Chapter [3], the boundary
conditions are included in the definition of such solutions. This applies both to the
bulk and to the reduced model.

Definition 5.1 (Energetic solution of the bulk quasistatic model). Given
h > 0, a function gq,: [0,7] — @y, is termed an energetic solution of the bulk
quasistatic model at thickness h if the function ¢ — 0, (¢, q,(t)) belongs to L' (0, T)
and, for every t € [0, 7], the following two conditions are satisfied:

(i) Bulk global stability at thickness h:

Vah S @h, Fh(tv Qh(t)) < fh(taah) + Dh(qh(t)ﬁh); (5.6)

(ii) Bulk energy-dissipation balance at thickness h:
fh<t, qh(t)) +Varph(qh; [O,t]) .Fh 0 qh / 8tfh T qh ) T. (57)

Remark 5.2 (Existence of energetic solutions for the bulk model). The
assumptions of this chapter are compatible with the existence theory for energetic
solutions developed in Chapter . Namely, if the function ® in (4.3)) satisfies the
assumption of partial polyconvexity stated in Example then, in view of Remark
and Remark [4.16] the existence of energetic solutions of the bulk quasistatic
model is ensured by Theorem [3.2]

Definition 5.3 (Energetic solution of the reduced quasistatic model). A
function q,: [0,7] — Qp is termed an energetic solution of the reduced quasistatic
model if the function ¢ — 9, F(t, qo(t)) belongs to L'(0,T) and, for every ¢ € [0, 7],
the following two conditions are satisfied:

(i) Reduced global stability:

vao € @0, -FO(ta %(t)) < fo(taao) + DO(Q()(t)aao)S (5-8)

(ii) Reduced energy-dissipation balance:
Fo(t,qo(t)) + Varp,(go; [0, t]) = Fo(0, go(0 / OFo(T,qo(7)) d7. (5.9)

Our first main result state the evolutionary I'-convergence of the sequence (Fy,) to
the functional Fy, as h — 07. More explicitly, we prove that sequences of energetic
solutions of the bulk model converge to energetic solutions of the reduced model.

Theorem 5.4 (Evolutionary I'-convergence). Let (q;) with q, = (y), m}) €
Q. Suppose that, for every h > 0, the following condition is satisfied:

VG, € Qn, Fn(0,q)) < Fn(0,4q,) + Dul(q),qy). (5.10)
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Also, assume the existence of q§ = (u,v°, ¢%) € Qq such that the following conver-
gences hold, as h — 07 :

u) = Uy (q))— u’ in W (S;R?); (5.11)
vy = Vi(g))— v° in WH2(S); (5.12)
29 = Z,(g))— ¢° in L (O R?); (5.13)

Fi(0,qp)— Fo(0, qp)- (5.14)

Let (q,) with q,,: [0,T] — Qy an energetic solution of the bulk quasistatic model
at thickness h > 0. Then, there exists a function qu: [0,T] — Qp with qu(t) =
(u(t),v(t),¢(t)) for every t € [0,T) satisfying the initial condition q,(0) = q) which
1s an energetic solution of the reduced quasistatic model. Moreover, up to subse-
quences, the following convergences hold, as h — 07 :

VEE0,T], 2(t) = Zu(g,(t)— C(t) in L(QR); (5.15)

Vt e [0,T], Varp,(qy;|0,t])— Varp,(qo;[0,t]); (5.16)

Vie[0,T], Filt,qn(t)— Folt qo(t)); (5.17)

OuFn(-,q,)— 0 Fo(-,qy) in L*(0,T). (5.18)

In particular, the function q, is measurable and bounded. Also, the functiont — ((t)

belongs to BV ([0, T); L*(;R?)), while t — Fo(t, qo(t)) belongs to BV ([0, T)).

We stress that the previous theorem is just a convergence result: the existence of
energetic solutions of the bulk quasistatic model is part of the assumptions.

In the previous theorem, the measurability of q, is meant with respect to the Borel
sigma-algebra of the space Wh2(S;R?) x W22(S) x Wh2(S;S?) equipped with the
weak product topology. Here, by weak topology of W12(S;S?) we refer to the
topology induced on this space by the weak topology of W2(S;R3). Also, the
boundedness of the map g, is understood as the one of the function

t = Ju()lwrzsee) + 0@ lwezs) + [1€E) lwrzss2)-

Remark 5.5 (Existence of energetic solutions for the reduced model).
From Theorem we deduce the existence of energetic solution for the reduced
quasistatic model. However, this can be established directly by means of the classical
time-discretization scheme thanks to the observations made in Remark [4.15

The rest of the section is devoted to the proof of Theorem

5.2.1 Proof of Theorem [5.4]

We start with some preliminary results. The first one constitutes the analog of
Lemma for the quasistatic setting.

Lemma 5.6 (Energy scaling). Let M > 0. Then, there exists C(M) > 0 such
that the following statement holds: given (q,,) with q,,: [0,T] — Qy, satisfying

sup sup Fiu(t, q,(t)) < M, (5.19)
h>0 t€[0,T]
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there exist C(M) > 0 and h > 0, where the former does not depend on (q,,), such
that

sup sup Ep(g,(t)) < C(M). (5.20)
h<h t€[0,T]

Proof. The proof is analogous to the one of Lemma [4.20, For every h > 0, keeping
the same notation for the functional I, we define J,: [0,T] x Q) — R by setting

In(t,q) = In(q /fh (y —x) dw—[lgh(t)y3dw,

where g = (y,m). Let q,,(t) = (y,,(t), my(t)). Similarly to (4.211)), we have
= sup Rp(y,(t)) < ChP + sup In(q,(t)). (5.21)

te[0,T] t€[0,T]
Arguing as in Step 1 of the proof of Lemma [£.20] we show that
sup In(q,(t)) < C(M)hP/?, r, < C(M)RP2. (5.22)

te[0,7

Also, we deduce

sup Ju(t, q, (1)) < C(M)hP. (5.23)

te[0,7)

Then, we proceed as in Step 2 of the proof of Lemma[4.20] Suppose by contradiction
that

1
lim sup - sup I (g (t)) = +oo. (5.24)
h—0+ te[0,7

Let e, = supepo.r) In(qy(t)). In view of (5.24) and (5.21)), there holds

. Th
limsup — < 1.
h—0+ €h

Reasoning as in Step 2 of the proof of Lemma [£.20] and exploiting the boundedness
of (h#/2f,) and (h=%/271g,) in C°([0,T]; L*(S;R?)) and C°([0,T]; L*(S)), respec-
tively, we show that

lim — sup {/ ) —x') da:—l—/gh(t) i (1) daz} =0.
h=4o00 €p tefo,17] Q

Hence, we have

1
1= lim — sup [
Jim o s L@ (0)

1
=i L sw {a0a0)+ [ £ w40 ) et [ a0
h—0% €p, te(0,1) Q

1
< lim — sup Ji(t,
Jim, ehte[o% n(t; g (t))

+ lim — sup {/ £, —x') dw-i—/gh(t) yn(t) da:}
h—0t ep, telo, T] Q

< C(M) hm — =
h—0+ €y, 0
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where the last equality is justified by (5.23)). This contradicts ((5.24)), so that there
holds

1
L :=limsup - sup I(q,(t)) < 4o0. (5.25)
h—ot PP ieor)

At this point, we argue as in Step 3 of the proof of Lemma [£.20] to show that
L < C(M) for some constant C'(M) > 0 depending only on M. Eventually, we

establish ([5.20)). O

We now prove that the total energies (F},) satisfy suitable controls with respect
to time analogous to the ones established in Lemma [3.4] These controls hold for
sequences of admissible states with equi-bounded magnetoelastic energy but involve
constants depending only on their upper bound.

For convenience, we denote by Z the complement of the set of times t € (0,7") such
that all the maps f),, g» and hy, in (5.1)) for every h > 0, as well as the maps f,, go
and hg in (5.2)), are differentiable at time ¢. Thus, there holds £*([0, 7]\ Z) = 0.

Lemma 5.7 (Time-control of the total energy). Let M > 0. Then, there exist
two constants C(M), L(M) > 0 such that, defining k;, € L*(0,T) for every h > 0 by
setting

kn(t) = C(M) <h_ﬂ/2||fh(t)||L2(S;R2)+h_ﬁ/2_l”gh(t)||L2(S)+||hh o Wh(t)HL2(R3;R3)> :

the following statement holds: given (q,) with q, € Qy, satisfying
sup Ei(q,) < M, (5.26)

h>0
there exists h > 0 such that the following estimates hold for every h < h:
Vie [0, TI\NZ, [0Fn(t,qy)| < rn(t) (Falt, gn) + L(M)), (5.27)
Vs, t €[0,T), Fu(t,q,) + L(M) < (Fi(s,qy) + L(M)) elEn=En()l (5.28)
Vi e [0, T\ Z, Vs € [0,T],
|0 Fn(t, @) < kn(t) (Fa(s, @) + L(M)) el FnO=EnL,
In the previous estimates, for every h > 0, we define K, € AC([0,T]) by setting
t
Kh(t) = / Kh(T) dr.
0
In particular, the constant L(M) > 0 satisfies
inf inf t,q,) > —L(M). :
inf inf Fi(t,q,) = —L(M) (5.30)
Moreover, defining ko € L'(0,T) and Koy € AC(]0,T)]) as
wo(t) = O ([ FoOllzisze) + lao(®llzes) + ool zusaen )
t
Kolt) = / (7 dr,
0
there hold:

(5.29)

Kkn— ko in L'0,T), (5.31)
Kp— Ko uniformly in [0, T]. (5.32)
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Proof. First of all, (5.31)—(5.32)) come directly from (5.3))—(5.5)). From Corollary
and ({5.20)), setting uy, := Ux(q,) and vy, == V,(q,,), we obtain

[@nllwrz(sme) + [[0nlwiz(sme) < C(M) (\/ E;(q)) + 1) : (5.33)

Let g, = (y),, my,) and set i, = My(q,). Recalling (4.11)) and (4.20]), with the aid
of Proposition [1.46] we estimate

R 1 _ 1 . N
oy |* de = E/A jmy,|* d€ = E/ [my, 0 g,|? det Dy, da
R3 QYn Q
:/|mh0@h|2 dechtha::/|Tn\ho§h|dac
Q Q

da < C (WWE(@,) +1).

1
n /Q det D,y
so that

s <€ (yER@) +1). (534)

Using ((5.33)—(5.34)) and the Holder inequality, we control the work of applied loads.
For t € (0,7)\ Z, we have

+

Lt )] < ’ / WP E (1) - Gy da / P21 g, ()5, da’
S S

_|_

/ hhorrh(t)-ﬁhda:
R3

< C (|wnllwro(szey + 0nllwr2sze) + Bl 2 @323 )
<C (,/E,jl(ah) - 1) .

Here, we exploited the boundedness of (h=%/2f,), (h=#/*71g,) and (h;, o m;) in
CO([0,T7]; L*(S;R?)), C°([0, T); L*(S)) and C°([0, T; L*(R3; rt)), respectively. Thus,
using the Young inequality, we obtain

Fu(t,qr) = En(@r) — 1Ln(t,qp)|

zm@m—aM(w@@m+Q (5.35)

> C(M)En(g,) — L(M),

for some constants C'(M), L(M) > 0.
Now, for convenience, set

Rn(t) = W2 @)l zagsme) + 072 Ign(®)z2es) + s © 70 ()| 2ceam)-
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Making use of the Holder inequality together with ([5.33])—(5.34]), we estimate

0Tt @) < \ [ |+ | [0 6
S S

+

/ hhorrh(t)-ﬁhda:
R3

< Fu(t) (1anllwrzsze) + [0 llwiesmey + 1Bl 2 @sws))

< C(M)Fn(t) (M 4 1) .

Combining this with (5.35]), we obtain
|0:Fn(t, @) | < C(M)ER(E) (Fult, gp) + L(M)),

which proves (5.27). Note that (5.30) holds in view of (5.35)). From ([5.27)), we
deduce ([5.28)) thanks to the Gronwall inequality. Eventually, ((5.29) follows. O

To ease the expositions, in the next result we check that the reduced total energy Fy
provides a lower bound for such sequence (F3). This result is a simple reformulations
of the results of Chapter [4

Lemma 5.8 (Lower bound of the total energy). Let (t,) C [0,7] and (g ) with
g, = (y,,my) € Q. Suppose that there ea:zstt E 0, T and g, = (u,,¢ Qo

such that t, — t and the convergences in and ( m -

Then, there holds
Folt,qy) < liminf F,(tn, q,). (5.36)
h—0+

Proof. Without loss of generality, we can assume that the inferior limit on the right-
hand side of (5.36) is finite and it is actually a limit. In this case, we deduce that
Fin(tn,q,) < M for every h > 0 which, thanks to Lemma [4.20| entails

En(g,) < C(M)
for h < 1. From this, in view of (4.148)), we deduce that
= Ru(yy,) < C(M)A”.

By applying Lemma we find IA%h € WhP(S;SO(3)) such that, setting ﬁ’h =
Dyy,,, there holds
|1 Fy, — Ry r2msxs) < C(M)RP/2,

Hence, by Lemma , we deduce (4.94)-(4.96)) by taking into account also (4.228))—

(4.229). At this point, Proposition [4.11] yields the inequality
Ey(q,) < liminf FEy(q),). (5.37)
h—0*+

Now, given (5.3)—(5.5) and using (4.228)—(4.229)) and (4.231]), we see that

hli)%lJr Eh(t, /q\h) = ‘C'O (t7 /q\O)

Therefore, we are only left to check that
lim {F,(tn,q),) — Fn(t,q,)} = lim {Ln(tn,q,) — Li(t,q,)} = 0.
h—07t h—0+t
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This easily follows by the continuity with respect to time of the applied loads which
comes from (5.1) in view of the boundedness of (wy), (vs) and (@) in L*(S;R?),
L*(S) and L?(R3; R3), respectively. O

At this point, we are ready to prove the first main result of the chapter.

Proof of Theorem[5.] . We follow the scheme introduced in [I12]. Therefore, the
proof is subdivided into six steps.

Step 1 (A priori estimates). Let h > 0 and ¢ € [0, 7. Testing (5.6 with g, = G,
where the latter is defined as in the proof of Theorem [4.14] we obtain

Fu(t,q,(t)) < Fu(t,qy) + Drlqn(t), a)- (5.38)

As the applied loads are uniformly bounded with respect to A > 0 and ¢ € [0, 7]
thanks to f and the Morrey embedding, by arguing as in the proof of The-
orem we check that the first term on the right-hand side of is uniformly
bounded with respect to both h > 0 and ¢ € [0,7]. The second term on the right-
hand side of is also uniformly bounded with respect to h > 0 and ¢ € [0, 7]
because both g, (t) and g, satisfy the magnetic saturation constrain. Therefore, we

deduce (5.19) for some M > 0 and, thanks to Lemma 5.6} also (5.20)). Also, applying

Lemma [5.7| to q,, = q,(T'), we see that
1125 Fn(T,q,(T)) > —L(M). (5.39)
Also, for h < 1, there holds
Vtel0, T\ Z, |0:Fn(t,q,(t)) < kn(t) (Ful(t,q,(t)) + L(M)). (5.40)
By , we have
Varp, (¢: [0, 7)) = F3(0,¢%) — Fu(T, (T / OFn(r.qp(r)dr.  (5.41)

The first term on the right-hand side of (| is uniformly bounded by (}5.67) and
so is the second one because of ([5.39)). Additionally, thanks to (5.40|), we estimate

/0 OFn(r.q,(7)] dr < /0 () (Falr. an(r)) + LOD) 07

< (M + L(M)) (540 —1) < C(M,T),

where in the last line we used (5.19) and the uniform boundedness of (K}) which
comes from ([5.32)). Therefore, we obtained the following a priori estimate:

sup sup Fn(t,qu(t)) + sup Varp, (g,,;[0,T]) < C(M). (5.43)
<

R>0 0<t<T

For every h > 0, we define f,,: [0, 7] — R by setting f(t) == Fn(t,q,(t)). In view of
the previous estimate, we already know that (fy,) is uniformly bounded. We claim
that this sequence has also uniformly bounded total variation. Observe that, by
(6-7), for every s,¢ € [0,T] with s < ¢, there holds

Fult @u(t)) + Varp, (@y: [5,1]) = Fa(s, @u(s / O F(r, qu(r)) dr
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Let IT = (¢°,...,#) be a partition of [0,77]. In this case, we estimate

Z‘fh () Z\/arph q,; [t 1) +Z/ |0 Fn(7,q,,(7))| AT

— Varp, (,: [0, T]) + / 0 Fu(r, gn(r)] dr.

As the right-hand side is uniformly by (5.42)—(5.43]), given the arbitrariness of II,

we deduce

sup Var (f5; [0,7]) < C(M). (5.44)

hk1

Step 2 (Compactness). For every h > 0, set

U {ahéghi Fh(?ﬁh)SM}, Kn=1{2(a,): @, € Hn}.

0<i<T

Then, define

He=H K=JKn

h>0 h>0

Observe that, by Lemma [5.6] every sequence (g,) C H satisfies

sup sup Ei(q,) < C(M).
h1 0<t<T

Therefore, by Proposition [£.21] the sequence (23), where 2z, = Z,(q,) for every
h > 0, is compact in L'(€2; RY). This shows that K is a compact subset of L}(Q; RY).
Now, in view of , the sequence (q;,) takes values in H. For convenience, for
every h > 0, we define

20 [0,T) — LY(Q;RY),  A:[0,7] — R, U {0},

by setting

zu(t) = Zn(q,(t)), An(t) = Varp,(q,;[0,1]).
By (5.43)—(5.44)), the sequence (f;) is uniformly bounded in BV ([0,7]). By con-
struction, (z;,) takes values in IC while, by (5.43)), it has uniformly bounded variation.
Eventually, by definition, each map A} is increasing and the sequence (Ay) is uni-

formly bounded by (5.43). At this point, we apply Theorem [1.55 This yields the
existence of three maps

f:00, 7] =Ry U{0}, =2:[0,7] = L*(;RY), A:[0,T] — R, U{0},

with f € BV([0,T)), z € BV(0,T; L*(;RY)) and A increasing, such that, up to
subsequences, the following convergences hold:

Vte[0,T], fult)— f(2), (5.45)
Vte[0,T], zn(t)— z(t) in L'(Q;RY), (5.46)
Vtel0,T], An(t) — A(t). (5.47)
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To construct the candidate solution g, : [0, 7] — Qp of the reduced model we proceed
as follows. For every h > 0 , define the functions

wy: [0, 7] — WH(S;R?), vy [0,T] — WH(S), wy: [0,T] — WH(S;R?),
wy: [0,T) — LA(R%R?), Ny: [0,T] — L*(R3 R*3).

by setting

up(t) = Un(gy (1),  vn(t) = Vil(gn(t), wi(t) = Wha(g,(t)),
pa(t) = Miu(g,(t)),  Ni(t) = Ni(gu()).

Recalling ((5.20]), by Proposition [4.21] we have that

sup sup { [|un(£)lwr2(siz2) + [[on () lwrzgsy + [wa(t)|lwr2sms) }
h<1¢€[0,T]

(5.48)
+sup sup {[|p ()|l 2@ sy + 1N w(t)] r2@spsxs) } < C(M).
h<1 te[0,T]

Now, define X" as the set of all quintuplets
(W, 0, W, fi, N) € WH2(S;R?) x WH2(8) x WH2(S, R?) x L2(R%; R?) x L*(R?; R¥3)
with

sup {@llwrz(sme) + [0llwrzes) + |@|lwrzesze }
>
+sup {||,3||L2(R3;R3Xa) + ||N||L2(R3;R3Xg)} < (M),
>0

where C'(M) > 0 is the same constant in ([5.48). The space X is endowed with the
product weak topology, which makes it a complete and separable metric space. For
every h > 0, we define the set-valued map Sy,: [0,7] — P(X) by setting Sy(t) =
{sn(t)}, where

su(t) = (un(t), vn(t), wi(t), py(t), Nn(t)) .

In view of (5.48), this map takes indeed values in X. Consider S: [0, T] — P(X) with
S(t) defined as the set of all limit points of the sequence (s, ()) in X'. By definition,
this is a closed subset of X for every ¢ € [0,7], while the map S is measurable
thanks to Theorem m From , by weak compactness, we deduce that the set
S(t) is nonempty for every t € [0,T]. Therefore, by Theorem [L.60] there exists a
measurable selection of S, namely a measurable map s: [0,7] — X with s(t) € S(t)
for every t € [0,7]. For any such ¢, let s(t) = (u(t),v(t), w(t), u(t), N(t)). By
definition of S(t), there exists a subsequence (hy), possibly depending on ¢, with
hry — 0, as k — o0, such that the following convergences hold, as k — oo:

wp, (t)— u(t) in W2(S;R?), (5.49)
vp,, ()= v(t) in WH2(S), (5.50)
wy, (t)— w(t) in WH(S;R?), (5.51)
pn ()= p(t) in L*(R%R?), (5.52)
Ny, ()= N(t) in L*(R? R**®). (5.53)
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Recall (5.20). Applying Proposition m to the sequence (g, (t)) and appealing to
the Urysohn property, we deduce several facts. First of all, w(t) and v(t) satisfy the

boundary conditions
u(t)=mwon A, wv(t)=vonA, Dw(t)=D7vonA.
Second, v(t) € W?2%(S) and we have

w(t) = (D'g(”) .

Third, there exist ¢(t) € W?(S;S?) and x(t) € L*(R?;R?) such that

p(t) = xol(t), N(t) = xa (D'¢(H)x(1)). (5.54)
Eventually, recalling , we see that
z(t) = ¢(t).

Hence, from the measurability of the map ¢ — Dw(t) from [0, 7] to L?(R3*3), we
infer the measurability of v as a map from [0,7T] to W?2(S). Similarly, from the
measurability of p and N, we deduce the measurability of ¢ — ({(t) as a map
from [0,7] to W2(S;R3). Thus, defining q,: [0,7] — Qo by setting q,(t) =
(u(t),v(t),¢(t)) for every t € [0, T], this map results to be measurable from [0, 7] to

W2(S;R?) x W22(S) x W2(S;R3). Also, given (5.48) and (5.49)—(5.53)), by lower

semicontinuity, we see that map g, is bounded.
For every h > 0, let P,: [0,7] — R be defined by setting P, (t) = 0, F,(t, q,(t)).
Recall that P, € L'(0,T) by Definition Thanks to (5.19) and ([5.40)), for every
t €10,7]\ Z, we have

| Pu(t)| < wn() (Fult, @i (t)) + L(M)) < C(M)ra(2). (5.55)

In view of the previous identity, the equi-integrability of (ky), which comes from
(5.31)) by the Vitali Convergence Theorem, implies the one of (FP,). Thus, by the
Dunford-Pettis Theorem [62, Theorem 2.54], there exists P € L'(0,T) such that,

up to subsequences, we have

P, — P in L*(0,T). (5.56)
Define P: [0,T] — R by setting

P(t) == limsup Py (t).

h—0t

Exploiting (5.31) and(5.55), we check that P € L'(0,T). Also, by the Reverse Fatou
Lemma [147, Corollary 5.35|, we obtain that P < P almost everywhere in (0, 7).
We claim that P = Fy almost everywhere in (0,7), where we define Py: [0,7] — R

by setting Py(t) = 0 Fo(t, qo(t)). Recall (5.3)—-(5.F)). For every ¢ € [0,7]\ Z, we have
WP F ()= Folt) in L2(9:R?),
h PP ()= go(t) in L2(S),
by, o 7 ()= xrho(t) in L*(R% R?),
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and

P == 15 | 100~ @) dz = o [ k0 a
1 .

Q
h(t) - d
h/imﬂyh(t),m w(6) - 1malt) d
:—/hﬁ/th(t)-uh(t) dw'—/hﬁﬂlgh(t) vp(t) do’
S S
—/ by, o (t) -y (t) de.
R3

Without loss of generality, we can assume that the subsequence (hy) in ((5.49)—(5.53))
additionally satisfies Py, (t) — P(t), as k — oo. Thus, taking the limit along the
subsequence (hy), as k — 00, at both sides of the previous identity, we obtain

B(t) = - /S Folt) - u(t) da — /S Go(t) v(t) da’ — /S ho(t) - ¢(t) da.

As the right-hand side of the previous equation coincides with Py(t) for almost every
t € [0,T)\ Z, this proves the claim.

Step 3 (Reduced stability). Fix ¢ € [0,7] and consider the subsequence (hy)

in (5.49)-(5.53). Let g, = (4,v,¢) € Qp and let (g,) be the sequence provided by
Proposition [4.22, Thus, for every k € N, condition (5.6) gives

Fio(t,qy, (1) < Fn,(t,Gy,) + Dr(qy, (1), G5, )- (5.57)
For the left-hand side, taking into account ((5.3)—(5.5)), (5.45) and (5.49)—(5.53)), with

the aid of Lemma 5.8, we have
Faltqo(t)) < limint Fi, (1., (1)) = F(0). (5.59)

For the right-hand side, given (5.3)—(5.5)), (4.108)—(4.109) and (4.111))—(4.112)), there
holds

kh_g)lo Fie(t,@y,) = Folt, qp),
while and yield
]}LHOIO D, (@, (1),41,) = Do(qo(t), qy)-
Therefore, taking the inferior limit, as k — oo, in , we obtain
Folt,qo(t)) < Fo(t.qg) + Do(qo(t), qo)-

As q, is arbitrary, this proves (5.8)) for ¢ fixed.

Step 4 (Upper reduced energy-dissipation intequality). Fix ¢ € [0,7] and
let (hy) be the sequence in ((5.49)—(5.53)). By (5.7), for every k € N, there holds

t

Fn (L, ay, (1)) + Varp, (qy,:0,1]) = Fp, (0, q%k) - /0 Py, (1)dr. (5.59)
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For the left-hand side, we recall (5.58)). Also, (4.114)) and({5.47)) entails
Varp, (qy; [0,t]) < lilgn inf Varp, (qy,;[0,t]) = A(t). (5.60)
—00

For the right-hand side, we have (5.14)). Also, recalling ((5.56)), there holds

¢ ¢ ¢
lim Py, (1)dr = / P(r)dr < / Py(7)dr,
0 0

k—o00 0

where we employed the inequality P < Py almost everywhere in (0,7). Therefore,
taking the inferior limit, as k — oo, in ([5.59)), we obtain

Fo(t, qo(t)) + Varp,(qo; [0,1]) < f(£) + A(2)

t
< F(0, 8 +/ P(7)dr,
>~ 0( qo) 0 (T) T (561)
t
< Fol0, ) + / Po(r) dr,
0

which is the upper reduced energy-dissipation inequality for fixed ¢ € [0, 7.

Step 5 (Lower reduced energy-dissipation inequality). We claim that, for
every t € [0, 7], there holds

Folt, qo(t)) + Varp, (qo: [0, 1]) = Fo(0, qg) + /0 t 0iFo(T, go(7)) dr-

Thanks to (5.8), the claims follows from [109, Proposition 5.7].

Step 6 (Improved convergences). We are left to prove (5.18). First, in
view of and (5.61]), we have f ) A(t) = Folt, gt )) —i— Varpo( 0;10,¢]) for
every t 6 [0 T]. Recalling (5.58) and (5.60)), this entails f(t) = Fo(t, go(t )) and
A(t) = Varp,(qy; [0,1]), so that .@* 5.17) are proved. Finally, (5.9) and (
yield P = Py almost everywhere on (0,7). Thus, - follows by [64, Lemma
3.5]. O

We conclude the section by mentioning how to treat time-dependent boundary data
in Theorem [5.4, The following remark is in the same spirit of Remark [3.9]

Remark 5.9 (Time-dependent integral BCs). Let A C 9S with Z'(A) > 0
and let w € AC([0,T]; W*>(S;R?)) and v € AC([0,T]; W>*>(S)). Similarly to
([4.169)), for every h > 0, define gy, € AC([0, T]; W>*°(Q; R?)) by setting

B0 ra (30 e () - (75

Recalling Remark [4.23) we define £': [0, 7] x Qp — [0, +00) by setting
1 1
1 N =5 a2 =3 _ 312
(ha) =55 [ 10~y da+ s [ 130~ ' da

1 _
37 [ ea@il) = ) da,
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where ¢ = (y, m). The corresponding reduced functional £§': [0, 7] x Qy — [0, +00)
to be defined as

£(t. q) ::/Am(t)—u|2dz+/A\v<t)—v\2dl+/A|x3 (D'5(t) — D') [2dL,

where q, = (u, v, (). In this case, for every h > 0, there exists an energetic solution
of the bulk quasitatic model at thickness h driven by the energy Fj, + £ Of
course, in this case, the definition of such solutions is given without prescribing any
boundary conditions in the state space. Also, with minor modifications of the proof
of Theorem it is proved that such solutions converge, as h — 07, to energetic
solutions of the reduced quasistatic model driven by Fy + £5.

5.3 Convergence of solutions of the approximate incremental
minimization problem

In order to state the second main result of the chapter, we introduce the approximate
incremental minimization problem. This is a relaxed version of the incremental min-
imization problem that has been introduced in order to cope with the possible lack of
energy minimizers. This is exactly our situation since, without further assumptions,
minimizers of the total energy do to necessarily exist.

Definition 5.10 (Approximate incremental minimization problem). Given
h >0, let I, = (19,...,t") be a partition of [0,77], let a;, > 0 and let ¢) € Q.
The approximate incremental minimization problem (AIMP) determined by II; with
tolerance «y, and initial datum g reads as follows: for every i € {1,...,l;}, find
qﬁl € Q,, such that

Fiulth, ) +Dn(ay " h) < (G —th ont_inf {Fu(ti. @) + Dalgi @)} - (5.62)

qy, h

Observe that clamped boundary conditions as in have been included in Def-
inition and that solutions of the AIMP always exist.

Our third main result claims that, for a sequence of partitions whose sizes van-
ish jointly with the thickness of the plate together with a sequence of tolerances,
solutions of the approximate incremental minimization problem, or better their
piecewise-constant interpolants, converge to energetic solutions for the reduced model.

Theorem 5.11 (Convergence of solutions of the AIMP). Let (II,) be a se-
quence of partitions of [0,T] such that |II,| — 0, as h — 0%, and let (a) C R with
an > 0 be such that oy, — 0, as h — 0%, Let (q) with ¢\ = (y9,m?) € Q) for
every h > 0 be such that the following holds:

VG, € Qn, Fun(0,qY) < Fu(0,q,) + Dilq), qy,). (5.63)

Moreover, assume that there exist q = (uo,v,CO) € Qy such that, up to subse-
quences, the following convergences hold, as h — 0% :

= Ul i W15 ),

vy = Vi(g))— 0" in WH2(S);

20 = Z(g0)— ¢° in L{(R),;
Fi(0, g5)— Fo(0,p)-
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Let (q;,) with q,,: [0,T] — Q) the right-continuous piecewise constant interpolant
corresponding to a solution of the AIMP determined by 11, with tolerance oy, and
initial datum q for every h > 0. Then, there exists a function q,: [0,T] — Qg
with qo(t) = (u(t),v(t),{(t)) for every t € [0,T] satisfying the initial condition
q,(0) = @5 which is an energetic solution of the reduced model. Moreover, up to
subsequences, the following convergences hold, as h — 07 :

Vte[0,T],  zu(t) = Zn(ay(t))— C(t) in L (4 RY); (5.68)

Vt e [0,T], Varp,(qy;|0,t])— Varp,(qo;[0,t]); (5.69)

Ve [0,T], Fult,qu(t)— Folt,qolt)); (5.70)

OFn(- aqn)— O Fo(-,qo) in L'(0,T). (

In particular, the function q, s measurable and bounded. Also, the map t —

C(t) belongs to BV ([0,T]; L*(2;R3*3)) while the map t — Fo(t,qy(t)) belongs to
BV ([0,T7).

Here, the measurability and the boundedness of g, are understood as in Theorem
b.4 The remainder of the chapter is devoted to the proof of Theorem

5.3.1 Approximate incremental minimization problem

In the next result, we collect the main properties of solutions of the AIMP. This
represents the analog of Proposition in the setting of dimension reduction.

Proposition 5.12 (Solutions of the AIMP). Let (I1,) be a sequence of partitions
of [0,T] and let (o) C R with oy, > 0 for every h > 0 be bounded. Also, let (gY)
with q% € Qy, for every h > 0 be such that

sup Fi(0,qp) < C. (5.72)
h>0
For every h > 0, let T, = (¢, ..., h) and let (q3, . - ., qﬁf) be a solution of the AIMP

determined by I1;, with tolerance oy, and initial datum qY%. Then, there exists M > (
such that

sup  sup  Fp( 27‘12) < M. (5.73)
h>0 ”LE{O ..... h}

Moreover, for every h < 1 and i € {1,...,l,}, there hold:
V@, € Qn,  Fulth,qn) < (1, — ti )an + Filth @n) + Di(dh, ), (5.74)

Fu(th,qh) + Dulay ' a)) < (6, — th Do + Fulth ' ahn )
th . 5.75
+ [ O Fn(r, q};l) dr, ( )

i—1
th

Fu(th qb) + L(M ZDh (@) ", ql) < (Fu(0,q0) + L(M) + tiap) en ). (5.76)

Eventually, if q) satzsﬁes - for h < 1, then, for every i € {1,...,l,}, there
holds

[ Fn(th: @) = Futy @, ) + Dulay ' an)l < (6 —1,%) an

' ' g i1 5.77
+ (fh(t;l_1, qz—l) + 1) <eKh(th)_Kh(th ) 1) 7 ( >
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where we set t,:l = 0.

Proof. The computations that lead to — are similar to the ones performed
in Proposition However, we provide full details.

Let h > 0and i € {1,...,1;}. For simplicity, set o, == (¢}, — t; ')o,. Given (5.62),
for every g, € Qp,, we have

Fu(th:a3,) < aj + Fiu(ty, @y) + Diulay ' @,) — Dulay ' ar) (5.78)
S a;z + ‘Fh(t;w ah) + Dh<q;w /q\h)a

where, in the last line, we employed the triangle inequality. This shows ([5.74)).

We check (5.75). For simplicity, set fi == Fu(t},q}) and d} = Dy(q) ', q}).From

(5.62), by applying the Fundamental Theorem of Calculus, we obtain

fo— T dy < ag = f7 Falth g
= o, + Fulty, q, ') — Fulty Hqy )
. th .
=a;,+ [ 18tfh(7', qz_l)dT,

ie
ty

(5.79)

which gives ((5.75)).
Testing ((5.74]) with g, = G, where the latter is defined as in the proof of Theorem

we have

fh( ;w qz) < Oé;], + ‘Fh(t;wqh) + Dh(‘fhaﬁh)'
Exploting the uniform boundedness of the applied loads with respect to time, which
follows from (5.3)—(5.5) by the Morrey embedding, with computations analogous
to the one in the proof of Theorem we check that the right-hand side of the

previous inequality is uniformly bounded with respect to i € {0,...,1,} and h > 0.
Here, we also take advantage of (5.72) and of the boundedness of (ay,). Therefore,

(5.73) is proved.

Now, for the sake of clarity, we specify the sequence (h,) such that h, — 07,

as n — oo, in place of h > 0. Thus, (qj ,... ,qilh:) is a solution of the AIMP
determined by II; with tolerance oy, and initial datum q%n for every n € N. By
applying Lemma [5.7] with (g,) given by the sequence

0o 1 lhy 0 1 gy 0 1 lhg
qh17qh17"‘7qh1 ’qh27qh27"'7qh2 aqh37qh37"'7qh3 Yot

we deduce that there exists m € N such that, for every n € N with n > 7 and for
every i € {0,1,...,1,,}, the following estimates hold:
Vte[0,TINZ,  |0Fn,(t,ap,) < fn,(t) (Fh(t,q3,,) + L(M))
Vs,t € 0,T], Fp,(t.q),, )+ LM)< (Fn.(s,q;,)+ L(M)) el () =Enp ()]
Vi e [0, T\ Z, Vs € [0,T],
10:Fn, (b, @4, )| < B () (Fio (5, ) + L(M)) e O O

Henceforth, for simplicity, we will go back writing h as a subscript without specifying
the sequence of thicknesses. Accordingly, there exists h > 0 such that, for every
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h<handic{0,1,... 10}, there hold:

Vte [0, TI\Z, |0Fnt.q})| < ka(t) (Fult,d}) + L(M)), (5.80)
Vs,t € [0,T], Fult,qp) + L(M) < (Fu(s, q),) + L(M)) eFrO- Kl (5.81)
YVt e [0, T)\ Z, Vs € [0,T],

: . 5.82
(1. 43)] < k(1) (F(o.) + L) 0ol 55

Going back to proof of (5.76)), let h < h and i € {1,...,l,}. For convenience, set
K} == K;(t}). Combining (5.75)) with (5.82), we compute

, o . A th .
oS fitdy<ap+ £+ [ OFu(r.g, ) dr
-
. i1 1 th Kp(r)—Ki~t
<ot fi (S +L(M))/ o (1) FH DK 7

i—1
th

=+ fi7 (7 L) (MR 1)

= aﬁl — L(M) + ( ,i_l + L(M)) I

Thus

fi4 L(M) < o + (fi7" + L(M)) "5

from which, by induction, we obtain

fi+ L(M) < <f,? +L(M)+) eKiai> el (5.83)

j=1

Here, we set f) :== F,(0,q%). From (5.75)), using (5.82)), we estimate

4 . 4 4 t, .
I — ,Zfl +d;, <o+ / 1 OnFn (T, qﬁ;l) dr
£

th

<al+(fit+ c)/ 1 /ﬁh(T)eKh(T)_Kh(tZ_l) dr
t;;

(5.84)
Sah (o) (MW 1)

Then, summing (5.84), with j in place of 4, for j € {1,...,i} and employing (/5.83)),
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with 7 — 1 in place of i, we obtain

fit Y d o+ L(M) < fo+ LMY+ o + S (F7 + L(M)) (er;—Kf;‘l B 1)
j=1 = P
< ff?""L(M)'i‘Za{L
j=1

i j—1 . N
+Z (f;?—i—L(M)—f— Kﬁaﬁ) (eK'Jl—eKi 1)

k=1
j—1
j—1

_Zah (fi +c)e hJFZ( et ) ¢ oy
k=1

<> ol + (f)+ LMY+ ) <eKh erfl) > ok

=1 j=1 k=1
— (f,g + L(M) + Za;> efh,
j=1

which yields (5
Fmally, we prove . Testing (5.74) for i — 1 if ¢ > 1 or (5.63)) if i = 1 both with

g, =g, we have
Lt <ot + Aty a) + dy
Here, in the second case, consider o := 0. From this, employing the Fundamental

Theorem of Calculus and ((5.82)), we compute

o dy < a7 = (Rt @) — Faltyan))
th '
=o' — [ OFu(r,q,)dr
tz—l
¢ (5.85)

h
<o (i) [ ek ar
-

h

<ot (i) (MR - 1),
Combining (5.84)-(5.87)), since o, ' + o, = (¢}, — t *)au, We obtain O

5.3.2 Proof of Theorem [5.11]

We now move to the proof of the second main result of the chapter. This is formally
similar to the one of Theorem [3.2] in view of the observation made in Remark [3.10.

Proof of Theorem[5.11. We follow the scheme introduced in [I12]. In turn, the proof
is subdivided into six steps.

Step 1 (A priori estimates). For every h > 0, let (g7, ... ,qlhh) be a solution of
the AIMP determined by I, = (¢9,. .. ,tilh) with tolerance «j, > 0 and initial datum
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q). We introduce the corresponding right-continuous piecewise-constant interpolant
q,: [0,T) — Qp, by setting

qh if t € [t) ', 18) for some i € {1,...,1},
q(t) = e,
qh ift="T.

Let t € [0,7] and let i € {1,...,l,} be such that t € [t;~* #}). By definition, we
have

(Ih(t) = qZ}'L_la varDh qh7 0 t th qh ,qh (586)

Thus, using and -, we infer

‘Fh(t7 qh<t>> + L(M) + Va‘rDh (qh; [O7t]>

< (Fulty gy t) + L(M))eln O fnlt +ZDh a, . qj)

< (fh(tﬁfly g, ")+ L(M) + Z Di(q) ", qi)) S
=1

(Fn(0,q%) + L(M) + tﬁ;lah) (eKh(t) — 1)
(Fn(0, @) + L(M) + Tay,) (e"»T) —1).

Since the sequences (F3(0,4qY)), (as) and (K,(T)) are all bounded, we obtain the
estimate

sup sup Fn(t, q,(t)) + sup Varp, (g,;[0,7]) < C(M,T). (5.87)
h>0 t€[0,T] h>0

For simplicity, for every h > 0, define f,: [0,7] — R by setting f,,(t) = Fu(t, q,(t)).
We aim to establish a uniform bound for the total variation of f;,. For every ¢ €
{1,...,1n}, we set

ffZL = fh(tiz) - fh(ﬂﬂ%)a d;L = Dh(qz_laqﬁz)v K;L = Kh(t;‘L)'

Also, we recall the notation ¢, ' == 0. F irst, denote by | fx]? the jump of f; at time
t! . Exploiting the continuity of ¢ — F,(¢, g, ') and employing (5.77) and (5.81]), we
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compute

Lfn)'] =

T {£u(t}) — fu(t - s>}'

lim {Fu(t). q)) — Fulth — 5.4, }‘

s—0+
fi = T (Bt ) — Fa(t el g Y))]
. . th .
<Ifi— iy / O Fa(r. @) dr (5.88)
tzfl

h

th

< Ui — f (4 L)) / o (1)K

i—1
th

< It = 7+ (M 4+ L)) (580 —1)
<dj +ay "t +al +2(M + L(M)) (eKi_K'il_l — 1) :

Second, for t € (i1 ¢1), we have f,(t) = Fu(t, ¢o"1) and, in turn, f,(t) = 8,Fn(t, i 1).
Making once more use of (5.81)), we compute

1—1 i—1
i i

ty . h .
/_ fu(r) dr = / 0, Fn(r, g~ dr
t? t?

h h
ti71 -
< (fi '+ L(M)) /} kn (7)eEr K qr (5.89)
t,
< (M + L(M)) (eKi—KfFI - 1) .
Thus, combining ([5.88] -, we obtain
lh t;l/
Var(f; [0,T]) = {Hfhm +/ | /n (7)) dT}
i=1 th
(5.90)

< % {d;’l +al +al™t 4 3(M + L(M)) (eKi—Kffl - 1) }
i=1

< Varp, (q;; [0, T]) + 2T ap, + 3(M + L(M)) (eKh(T) —1),

where in the last line we computed

I ln
Z (eK;fK};l _ 1) _ Ze’Kfl (erl _ eK}jﬂ)
i=1 =1
ln
< Z (eK;L eKI 1)
i=1
eEKn(M) _q

Thus, recalling the boundedness of (ay,) and (K} (7T)), where the latter follows from

(5.32), the inequality ((5.90) together with (5.87)) gives

sup Var(fp; [0,7]) < C(M,T). (5.91)

h>0
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Step 2 (Compactness). For every h > 0, define the functions
zp: [0,T] — LY(O;RY),  Ay:[0,7] — R, U {0},
and
wy: [0, 7] = WH(S;R?),  wy: [0,T] — WY(S), wy: [0,T] — WH(S;R?),
wy: [0,T) — LA(R%R?), Ny:[0,T] — L*(R3 R>3).

as in in Step 2 of the proof of Theorem Exploiting the a priori estimates ((5.87)
and (5.91), with the aid of Theorem [1.55] we establish the existence of functions
f e BV([0,T)), z € BV([0,T]; L}(;R?)) and A: [0,7] — [0, +00) such that, up
to subsequences, the convergences in ((5.45)—(5.47) hold true. Moreover, employing
Theorem |1.60}, we identify a function q,: [0, 7] — Qo with q,(t) = (u(t),v(t), (1))
for every t € [0, 7] which is measurable and bounded. This function is characterized
by the property that, for every ¢ € [0, 7], there exists a subsequence (hy), possibly

depending on ¢, such that (5.49)—(5.50]) hold true and also
b, () xoC (1) in L2(R%RY), (5.92)
N ()= xao(D'¢(t), x(t)) in L*(R* R**3), (5.93)
for some x: [0, T] — L*(R3;R?) measurable and bounded.

Then, for every h > 0, we define P,: [0,7] — R as in Step 2 of the proof of
Theorem and, with the same arguments, we prove that (5.56|) holds true for

some P € L'(0,T). Eventually, defining Py: [0,7] — R and P: [0,7] — R as in
Step 2 of the proof of Theorem , we show that P < P and P = P, almost
everywhere in (0,7).

Step 3 (Reduced stability). In view of (5.74)), for every h > 0, there holds

Vi, €y, Vg, € Qn,  Fiultn,qi(tn)) < |jlap
+ Fu(tn, @) + Dr(ay(tn), qp)-
Define 7,: [0, 7] — I, by setting 7,(¢) == {s € II;, : s < t}. Since |II;| — 0, as
h — 0", we have 7,,(t) — t, as h — 07. Fix ¢ € [0, T] and let (hy) be the subsequence

such that (5.49)-(5.53) hold. By definition, we have g, (t) = g, (7, (t)). Let
g, € Qo and let (g,,) a corresponding recovery sequence given by Proposition

By (5.94)), there holds

(5.94)

Fii (T, (1) @, (1)) < [y |y, + Fy (8, @, ) + Dy (@, (1), @y )- (5.95)
Applying Lemma [5.8, we obtain
Folt. ap(t)) < limink 7, (7, (1) 4, (1)) = F(0). (5.96)
On the other hand, we have
Folt, o) + Dolay(t).@o) = lim {7, (1.@,) + Du (g, (0.30)} - (597)

Thus, combining ([5.95)—(5.97)), we get
Folt.a(1)) < imint T, (7, (1), 4, (1)

< ligglf {1, | an, + Fu (70, (1), @1,) + D (@, (). @, ) }
= fo(t,?q\o) + DO(Qo(t)aao)7
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which proves (5.8)) for ¢ fixed.
Step 4 (Upper energy-dissipation inequality). We prove the following:
Vte[0,T], Folt,qu(t)) + Varp,(qy;[0,1]) < Fo(0, q))

(5.98)
/ at]:o 7' qO

First, fix t € [0,7] and let h > 0. Note that Th(t) < t. Applying the Fundamental
Theorem of Calculus and employing (/5.82)) and - we estimate

[ Fn(t; g1 () = Fu(ma(t), gu(ma(?)))] S/ |0 Fn (T, @n(T (1)) d7

Th ()

< (Fn(mn(t), qn(ma(t))) + L(M))/ , o, (7)efn (D =Kr(mu(®) (7 (5.99)

= (M + L(M)) (eKh(t)*Kh(Th(t)) — 1) )

Then, let 7,(t) =t} where i € {1,...,1;} and recall (5.86). Summing the inequality
(5.75), with j in place of 4, for j € {1,...,i — 1} we obtain:

Fu(Ti(t), @n(a(1))) + Varp, (qy; [0, 7,(8)]) < 7(t)en + Fi(0, q7)

Th(t) 5.100
+/0 O Fn(1,q,(T))dr. ( )
Also, by definition
Varp, (q; [0,1]) = Varp, (gy; [0, 7a(1)])-
Thus, m 5.100) yield
Fn(t ,qh( ) + Varp, (q,; 0, t]) < Fr(7a(t), qu(7a(t))) + Varp, (gs; [0, 7. (¢)])
(M+L(M))( Kn(t)=Kn(mn(t)) _ 1)

(5.101)

T (t)
< m(Ban + Fu(0,q) + / Pu(r)dr
0

+ (M + L(M)) (eKh(t)_Kh(Th(t)) — 1) )

Now, let (hy) be the subsequence such that (5.49)—(5.53) hold. For the first term
while, by lower semicontinuity, ([5.46|) yields

Varp,(qo; [0,7]) = Varpiozs)(2; [0, 1])
S h]?/_l)g;lf VarLl(Q;RB)(th; [O, t]) (5102)

= liminf Varp, (q,,;[0,t]) = A(t).
k—o0 k k

Thus, taking the inferior limit along the subsequnece (hy) , as k — 0o, at both sides

of (5.101)), we obtain

Fo(t; qo(t)) + Varp,(qo; [0,¢]) < f(2) + A(2)

(5.103)
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This proves (5.98]).

Step 5 (Lower energy-dissipation inequality). As in Step 5 of the proof of
Theorem [5.4] the lower energy-dissipation inequality is deduced from the reduced
stability (5.8)) by applying [109, Proposition 5.7].

Step 6 (Improved estimates). To check 7, we identify the functions
f and A in (5.45)—(5.46) by arguing as in Step 6 of the proof of Theorem [5.4
Eventually, to establish (5.71)), we show that P = P almost everywhere in (0,7)
again by arguing as in Step 6 of the proof of Theorem [5.4] [

We mention that it si possible to adapt Theorem [5.11] to treat time-dependent inte-
gral boundary conditions as described in Remark in place of time-independent
boundary conditions in the sense of traces.

We conclude the chapter by briefly describing possible variants of Theorem and
Theorem [5.11] involving an alternative notion of dissipation, similar to the one ex-
amined in Section [3.4] which is frame-indifferent.

Remark 5.13 (Alternative dissipation). Similarly to (3.52)), for every A > 0, we
define B
Z,(q) = (adjDpy)m o y det Dyy, (5.104)

where ¢ = (y,m) € Q. As in Section [3.4] we see that the quantity in (5.104)) is
frame-indifferent. Thus, the dissipation distance Dy: Q) x Qp — [0, +00) defined
by setting

Bu(q.9) — / Z0(q) - Z,(@) de, (5.105)

excludes the dissipation of energy by means of composition with rigid motions and
hence appears to be physically more realistic.

In view of the observation made in Section [3.4] the existence of energetic solutions
for the bulk quasistatic model with the dissipation distance defined in cannot
be ensured without resorting to any regularization. Nevertheless, one might aim to
prove the analogous of Theorem and Theorem in this alternative setting.
In this case, for the reduced model, one expects to recover the dissipation distance
Dy. On the one hand, the notion of dissipation in is compatible with out
framework. Indeed, Dy constitutes the I'-limit of (ﬁh), as h — 0", with respect to
the convergence in the sense of dimension reduction [I12]. On the other hand, the
fact that D), takes values in a possibly unbounded interval represents a substantial
obstacle in proving the compactness of sequences of energetic solutions for the bulk
quasistatic model and of sequences of solutions of the AIMP. Therefore, it is not
possible to establish convergence results like Theorem [5.4] and Theorem [5.11] having
D,, in place of Dy,.

There are two possible way to overcome this issue. The first one consists in imposing
a locking constraint [22] that forces the quantity in to satisfy a given bound
in L>=(£2;RY). The second one is to replace the dissipation distance in (5.105)) with

Dy Qn X Qp — [0, 400) defined by

ﬁh(%a) ::/Q Zn(q) Z(q)

— — — dx.
1Zn(a)l  [2n(q)]
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Observe that ﬁh is also frame-indifferent and that Dy is also the I'-limit, as h — 07,
of (Dy,) with respect to the convergence in the sense of dimension reduction. As

ﬁh takes clearly values in a bounded interval, it is possible to adapt the proofs of
Theorem and Theorem in order to prove analogous convergence results with
Dy, in place of Dy,
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Appendix

Sobolev maps on the boundary of
smooth domains

In this appendix, we recall the definition of Sobolev maps on the boundary of smooth
domains given in terms of an integration-by-parts formula involving the mean cur-
vature of the boundary. Although this definition is quite natural in view of the
Divergence Theorem on surfaces, the definition given in term of charts is more pop-
ular becauses it requires only the Lipschitz reguliarity of the boundary. The main
advantage of the definition given here is that it makes the notion of the tangential
gradient more explicit.

Geometric preliminaries

Henceforth, U cC RY denotes a domain of class at least C? and we adopt the
notation introduced in Section [1.4] For every x, € OU, there exist a local chart at
xo, namely an injective immersion n € C?(A4;R"Y), where A C R¥~! is a bounded
domain, such that n(A) is an relatively open set of QU containing x,. In this case,
the tangent space T,,0U is spanned by the unit vectors (tg})(:co), . ,tgv_l)(wo)),
where, for every i € {1,..., N — 1}, we set

Dn(n"(x0))e;

(4) .
t (.’L'()) = .
v | Dn(n~"(x0)) €]
Here, (€, ..., €y_,) is the canonical basis of R¥~1. We denote the projection oper-

ator onto the tangent space by Ilr, au: RN — T,,0U. Given the map from R¥ to
RN=! defined by

N-1

T — Z (:1: : tg)(azo)> e,

=1

we denote by Ay(xg) € RV=UXN the matrix representing it with respect to the
canonical basis of RY and RV~'. In this case, Ay € C*(OU; RO=D*N) Moreover,
there holds Ay (n(xo))Dn(n"(xy)) = I”, where I"” € RW-D*(N=1) ig the identity
matrix.
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Appendix

Tangential differentiability

We now recall the classical definition of tangential differentiability. We give the
definition for vector-valued maps which are the ones of interest for our purposes.

Definition A.1 (Tangential differentiability). A map y: OU — R¥ is termed
to be of class C! if there exists a map Y € C*(RY;RY) such that Y|sy = y. In
this case, we write y € C1(OU;RY) and we define the tangential gradient of y at
xo € OU as D" y(xo) == Dy(zo) (I — ny(z0) © ny (o).

Note that D%y(xy) € RY*N. Basically, the rows of this matrix are given by
Iz, ou(DY"(x0)) for i € {1,..., N}. It is easily shown that the previous definiton
is well posed in the sense that does not depend on the choice of the extension Y.
Clearly, for y € C*(RY;RY), we have

D" ylou (x0) = Dy(wo) (I — ny (o) ® ny () - (A1)

Definition [A.T]is equivalent to the one generally used in differential geometry: a map
y: OU — RY belongs to C1(OU;RY) if and only if, for every xo € OU, there exists
a local chart n € C?(A4;RY) at @, such that v .= yon € C*(A;RY). In this case,
we have the identity

D% y(a) = Dv(n~" (a)) Ay (o). (A2)
Given y € C1(0U;RY), its tangential divergence at &y € AU is simply defined as

div?y(xg) = trDYy(x).

Divergence Theorem and Integration-by-parts Formula

We know recall the Divergence Theorem on surfaces. Here, we limit ourselves to the
case which is of interest for us, namely the case of boundaries of smooth domains.
However, these results hold true for more general smooth hypersurfaces possibly
with boundary.

Before proceeding, we need to introduce the mean curvature. Observe that, given
the regularity of U, we have ny € C'(9U; RY). The scalar mean curvature of U is
defined as

Hy = div?%9ny.

The reader must be warned that different conventions of sign in the previous defini-
tion are also considered in the literature.
We now state the Divergence Theorem.

Theorem A.2 (Divergence Theorem on boundaries). Let U CC RY be a
domain of class C* and let y € C*(OU;RYN). Then, there holds:

/ div?y da = / (y -ny) Hy da.
ou ou

Proof. We refet to [3, Chapter 3|, [69, Theorem 2, Chapter 2, Section 1.5| or [104]
Theorem 11.8 and Remark 11.12]. H

From Theorem [A.2] we easily deduce the following identities.
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Corollary A.3 (Integration-by-parts Formula on boundaries). Let U CcC RY
be a domain of class C* and let y € C1(OU;RYN). Then, for every ¢ € CY(OU;RYN),
the following formula holds:

/ (DaUy)SO da = / y(p-ny) Hyda — / Yy diVaUgo da.
ou oU oUu

Equivalently, for every ® € CY(OU; RN*N), there holds

DaUyzcbda:/

(®ny) -y Hy da — / y - div?’ ® da.
oUu

oUu oU

In the last equation, the tangential divergence operator is suppose to act row-wise
on matrix-valued maps. Namely, the rows of the vector field div? @ are given by
div?’®" for i € {1,...,N}.

Weak tangential differentiability

The notion of weak tangetial differentiability is conceptually analogous to the one
of weak differentiability. In this case, one the classical Integration-by-parts Formula
is replaced by the one provided by Corollary Again, we focus on the case of
vector-valued maps.

Definition A.4 (Weak tangential differentiability). A map y € L'(0U;RY)
is termed weakly tangentially differentiable if there exists F' € L'(0U; RY*Y) such
that, for every ¢ € C1(OU;RY), there holds

—/ ydiv?¥ ¢ da = Fpda —/ y(p - ny) Hy da,
ou ou

oU
or, equivalently, for every ® € C*(oU; RV*Y), there holds

—/ y - div?’® da = F:<I>da—/ (Pny) -y Hy da.
ou ouU oU

In this case, DYy := F is termed the weak tangential gradient of y.

The weak tangential gradient is unique up to sets of measure zero and, in view
of Corollay coincides with the tangential gradient in the case of tangentially
differentiable maps.

At this point, for every 1 < p < oo, we define the Sobolev space WHP(9U;RY)
as the class of maps y € LP(OU;RY) admitting weak tangential gradient D%y
which belongs to LP(0U; RV*Y). Up to considering equivalence classes of maps that
coincide almost everywhere, this is Banach space equipped with the norm

1/p
Y {19y + 1D Y oy | (A.3)

By exploiting the natural embedding of WP (9U; RY) in LP(OU; RN ) x LP(OU ; RN *N)
given by y — (y, D%Yy), we see that elements of the dual of W'?(9U;RY) ad-
mit a representation analogous to the one valid in the case of domains. Given
(y,) C WEP(QU;RY) and y € W1P(QU; RY), we have that y,, — y in WLP(OU; RY)
if and only if y,, — y in LP(OU;RY) and Dy, — D%y in LP(OU; RV*N).
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The following result shows that, in the case of domains of class C?, the definition
of Sobolev maps on the boundary coincides with the usual definition of Sobolev
maps on the boundary given by means of local charts [I123]. This can be proved
using standard techniques involving partitions of unity and the density of smooth

functions in Sobolev spaces by exploiting (A.1)—(A.2).

Proposition A.5 (Sobolev maps on the boundary). Let U CC RY be a domain
of class C? and let y € L*(OU;RN). Then, y € WIP(OU;RY) if and only if for
every &y and for every local chart n € C?(A;RY) at o, there holds v = yon €
Whr(A;RY).

This proposition allows us to extend various results about Sobolev spaces on domain
to Sobolev spaces on boundaries of smooth domains. Among these, we have the
density of C1(QU;RY) in WP(9U;RY), the embeddings of Sobolev and Morrey,
and the Poincaré inequality. In particular, the density of smooth maps shows that
the approach presented here is equivalent to the one usually adopted in the theory
of Sobolev spaces on Riemannian manifolds [77] which are defined as the closure
of smooth functions with respect to the norm in . Finally, we stress that the
validity of the Morrey embedding in W1P(9U; RY) is essential for the analysis carried
out in the present work.
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