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ABSTRACT. We study the asymptotic behaviour, in the sense of I'-convergence, of a thin incompressible
magnetoelastic plate, as its thickness goes to zero. We focus on the linearized von Karman regime. The
model features a mixed Eulerian-Lagrangian formulation, as magnetizations are defined on the deformed
configuration.

1. INTRODUCTION

A crucial question in materials science is to characterize the unprecedented mechanical behavior of
multifunctional materials, originating from the strong interplay between their elastic response and other
effects, including polarizability or magnetizability, solid-solid phase change, or heat transfer. These
couplings, often nonlinear, make these materials active, as comparably large strains can be induced via
electromagnetic or thermal stimuli. This unique feature is at the basis of the vast range of applications
of active materials for innovative devices, such as sensors, actuators, and semiconductors.

The modeling of multifunctional materials is a very active field of research at the triple point be-
tween mathematics, physics, and materials science. In the case of small strains, a variety of materials
including magnetoelastics, active polymers, shape-memory alloys, and piezoelectrics have been exten-
sively addressed and the corresponding mathematical theory is already quite developed [40]. However,
most real-word phenomena involve large strains, which cannot be effectively encompassed within the
small-strain regime. At the purely mechanical level, passing from small to large strains requires leaving
linear theories and resorting to nonlinear theories instead. In the case of active materials, the boost
in complexity is even more evident, for their energetic formulations simultaneously involve both energy
terms defined on the original stress-free configuration (Lagrangian) and energy contributions arising in
the deformed state (Eulerian).

The present contribution concerns the study of magnetoelastic materials. Such a material is charac-
terized by a full coupling between his mechanical properties and magnetization effects. This feature is
due to the presence of small magnetic domains in the material [27] that, given an external magnetic field,
tend to orientate themselves according to the latter, producing a magnetically induced deformation of
the body. Conversely, any mechanical deformation modifies the orientation of the anisotropy directions
of these domains, with the effect of changing the magnetic response of the material. We refer to [8] for
the physical foundations of magnetoelasticity.

The mathematics of magnetoelasticity involves two quantities, the deformation y and the magneti-
zation m. If Q C R3 represents the reference configuration of the body, the deformation is given by
a map y:  — R3. In the case of small strains, the magnetization m is also defined on the reference
configuration €, as in micromagnetics [19, 24, 28]. This approximation is valid if either the set Q repre-
sents a “very large” sample of material or the deformation y is “very close” to the identity. Instead, in
the case of large strains, the magnetization is defined on the deformed configuration, namely as a map
m: y() — R3. Thus, the deformation y is a Lagrangian variable, while the magnetization m is an
Eulerian variable. In this last setting, the existence of energy minimizers have been proven first in [44],
where a second-order regularization was introduced, and then in [32], where the case of an incompressible
material was considered. Subsequently, the existence of minimizers under feasible assumptions have been
proven in [5].
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In this paper, we investigate the problem of dimension reduction for thin magnetoelastic plates sub-
jected to large deformations. Our goal is to identify an approximate two-dimensional description of the
system, starting from a three-dimensional one, as the thickness of the plate goes to zero. Such effec-
tive models are widely used in the applied sciences, since they significantly reduce the computational
complexity while preserving the main features of the original three-dimensional structures.

The problem of dimension reduction in the context of nonlinear elasticity has been a central topic of
research in the last decades. In the calculus of variations, the approximation is understood in the sense
of I'-convergence [7, 15] and usually relies on quantitative rigidity estimates [22]. The case of plates has
been extensively studied. Scaling the elastic energy by different powers of the thickness of the plate, a
hierarchy of regimes and of corresponding limiting theories has been established [23]. In particular, it has
been shown in [23] that, for a sufficiently small order of magnitude of the applied loads, one recovers in the
limit the von Karman model for plates, classically derived by means of formal asymptotic expansion and
heuristic considerations [11, Chapter 5]. In the context of micromagnetics, the analysis of the thin-film
limit of magnetic plates has been addressed in [9, 24]. We also mention the recent work [17].

In [31], the dimension reduction of magnetoelastic plates in the Kirchoff-Love regime and the cor-
responding evolution are studied, in a purely Lagrangian setting, within the framework of linearized
elasticity. The problem of dimension reduction for magnetoelastic plates undergoing large-strain defor-
mations have been considered in [36], under some a priori constraint on the jacobian of deformations,
and subsequently numerically investigated in [37, 38]. The first rigorous derivation of a two-dimensional
model, starting from the membrane regime, has been obtained for non-simple materials in the recent
contribution [18].

In the present work, we consider the same mixed Eulerian-Lagrangian variational formulation in [32].
Consider a plate Q, == S x (—h/2,h/2), with section S C R? and thickness h > 0, subjected to an elastic
deformation w: ), — R? and a magnetization m: w(Q) — R3. As in [32], we impose the constraint of
magnetic saturation which, up to normalization, reads |m| =1 in w(§). This is physically reasonable
for sufficiently low constant temperature. The corresponding magnetoelastic energy is described by the
following functional:

1 , 1
Ep(w,m) = ﬁ/ﬂ W“‘C(V'w,mow)dX—&—a/ \Vm\2d£+§/R |Vtppm | dE. (1.1)
h w 3

()
The first term represents the elastic energy, which is rescaled according to the linearized von Kdrmdn
regime [23]. More precisely, for deformations w € WP (£2,; R3), we assume 3 > 2p and, as in [32, 44], we
suppose p > 3. This last assumption is merely technical and ensures that every deformation w admits a
representative which is continuous up to the boundary and, in particular, that the deformed set w(Q,)
is defined without ambiguity. An alternative choice could be to work as in [4] and consider p = 3. In this
case, deformations with strictly positive Jacobian still admit a continuous representative [21, Theorem
5.14], which however, in general, cannot be extended up to the boundary. We also mention the setting
in [5], where the authors assume p > 2 and replace the the deformed set w(2) by the topological image
imy(w, Q) (see (2.6) below). Unfortunately, no strategy seems to be available for the limiting case p = 2,
which is of particular modeling interest. The analysis presented in this paper represents, to the author’s
knowledge, the first I'-convergence study of magnetoelastic plates in the linearized von Karman regime:
we thus tackle here the more regular case p > 3. Further integrability assumptions will be the subject of
forthcoming investigations.

Following the modeling approach proposed in [13, 35], the elastic energy density Wn¢: R3*3 x§? — R,
where S? denotes the unit sphere in R3, is defined by setting W»¢(F,v) = W(F,v) if det F = 1
and Win¢(F,v) = +oo otherwise, where F € R**3 and v € S?. This embodies the assumption of
incompressibility of the material. The nonlinear magnetoelastic energy density W: R3*3 x §2 — R
satisfies frame-indifference and normalization hypotheses (see (3.2)-(3.3) below) analogous to the classical
ones in nonlinear elasticity, combined with growth conditions and regularity assumptions (see (3.4)-(3.5)
below) modeled on the ones usually considered in dimension reduction problems [23]. In particular, we
assume W to have global p-growth, but quadratic growth close to the set of rotations. This is crucial in
order to be able to perform the second-order approximation of W that identifies the von Karman model.
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We do not assume any particular structure of the coupling, but we only require feasible compatibility
conditions (see (3.9)-(3.10) below).

The second term in (1.1), represents the ezchange energy, where @ > 0 is the exchange constant. This
contribution is of Eulerian type and involves the gradient of magnetizations. Thus, magnetizations are
Sobolev functions defined on the deformed domains. We stress that the set w(€);,) is not necessarily
open if w is not an homeomorphism. Hence, we replace it with a suitable open subset 2}° (see (2.6) and
Lemma 2.7 below) and we assume m € WhH2(Q®;S?).

The last term in (1.1) stands for the magnetostatic energy. This term usually comprises a constant
o > 0, the vacuum permeability, that here, for simplicity, is assumed to be equal to one. The function
Ym: R? — R represents the stray field potential which is defined as the weak solution, unique up to
additive constants (see Lemma 4.6 below), of the Maxwell equation:

A, = div(Xw(o,)m) in R®. (1.2)

We mention that the magnetostatic energy usually involves additional terms such as the anisotropy energy
[2, 44] and the Dzyaloshinskii-Moriya interaction energy [16, 17] that, on first approximation, we are
neglecting. Also, we are not considering the effect of applied forces, as well as the one given by the
presence of an external magnetic field through the so-called Zeeman energy.

Our main contributions are contained in Theorems 3.2 and 3.3, and characterize the limiting behaviour
of the system, as the thickness of the plate goes to zero. The enunciation of these results requires the
introduction of some notation, the specification of our assumptions, as well as rescaling, therefore we
postpone it to Section 3. We present a simplified unified statement below. Recall the definition of the
functional &, in (1.1).

Theorem (Main results). The asymptotic behaviour, as h — 0%, of the functionals (h_lé'h) 1
described, in the sense of I'-convergence, by the functional:

1
E(uw,A) = 2/Qm’:(symV'u A)dz +—/ QYe((V)2v,A) da’
+a/ |V’)\|2d:c’+7/ IA3)? da’,
s 2 /s

defined for w € WH2(S;R?), v € W22(S) and X € WY2(S;S?). Here, given v € S?, the function
inc(. v) is a quadratic form on R?*? constructed from the second-order approzimation of W (-,v) close

to the identity, while V' denotes the gradient with respect to the variable ' € S.

(1.3)

We point out that Theorems 3.2 and 3.3 extend the results previously obtained in the context of
nonlinear elasticity and micromagnetics. More explicitly, in absence of magnetizations, we recover the
theory of dimension reduction for incompressible elastic plates in the linearized von Karmén regime
established in [35], while, in the case of deformations given by the identity map, our model reduces to
the thin film-limit of micromagnetic bodies presented in [24].

Note that the functionals &, and E' in (1.1) and (1.3), respectively, have different domains of definition,
therefore we cannot expect a proper I'-convergence statement. However, in Corollary 3.4, we show that
Theorems 3.2 and 3.3 can be rigorously reformulated within the framework of I'-convergence. This latter
result is adapted from [34].

Applied forces and external magnetic fields can be included in the analysis. While the energetic
contribution given by mechanical forces is classically set on the reference configuration according to the
assumption of dead loads, the one determined by external magnetic fields, the so-called Zeeman energy, is
necessarily defined in the actual space. As a consequence of our main results, sequences of minimizers of
the energy &, in (1.1), augmented by the functional representing the applied loads, converge, in a suitable
sense, to minimizers of the functional F in (1.3), completed by the corresponding limiting functional. The
precise statement is presented in Corollary 3.5. The latter is included here just to attest the significance
of our main results and it is stated without proof. The convergence of minimizers will be treated in detail
in a forthcoming publication.
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As customary for I'-convergence, our main results can be subdivided into three parts: compactness of
sequences of states with equibounded energies, identification of a common lower bound for the energy
of converging sequences of states, and existence of recovery sequences for arbitrary limiting states. The
first two parts are contained in Theorem 3.2, while the third one is given by Theorem 3.3.

In analogy with [23], compactness is obtained up to composition with rigid motions. The proof of the
compactness of deformations relies on the adaptation of standard techniques of dimension reduction in
nonlinear elasticity [23] to our growth assumption (see (3.4) below). In this regime, the deformations
wy, converge to the identity. The compactness of magnetizations, instead, is proved using an original
approach, which constitutes the main novelty of the present contribution. Indeed, since the magnetiza-
tions my, are defined on the deformed sets wy(€2;,), which are unknown, the analysis is quite delicate.
Note that, in general, the sets wy(€,) are not regular domains and hence usual operations like the
extension to the whole space or the identification of traces on the boundary are not allowed for the
magnetizations my,. Moreover, in our case, the uniform convergence techniques developed in [32, 44] are
not available, since the deformed sets are crushing onto the section .S, which has Lebesgue measure zero.
Our approach is based on careful considerations on the geometry of the deformed sets. Combining the
uniform convergence estimate of the deformations wy towards the identity map with some elementary
properties of the topological degree, we prove that for every h sufficiently small, up to rigid motions, the
deformed sets wy,(£2;) contain a cylinder of height of order h 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 my, o wy,, properly rescaled. This is another subtle
point, since the magnetizations m;, are not necessarily continuous. The issue is overcome by considering
the restrictions of magnetizations to the previously determined cylinder, which is a regular domain, and
extending them to the whole space. Then, we obtain the desired convergence by exploiting some Lusin-
type property of Sobolev maps (see Proposition 4.27 below). These techniques require an extensive use
of the area formula (see Proposition 2.1 below). In particular, we need admissible deformations to be
injective. This fact, combined with the incompressibility constraint, entails that admissible deformations
are volume-preserving.

The proof of the existence of a lower bound for the elastic energies is similar to the corresponding one in
the case of elasticity [23], once the convergence of the magnetizations is established. Incompressibility is
treated by adopting the same strategy in [13, 35]. The lower bound for the exchange energies is obtained
by considering a family of cylinders contained in the deformed sets that exhaust them, in the sense
of measure. Concerning the magnetostatic energy, we employ our geometric considerations about the
deformed domains to prove the convergence of the right-hand sides of the equations (1.2) determined by
wp, and my,. Then, we adapt the results in [24] to prove the compactness of the corresponding solutions
and the convergence of the magnetostatic energies.

The existence of recovery sequences is proved in two steps. First, we construct the sequence of de-
formations following the ansatz in [23] and we deal with the incompressibility constraint by means of
the techniques developed in [35] (see also [13]). The resulting deformations are given by perturbations
of the identity and, in turn, by a result in [10], they are globally injective. Subsequently, we construct
the sequence of magnetizations, taking into account that these have to be defined on the correspond-
ing deformed sets. The convergence of the elastic energies follows, once more, similarly to the classical
case [23]. The convergence of the exchange energies is straightforward and the one of the magnetostatic
energies is deduced by analogous arguments to the ones of the lower bound.

The key novelty of the present contribution is to move beyond the small-strain assumption and tackle
instead a mixed Eulerian-Lagrangian formulation. In the same direction, we mention again the recent
paper [18]. Note that, unlike other contributions [18, 44], we do not consider any second-order gradient
term in the energy functional. This is possible because of the peculiar properties of the von Karman
regimes, in which deformations converge to the identity. A central ingredient for our analysis is the
fact that the convergence rate is of order bigger than one, namely of order 8/p — 1, where, we recall,
B > 2p. If 8 < 2p, the the inner approximation of the deformed sets w(£2;) by means of cylinders of
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height comparable with A is no more directly applicable. Thus, the techniques presented here cannot be
extended to other regimes.

We mention that we recently extended our results to the compressible case. This will be addressed in
a forthcoming paper.

The paper is structured as follows. In Section 2, we recall preliminary results that will be instrumental
for our arguments. In Section 3, we establish the precise setting of the problem and state our main
results with their corollaries. Theorems 3.2 and 3.3 are proved in Sections 4 and 5, respectively. Finally,
in Section 6, we prove the rephrasing of our main results in the language of I'-convergence.

Notation and conventions. We will work mainly in the three dimensions. For every a € R3, we set
a = (a*,a®)" € R? so that a = ((a’)",a®)". The null vector in R? is denoted by 0, thus 0’ is the null
vector in R2. The same notation applies to space variables. We denote by V' the gradient with respect
to the first two variables, namely V’ := (01,0,) ", with obvious extension in the case of vector-valued
functions. Accordingly, the divergence and the Laplace operator with respect to the first two variables
are denoted by div’ and A’, respectively. Given a,b € R3, their tensor product is defined as the matrix
a®b = (a'tV); j—123 € R¥*3. For every matrix A € R¥*3, we define A" := (A"); j_1 2 € R**2. We
denote the identity matrix and the null matrix in R3*3 by I and O, respectively. Thus, I"” and O” stand
for the corresponding matrices in R?*2. The identity map on R3 is denoted by id.

The group of proper rotations in R” is denoted by SO(NN). The set of symmetric and skew-symmetric
matrices in RV*N are respectively given by Sym(NN) and Skew(N). The Lebesgue measure on RY is
denoted by %, and the characteristic function of sets A C R is denoted by x 4. The optimal Lipschitz
constant of a Lipschitz function v is denoted by Lip(v). We use standard notation for Lebesgue and
Sobolev spaces, i.e. LP and W™P, and their local counterparts. We will also consider functions in the
space, sometimes named after Beppo Levi, given by VI2(RY) = {p € L2 _(RY): Vp € L2(RY;RV)}.
Given an open set Q C RY and an embedded submanifold M C RM we define the space of manifold-
valued Sobolev maps as W™P(Q; M) = {v € WmP(;RM) . v(xz) € M for ae. x € Q}. In the
following, M is going to be either the unit sphere S? := {z € R3 : |z| = 1} in R3 or the special
orthogonal group SO(3) C R3*3.

We will make use of the Landau symbols ‘0’ and ‘O’. When referred to vectors or matrices, these are to
be understood with respect to the maximum of their components. We will adopt the common convention
of denoting by C a positive constant that can change from line to line and that can be computed in
terms of known quantities. Sometimes, we are going to underline its dependence on certain quantities
using parentheses. Also, we will identify functions defined on the plane with functions defined on the
three-dimensional space that are independent on the third variable. Finally, all statements involving h
without specifying the range for this parameter, are to be understood to hold for A > 0 and sufficiently
small. Moreover, in absence of any specification, convergences are intended up to subsequences and for
h—07.

2. PRELIMINARY RESULTS

We briefly recall some facts and notions that are going to be used later. Let O C RY be a bounded
Lipschitz domain and consider a map v € W1P(Q; RN ) with p > N. Any such map admits a repre-
sentative which is continuous up to the boundary and has the Lusin property (N) [39, Corollary 1], i.e.
maps sets of zero Lebesgue measure to set of zero Lebesgue measure. Henceforth, for such maps, we will
always tacitly consider this representative. If v satisfies det Vo > 0 almost everywhere in 2, then it also
has the Lusin property (N~') [21, Theorem 5.32], i.e. the preimage via v of any set of zero Lebesgue
measure has Lebesgue measure zero.

We will use the following version of the area and change-of-variable formulas [39, Theorem 2].

Proposition 2.1 (Area and change-of-variable formulas). Let Q2 C RY be a bounded Lipschitz
domain and let v € WHP(Q; RN) with p > N. Then, for every measurable set A C ), the multiplicity
function

E—= (v, A ) =#{x e A: v(x)=¢&}
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is measurable and the following area formula holds:

/\detVu(m)|dw:/ (v, A, €)dE. (2.1)
A RN

Moreover, for every f: v(A) — R such that either x — f(v(x))|det Vo(x)| is integrable over A or
& (&) (v, A E) is integrable over v(A), the following change-of-variable formula holds:

/A (@) |det Vo) [dz = [ 1(€) (v, A,€) d. (2.2)

v(A)

Note that, since v has the Lusin property (N), the image v(A) of every measurable set A C Q is
measurable [39, Corollary 2]. Also, the map f has to be Borel-measurable in order to have that the
composition f o wv is measurable. If det Vv > 0 almost evereywhere, so that v has the Lusin property
(N~1), then it sufficies that f is measurable.

We say that v is almost everywhere injective if there exists a set B C € of zero Lebesgue measure such
that the map wv|g\p is injective. In this case, for every A C Q measurable, we have ((v, A,-) = Xu(4)
almost everywhere in R3.

Remark 2.2 (Ciarlet-Neéas condition). The notion of almost everywhere injectivity and the area
formula are linked by the famous Ciarlet-Necas condition [12] which reads

/ |det Vo|de < .2V (v(Q)). (2.3)
Q

Indeed, under the assumptions of Proposition 2.1, the following holds [12, page 185]: if v is almost
everywhere injective, then v satisfies the (2.3); viceversa, if v satisfies(2.3) and det Vv # 0 almost
everywhere in {2, then v is almost everywhere injective. This equivalence is particularly important in
connection with the stability of almost everywhere injectivity with respect to the weak convergence in
WLP(Q;RY). We refer to [12] for details. Note that the Ciarlet-Ne¢as condition (2.3) is preserved under
weak convegence as a consequence of the weak continuity of the Jacobian determinant and the Morrey
embedding.

In our analysis, we will use the following Lusin-type property of Sobolev maps [1], which allows to
approximate them with Lipschitz maps.

Proposition 2.3 (Lusin-type property of Sobolev maps). Let v € WL (RY; RY) with 1 <r < oo.
Then, for every A > 0 there evists a measurable set Fx C RN such that v|p, : Fx — RY is Lipschitz
continuous with Lip(v|p, ) < C(N,r)X and we have

C(LT’T)/ |[Vo|" de,
A {IVv|>A/2}

where the constant C(N,r) > 0 depends only on N and r.

ZLVNRN\Fy) <

We will also employ the seminal rigidity estimate by Friesecke, James and Miiller [22, Theorem 3.1].
The proof for p = 2 is given in the original paper, for the adaptation of the latter to arbitrary 1 < p < oo,
we refer to [14, Section 2.4].

Proposition 2.4 (Rigidity estimate). Let Q C RY be a bounded Lipschitz domain, and let 1 < p < co.
Then, for every v € WHP(Q;RN) there exists a constant rotation Q € SO(N) such that

/ Vv — QP dx < C’(Q,N,p)/ dist? (Vv; SO(N)) de, (2.4)
Q Q
where the constant C(2, N,p) > 0 depends only on Q, N and p.

Remark 2.5 (Rigidity constant). The constant in the rigidity estimate can be chosen uniformly for
domains which are homeomorphic through translations and homotheties. Namely, in (2.4), we can assume
that C(o Q+e¢, N,p) = C(Q, N, p) for every o > 0 and ¢ € RY. To see this, given v € WP(c Q+c;RY),
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it is sufficient to apply the rigidity estimate to v = o~ 19(0 - +¢) € WLP(Q;RY) and to use the change-
of-variable formula. More generally, the rigidity constant can be chosen uniformly for domains which are
homeomorphic via Bilipschitz maps with uniformly controlled Lipschitz constants.

Remark 2.6 (Constant rotation). A careful inspection of the proof of Proposition 2.4 shows that the
constant rotation @ € SO(N) doest not depend on the exponent p. Namely, for every 1 < ¢ < p there
holds

/ Vo — Q|7dz < C(Q, N, q)/ dist? (Vv: SO(N)) da.
Q Q

We recall some elementary facts about the topological degree of a continuous map [21, 20, 43]. Let
Q2 C RY be open and bounded, and let v € C°(€; RY). The topological degree of v on 2, also known as
the Brouwer degree, is a map deg(v,(,-): RV \ v(9€) — Z which can be defined axiomatically by means
of the following properties [43, page 39]:

(normalization)  deg(id|q, 2, &) =1 for every € € Q;

(additivity) if Ay, A3 C Q are open with 41 N Ay = (), then
deg(v, A1 U Az, &) = deg(v, A1, §) + deg(v, A2, §)
for every &€ € RV \ w(90A4; UJA,);

(homotopy invariance) if H € C°([0,1] x &;RY) and ~: [0,1] — RY satisfies v(t) ¢ H({t} x 0)

for every 0 <t < 1, then deg(H(0,-),Q,~v(0)) = deg(H (¢,-), 2, v(t)) for
every 0 <t < 1;

(solvability) if deg(v,,€) # 0 for some & € RY \ v(9Q), then there exists = € 2 such
that & = v(x).

Starting from these, several other properties can be deduced. We state the ones that are going to be used
in the following:

(continuity)  deg(v,,-) is continuous on RN \ v(99);
(local constantness) deg(v,(,-) is constant on each connected component of R \ v(99);
(stability) if v € C°(Q; RY) satisfies ||v — V|| co@ry) < dist(§;v(9Q2)) for some
€ € RV \ v(d9), then &€ € RV \ 3(99) and deg(v, Q, €) = deg(v, 2, £).

In the case of regular maps, the topological degree can be computed explicitly. Namely, if v € C1(; RY)
and € € RN \ v(99) is a regular value, i.e. £ ¢ v({det Vo = 0}), then

deg(v,Q,€) = Z sgn(det Vo(x)).

zeQ: v(x)=E€

In particular, if v is injective, then for every & € v(Q2) we obtain deg(v,Q,€&) € {—1,1}. Actually, this
last property holds even if v is just continuous [21, Theorem 3.35].

If v € CLO;RY) and € € RN \ v(99Q) is a regular value, then the degree can be also computed by
means of the following integral formula

deg(uQ,.{):/ﬂwovdetVwa, (2.5)

where 1) € C2°(RY) is any non-negative function with integral equal to one and whose support is contained
in the connected component V of RN \ v(9€) with & € V' [20, Proposition 2.1]. As already noted in [3,
page 317], if @ C R¥ is a bounded Lipschitz domain, then formula (2.5) holds for v € W1?(€; RY) with
p > N and for every £ € RV \ v(99) as well.

We conclude this section by introducing two sets associated to the deformations. We refer to [30]
for more details and for a comprehensive treatment of the topological properties of deformations in
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the context of nonlinear elasticity. Let 2 C RY be open and bounded, and let v € C°(€; RY). The
corresponding deformed configuration and topological image are respectively defined as

Q¥ = o(Q)\v(0Q), imp(v,Q):={&cRY\v(0Q): deg(v,Q,&) #0}. (2.6)

The first set was considered in [18, 32, 44]. The second one was introduced in [45] and then studied by
several authors [5, 6, 26, 41, 42, 46]. For the class of deformations that we are going to consider, these
two sets turn out to coincide.

Lemma 2.7 (Deformed configuration and topological image). Let Q C RY be a bounded Lipschitz
domain and let v € WHP(Q;RN) with p > N satisfy det Vo > 0 almost everywhere in Q. Then,
the corresponding deformed configuration and topological image coincide, namely Q¥ = imp(v,Q). In
particular, both sets are open. Moreover, N (V) = ZN(v(Q)).

Proof. By the continuity property of the degree, imz (v, 2) is open in RY \ v(9€2) and, in turn, in RY. By
the solvability property of the degree, imy (v, ) C Q¥. For the opposite inclusion, consider &, € 2V and
denote by V the connected component of RY \ v(9Q) with &, € V. Since RY \ v(99Q) is open, so is V. In
particular, B(&,,e) CC V for some ¢ > 0. Consider any xg € 2 such that v(xg) = £,. By the continuity
of v, there exists § > 0 such that B(xg,d) CC Q and v(B(z,6)) C B(£y,¢). Let v € C(RY) be such
that ¢ > 0, supp®) = B(&g,¢) C V and [,y 1 d€ = 1. Applying (2.5), we compute

dcg(v,Q,éo):/wovdctV'udacz/ Y owvdet Vvodx > 0,

Q B(xo,0)

where we used that ¢ ov > 0 in B(xg,d) and det Vo > 0 almost everywhere in 2. Thus &, € imp(v, 2),
and, by the arbitrariness of &,, we deduce Q¥ C imr(v,2). Therefore Q¥ = imr(v, ) and, in particular,
Qv is open. Since ) is a Lipschitz domain, .Z~ (0Q) = 0. Then, £ (v(9€)) = 0 by the Lusin property
(N), and we conclude £V (Q?) = £V (v(Q)). O

3. SETTING OF THE PROBLEM AND MAIN RESULTS

3.1. Setting of the problem. Let Q) := S x hI C R? be the reference configuration of a thin magne-
toelastic plate. Here, S C R? is a bounded, connected, Lipschitz domain representing the section of the
plate, h > 0 specifies its thickness and I := (—1/2,1/2).

We consider deformations w € W1P(,;R?) with p > 3 that satisfy det Vw > 0 almost everywhere
and are almost everywhere injective in 2. Therefore, we can assume that w is continuous up to the
boundary and that it satisfies both Lusin properties (N) and (N~1) (see Section 2). Magnetizations are
given by maps m € W12(Q®;S?), where Q% is defined as in (2.6). Note that, by Lemma 2.7, the set Q3
is open and differs from w(€;,) at most by a set of zero Lebesgue measure.

Following [32], the magnetoelastic energy associated to an elastic deformation w : ), — R?® and a
magnetization m : Q% — S? will be encoded by the following energy functional:

1 , 1
En(w,m) = ﬁ/g W (Vw, mow)dX +a/ﬂw |[Vm|* d¢ + 5/Rs |Vthm |? €. (3.1)
h h :

The first term in (3.1) represents the elastic energy. Note that, since w is continuous and m is measurable,
their composition is measurable. Moreover, by the Lusin property (N 1), this composition is well-defined,
meaning that its equivalence class does not depend on the choice of the representative of m. Here, we
focus on the linearized von Kdrméan regime, where we adopt the terminology of [23]. More precisely, the
elastic energy is rescaled by h? for some fixed > 2p.

As in [13] and [35], we enforce an incompressibility constraint through the elastic energy density
Wine: R3x3 x §2 — [0, +-00] (the superscript ‘inc’ stands for ‘incompressible’) by setting

Whe(F,v) =

W(F,v) if detF =1,
+00 if det F' # 1,
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for all F € R®3 and v € S?, where the map W: R33 x §? — [0,+00] is a continuous nonlinear
magnetoelastic energy density. In particular, we require the following :

(frame indifference) W(RF,Rv) =0 for every R € SO(3), F € R®3 v € §%
(normalization) W (I,v) =0 for every v € S% (3.3)
(growth) there exists a constant C' > 0 such that
W(F,v) > Cdist?(F; SO(3)) V dist? (F; SO(3)) (3.4)
for every F € R**3 v e §%
(regularity) there exists § > 0 such that for all v € S? the function W (-, v)

3.5
is of class C? on the set {F € R**®: dist(F;SO(3)) < d}. (3:5)

In view of (3.5) and by the normalization condition (3.3), we have the following second-order Taylor
expansion centered at the identity

W(I+G,v)= %Qg(a, V) +w(G ), (3.6)
for every G € R3*? with |G| < ¢ and for every v € S2. In the equation above
Qs3(G,v) =C"G : G, (3.7)
where the fourth-order tensor C¥ € R3*3%3%3 is defined by
C” == 0xW(I,v), (3.8)

and, for every v € S?, there holds w(G,v) = o(|G|?), as |G| — 0. Note that, by (3.3), for every v € S,
the tensor C¥ is positive definite. Hence, so is the quadratic form Qs(-, ) which, in turn, is convex.

We assume W to be such that the following two facts hold:

the map v — C” from S? to R**3*3%3 is continuous, (3.9)
G
w(t) = sup {w(|G|,2u) cGeER™ G| <t,ve SQ} =o(t?),ast — 0", (3.10)

Frame-indifference and normalization hypotheses are standard in nonlinear elasticity. The assumption
(3.2) corresponds to the fact that the energetic description of the system does not depend on the position
of the observer and it was already considered in [29]. The normalization hypothesis (3.3) states that, for
any fixed magnetization, the reference configuration is a natural state and, by frame indifference, any rigid
motion does not increase the elastic energy. Growth conditions from below an regularity assumptions
involving the distance from the set of rotations have been firstly considered in [22, 23] in the context of
dimension reduction problems. Our mixed-growth assumption (3.4) states that the energy density W has
global p-growth, but quadratic growth close to SO(3). This fact supports the second-order approximation
of W in (3.6). We require the function W to be regular in the first argument in a uniform way with
respect to the second one. Indeed, the differentiability set of W (-, v), determined by the constant § > 0
in (3.5), is the same for every v € S?. Furthermore, the hypotheses (3.9) and (3.10) on the coupling are
assumed.

The second term in (3.1) represents the exchange energy with the exchange constant « > 0. The third
term in (3.1) is given by the magnetostatic energy. This last term involves the function ty,: R® — R,
the stray field potential, which is a weak solution of the Maxwell equation:

Atpr, = div(xowm) in R?, (3.11)

where xqwm denotes the extension by zero of m to the whole space. Such a weak solution exists and
it is unique up to an additive constant (see Lemma 4.6 below), so that the magnetostatic energy is well
defined.

As already mentioned in Section 1, in the present work we neglect other contributions in the magneto-
static energy, like the anisotropy energy [2, 44] or the Dzyaloshinskii—Moriya interaction energy [16, 17].
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3.2. Change of variables and rescaling. We perform a change of variables in order to deal with
energy functionals defined on a fixed domain. We introduce the two functions z, and z( defined on the
whole space by setting zp,(x) :== (') ", has) " and zo(x) == ((z')",0)" for every & € R3. Set Q := S x I.
To any deformation w : £;, — R3, we associate the map y := w o z1,|o. Applying the change-of-variable
formula, we obtain

1 1 : o 1

- _ inc d - 2 d - m 2 d

hé'h(w,m) B /QW (Vhy,moy)dr + N /Qy |[Vm|® d¢€ + o e |Vthm |~ dE,

where we define the scaled gradient as Vj := ((V/)7,h7133)T. In particular, recalling (2.6), we have

QY = Q¥ so that the Maxwell equation (3.11) can be terlally rewritten as

T

Atpy, = div(xqum) in R3. (3.12)
Thus, we define the magnetoelastic energy functional as
1 1
En(y, m) = / We(Vyy, moy)de + — / [Vm|? d€ + */ Vb |* dE, (3.13)
hB h Jau 2h Jgs

where the function ¢, is a weak solution of (3.12). We denote the three terms at the right-hand side of
(3.13) by Egl(y,m), E*(y,m) and E;"**(y, m), respectively.

The class of admissible deformation is given by
YVi={ye WhP(Q;R3) : det Vy > 0 a.e. in Q, y a.e. injective in 0},

where p > 3. To such deformations we associate corresponding magnetizations m € W12(QY;S?).
Therefore the class of the admissible states is defined as

Q:={(y,m): yc¥, meW"Q¥s)}.

Remark 3.1 (Invariance by rigid motions). We will show in Propositions 4.2, 4.3 and 4.7 that
the energy in (3.13) is invariant with respect to rigid motions. More precisely, given an admissible
state (y,m) € Q and a rigid motion T: R® — R? of the form T(¢) := RE& + d for every £ € R?,
where R € SO(3) and d € R, if we set §y .= T oy and m = Rmo T ', then (y,m) € Q and
E,(y,m) = En(y,m). This property follows by (3.2) and by the structure of the Maxwell equation.

3.3. Main results. In order to state our two main results, we introduce the limiting energy functional.
Similarly to [13], for every H € R?*2 and v € S?, we set

mCHV ‘= min { Q3 Li’ +c®es+es@c,v|: ceR3,
)" |o

(3.14)
t H o +c®e3+e3® 0
r||——=1+—]+c®es+esxc|=0p.
()70 Y
The limiting functional is defined on W12(S;R?) x W22(S) x Wh2(S;S?) by
E(u,v,A) /ch symV'u, A) dz’ +—/ QY((V)?v,A) da’
(3.15)

/|v’,\|2d + = /|)\3|2dm

We denote the sum of the first two terms at the right-hand side of (3.15) by E®!(u, v, ), and the remaining
two terms by E®°(A) and E™?8(\), respectively.

Our main results are given by Theorems 3.2 and 3.3 and describe the asymptotic behaviour of the
energies Fj, in (3.13), as h — 0T. In order to state them, we introduce the horizonal and vertical averaged
displacements [23]. For y € Y, these are given by U, (y): S — R? and V,(y): S — R, respectively defined
by setting

U@)@) = 1 [ W) o) dn MW@ = ey [, 619
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for every ' € S. The first theorem states that the functional E in (3.15) provides a lower bound for the
asymptotic behavior of Ej, in (3.13), as h — 0F.

Theorem 3.2 (Compactness and lower bound). Assume p > 3 and 8 > 2p. Suppose that W
satisfies (3.2)-(3.5) and (3.9)-(3.10). Let ((yp, mn))n C Q be such that Ey(yp,, mp) < C for every h > 0.
Then, there exist a sequence of rotations (Q)) C SO(3) and a sequence of translation vectors (c) C R3
such that, setting y,, = Thoy,, and my, = Q;thT;I, where T'j,: R3 = R3 is the rigid motion defined
by Ty (&) = QZ{ — ¢y, for every € € R3, we have, up to subsequences, as h — 0%:

wp, = Up(g),) — u for some u € WH2(S;R?); (3.17)
U = Vn(gy,) — v in WH2(S) for some v € WH2(S); (3.18)
my 0y, — X in L"(R?) for every 1 <r < oo for some X € Wh2(S;S?). (3.19)

Moreover, the following inequality holds:
E(u,w,A) < liminf E},(y;,, mp). (3.20)
h—0+

The second theorem shows that the lower bound identified in Theorem 3.2 is optimal.

Theorem 3.3 (Optimality of the lower bound). Assumep > 3 and 8 > 2p. Suppose that W satisfies
(3.2)-(3.5) and (3.9)-(3.10). Then, for every u € WH2(S;R?), v € W22(S) and A € W12(S;S?), there
exists ((yp, mn))n C Q such that, as h — 0, we have:

wp = Un(yy,) — w in WH2(S;R3); (3.21)
v = Vi(yy,) — v in WH2(S); (3.22)
my oy, — X in L"(Q;R3) for every 1 < r < oo. (3.23)

Moreover, the following equality holds:
E(uw,A) = lim Ey(y,, mp). (3.24)
h—0t
3.4. T'-convergence. The results of Theorems 3.2 and 3.3 can be reformulated within the framework of

I-convergence [7, 15]. Recall the notation introduced in (3.16) . Given an admissible state (y,m) € Q
and h > 0, we define M (y, m): R?* — R? by setting

Mp(y,m) = (xavm) o zp. (3.25)

We introduce the functionals

T, Z: WHP(Q;R?) x WH2(S;R?) x WH2(S) x L2(R3;R?) — R U {400}

given by
En(y.m if u=Uy(y), v="Vp(y) and p = My (y,m)
Tn(y,u,v, 1) == Y for some m € Wh2(Q¥;§?), (3.26)
400 otherwise,
and
if y = 29, v € W*2(S) and p = xoA
I(y,u,v, p) = Eu,0,A) for some A € W2(S;S?), (3.27)
400 otherwise.

The following result is inspired by [34, Corollary 2.4].

Corollary 3.4 (I'-convergence). The functionals (Zp,) T'-converge to Z, as h — 07, with respect to the
strong product topology. Namely, we have the following:
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(i) (Liminf inequality) for every sequence ((yp,,wn,vn, my))n C WEHP(Q;R3) x WH2(S;R?)
WL2(S) x L2(R3;R3) such that (y,,, wn,vn, my,) — (y,w,v, m) in WHP(;R3) x WH2(S;R?)
WL2(S) x L2(R3;R?) for some (y,w,v,u) € WHP(Q;R3) x WH2(S;R?) x WL2(S) x L2(R3; R?),
we have:

X
X

I(yvua ’U,H) < hInianh(yh,uhvvhv /’l’h)’ (3 28)
h—0t

(ii) (Recovery sequence) for every (y,u,v, p) € WHP(Q;R3) x WH2(S;R?) x W2(S) x L2(R3; R?)
there exists a sequence ((Yy,, Wn, Vh, y))n C WEP(;R3) x WH2(S;R?) x WH2(S) x L2(R3;R3)
such that (yy,un,vn, 1y,) — (y,w,v, @) in WHP(Q;R3) x WH2(S;R?) x W12(S) x L2(R3;R?)
and we have:

I(yvuvvvll/) = lim Ih(yhauhavh7l"’h)' (329)
h—0+
The same result holds also with the weak product topology in place of the strong one.

However, it must be said that Corollary 3.4 provides less information than Theorems 3.2 and 3.3.
Indeed, we cannot deduce the convergence of minimizers from the I'-convergence result, since the sequence
of functionals (Zj) does not satisfy any suited coercivity assumption [7, Theorem 1.21].

3.5. Convergence of almost minimizers. From Theorems 3.2 and 3.3, we deduce the convergence of
almost minimizers of the energy Fj, in (3.13) to minimizers of the energy E in (3.15) by straightforward
arguments. However, the same conclusion becomes more delicate to be obtained when applied loads are
included. In our case, these involve both Lagrangian and Eulerian energy contributions.

For h > 0, we consider f, € L?(S;R?), g, € L?(S) and h;, € L*(R?;R?) representing a tangential
force, a normal force and an external magnetic field, respectively. We assume the following:

th — fin L?(S;R?) for some f € L?(S;R?), (3.30)
1

57ErTn — 9 in L*(S) for some g € L*(S), (3.31)

hy oz, — h in L*(R%R3) for some h € L?(R?;R?). (3.32)

Note that, in (3.32), we a priori assume that the limiting field A does not depend on the variable 3. The
effect of the applied loads at the bulk level is described by the functional Ly : Q — R defined by

1 1
Li( = : 3 — | hy- :
(y,m hﬂ/fh dx+hB/ghy dw+h/m h-mdg, (3.33)

so that the corresponding total energy Fj: Q@ — R reads
Fh(ya m) = Eh(ya m) - Lh(ya m)

Note that, while the first two terms in (3.33) are given by integrals on the reference configuration, the
last term in (3.33) is written as an integral on the deformed set.

In the limit, the action of the applied loads is determined by the functional L: W12(S;R?) x W22(S) x
Wh2(S;S?) — R given by

L(u,v,\) ::/f-ud:c’—l—/gvd:c’—i—/h-)\d:v’
s s s

and the resulting energy F': W1H2(S;R?) x W22(S) x Wh2(S;S?) — R takes the form
F(u,v,A) = E(u,v,\) — L(u,v, A).

Additionaly, we impose Dirichlet boundary conditions by rescriting ourselves to the class of admissible
deformations

Vh={yel:y=z,o0n0S xI} (3.34)

and to the corresponding admissible states

Qn={(ym)e Q: yey, me W (Q¥;§)}. (3.35)
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Consequently, the class of limiting admissible states reduces to the set

A= {(u,v,\) € WH2(S;R?) x W22(S) x Wh2(S;S?) :
u =0 ondS, v=0o0ndS, V'v=0 on dS}.
The next result claims that, under the boundary conditions in (3.34)—(3.35), almost minimizers of the

energy Fj, actually converge to minimizers of the energy F'. As a byproduct, we deduce the existence of
minimizers for the functional F in A.

Corollary 3.5 (Convergence of almost minimizers). Assume p > 3 and § > 2p. Suppose that W
satisfies (3.2)~(3.5) and (3.9)—(3.10), and that the applied loads satisfy (3.30)-(3.32). Let ((y,;, mp)) C Q
be such that (y,,mp) € Qp for every h > 0. Suppose that

h—0*t

lim {Fh(qh) - lélth} = 0.
h

Then, we have, up to subsequences, as h — 07 :

wy, = Uy (y,,) — w in WH2(S;R?); (3.36)
v = Vu(yy,) — v in WH2(S); (3.37)
my oy, — X in L"(;R?) for every 1 <r < co. (3.38)

Moreover, (u,v,\) € A is a minimizer of F in A.

The proof of Corollary 3.5 is omitted and will be included in a forthcoming paper. Here, we limit
ourselves to provide some comments.

The main difficulty in proving Corollary 3.5 is to deduce the bound Eil(yh, my,) < C starting from
Fr(yy,, mp) < C. The situation is analogous to the one in [33], but our case is simpler as we are
dealing with the linearized regime. In contrast with (3.17)-(3.19), in (3.36)-(3.38) compactness is obtained
without composing with rigid motions. This is possibile thanks to the Dirichlet boundary conditions in
(3.34)-(3.35) by means of the techniques developed in [33]. This improved compactness allows to pass
to the limit in the last term in (3.33), which is defined in the actual space, exploiting the convergence
of Mp(yy,, my,) defined in (3.25). The construction of the recovery sequence requires some care, since
deformations have to satisfy both the incompressibility constraint and the boundary condition in (3.34).
In our case, where the boundary condition has to be imposed on the whole 05 x I, it is sufficient to
consider limiting displacements u and v having compact support. Then, the deformations of the recovery
sequence constructed in the proof of Theorem 3.3 automatically satisfy the desired boundary condition.
If, as in [33], the boundary condition is imposed on the set T" x I for some I" C 0.5, then the existence of a
recovery sequence is a delicate issue. For more general boundary data, even the existence of incompressible
deformations belonging to the class in (3.34) is not guaranteed.

In analogy with [23, Theorem 2|, for normal forces only, i.e. for f, = 0’, having null average on S
and in absence of external magnetic fields, i.e. for h; = 0, it is possible to prove the convergence of
minimizers of F} without imposing any boundary condition, but considering a limiting functional that
additionaly depends on a constant rotation. In this case, one can show that (3.36) holds with u = 0'.
This could justify the choice, analogous to the one adopted in [23], to define the limiting energy E in
(3.15) as a functional depending on v and A only.

4. COMPACTNESS AND LOWER BOUND

In this section we show that sequences of admissible states with equi-bounded energies enjoy suitable
compactness properties and that the functional (3.13) provides a lower bound for the asymptotic behavior
of the magnetoelastic energies as h — 0T.
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4.1. Compactness. The proof of the compactness of deformations with equi-bounded energies relies on
the method of approximation by rotations in thin domains developed in [23], suitably adapted to our
growth assumption (3.4). This technique allows to approximate the scaled gradient of deformations with
maps taking values in SO(3). These are constructed explicitly, first locally, by means of mollification,
and then globally, using partitions of unity and projecting onto the set of proper rotations. Here, the
rigidity estimate given by Proposition 2.4 is fundamental in order to ensure that the maps obtained from
the local approximation are in an appropriate neighborhood of the set of rotations for A small enough.
The invariance property of the rigidity constant (see Remark 2.5) is also essential in the argument.

Lemma 4.1 (Approximation by rotations). Let y € W'P(Q;R?) and set Fj, .= Vy. Define
oy = / dist?(Fy: SO(3)) V dist? (Fy: SO(3)) da.
Q

Suppose that ky/hP? — 0, as h — 0F. Then, there exist a map Ry, € W1P(S;S0(3)) N C>(S;SO(3))
and a constant rotation Q,, € SO(3) such that, for ¢ € {2,p} and h < 1, we have the following:

/Q |F), — Ry,| dz < Ckiy, /S V' Ry|7 da’ < C%, (4.1)
/S|Rh—Qh|qda:’ gc%, /Q|Fh—Qh\de§c%. (4.2)

Proof. Consider a tubular neighborhood O of SO(3) in R3*3 such that the nearest-point projection
II: O — SO(3) is defined and smooth.

Arguing as in [23, Theorem 6], we construct a map Ry, € W1P(S : R3%3) 0 ¢ (S; R3*3) such that,
for g € {2,p}and h <« 1, the following estimates hold:
/ By — Ry|?dz < C ko, / V' Ry |7 da’ < 5 (4.3)
Q s ha

To prove (4.3), we apply the argument of [23, Theorem 6] twice, once with ¢ = 2 and again with ¢ = p.
At this point, we stress that the constant rotation obtained by applying the rigidity estimate given by
Proposition 2.4 locally in cubes of side of order h (see [23, formula (68)]) does not depend on the value

of the exponent ¢ (see Remark 2.6). Regardless, by construction, the resulting map Rj, does not depend
on the value of gq.

Note that, by [23, formula (77)], we also have

sup dist?(Rp(2'); SO(3)) < c%. (4.4)
x’'eS

From this, since the right hand side tends to zero, as h — 0T, we deduce that, for h < 1, fih(a:’) €O
for every =’ € S. Hence, we can define the smooth map Ry, := IT o R}, which, by definition, takes values

in SO(3).

By construction |R;, — Ry| = dist(Ry; SO(3)) in S. Using this fact and the firs estimate in (4.3), we
obtain

/ Py — Ry|"da < 0/ ) — Ryleda + c/ dist?(Ry; SO(3)) da
Q Q Q
< 0/ |F), — R,|? dz + 0/ dist?(Fp,; SO(3)) da < Cry,.
Q Q
Since |VII| < 1 in R3*3, by the second estimate in (4.3), we have
/ V' Ry|?da’ < / V' Ry da’ < C20
s s h1

Thus (4.1) is proven. Denote by U}, € R3*3 the integral average of Ry, over S. From the second estimate
in (4.1), using the Poincaré inequality, we obtain

/S|Rh LU da < c/j V'R, [" da’ < O (4.5)
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This implies that there exists at least one point x(, € S such that |Rp(x() — Urp| < Ch™9kp. Since
Ry, (x) € SO(3), we deduce

diSt(Uh; SO(?))) < |Rh(£136) — Uh‘ < Ch™ky,
so that Uj, € O for h < 1, because the right-hand side tends to zero, as h — 0%. Define Q,, == II(U},).

Recalling that IT is Lipschitz continuous with Lip(II) < 1, we have |Ry, — Q| < |Rp — Up| in S. Then,
by (4.5), we obtain

/|Rh—Qh|qdw’g/|Rh—Uh|Qdm’gC@,
s s ha

which is the first estimate in (4.2). The latter combined with the first estimate in (4.1) gives the second
estimate in (4.2). O

In the next result we show how to use Lemma 4.1 to obtain the convergence, up to rigid motions,
for sequences of deformations with equi-bounded energy. Recall the definition of Fj in (3.13) and the
notation introduced in (3.16).

Proposition 4.2 (Compactness of deformations). Let ((y,,mp))n C Q be such that Ep(y;, mp) <
C for every h > 0. Then, there exist a sequence of rotations (Qy,) C SO(3) and a sequence of translations
vectors (c) C R such that, setting y, = Tj oy, where Tj: R3 — R3 is the rigid motion given by
T,(6) = Q;E — ¢y, for every € € R3, we have, up to subsequences, as h — 0F:

Y, — zo in WHP(Q;R?); (4.6)

wy = U (g,,) — u weakly in WH2(S;R?) for some u € WH?(S;R?);

O = Vi(gy,) — v in WH2(S) for some v € W2(S).

Proof. We argue along the lines of [23, Lemma 1]. For every h > 0, define F), := V,y,. Due to the
growth assumption (3.4) and the scaling 8 > 2p, we are in a position to apply Lemma 4.1. Thus, for
every h < 1, we obtain a map Rj, € WP(S;S0(3)) and a constant rotation Q; € SO(3) such that
(4.1) and (4.2) hold. Consider the rigid motion T'j, given by T'1,(£) == Q. & — ¢, for every & € R3, where
cn, € R3. Define y,, :== T, o0 y,, so that F), = Viy, = Qth, and set Ry, == Q;Rh. For ¢q € {2,p}, by
(4.1) and (4.2), we have the following estimates:

/S2|1?h — Ry,|9dx < ChP, /S|V’Rh|qd:c’ < ChPe, (4.9)
/ |R), — I|?da’ < ChP~9, / |F), — I|?dax < ChP2. (4.10)
S Q

We choose ¢;, so that y; — zj, has zero average over (2, namely ¢ = fQ (Qth — zp) dz. By the second
estimate in (4.10) with ¢ = p, we have

/ |Vy, — Vzp|Pde < / IVryy, — Vizp|P de = / ‘F}L —IPdx < Ohﬁip,
Q Q Q

and applying the Poincaré inequality we deduce that ¢, — z, — 0 in WHP(Q; R?). Thus (4.6) is proven.

We claim that there exists a map A € WH2(S;R3%3) such that, up to subsequences, we have, as
h— 0t:

1 ~ .
Ay = W(Rh —I)— A in WH2(S;R3%3); (4.11)
1 ~ .
Bh = W(Fh—I) — A in L2(Q;R3X3); (412)
Chi= yysym(Ri — 1) = S A in L2(SR59) (113)

By the second estimate in (4.9) and the first one in (4.10), both for ¢ = 2, we have [|Ap||y1.2(g;rs) < C

for every h > 0 and hence (4.11) holds. To see (4.12), note that B, = h~%/>TL(F), — R;) + A,
and use the first estimate in (4.9) with ¢ = 2 and (4.11). For the proof of (4.13), we first check that
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—pp/2-1 AZAh = A; + Aj. After extracting a further subsequence, so that A, — A almost everywhere
in S, we pass to the limit in the previous identity and we deduce that A € Skew(3) almost everywhere
in S. Then, applying the Dominated convergence Theorem, we obtain

1

On =gy

1 1 1
A +Ap) = —§A;Ah — —§ATA = 5AY in L*(S;R).
We can now prove the compactness of horizontal and vertical displacements. Note that, by the choice of
¢, both uy, and vy, have zero average on S. From the first estimate in (4.9) with ¢ = 2 and (4.13), we
obtain

~ 1
|lsymF), — I"[| 12 (s;mex2)

~ 1
Hsymv/uhHL2(S;R2X2) < W

1 " =/ 1 ~ 1

< WHSyth —sym Ry [|p2(gmex2) + W”SymRh S Ll
1 In D p—

< W”Fh - Rh”LZ(Q;RBxS) + hﬁ/Q 2||Ch||L2(S;R3><3) <C.

Therefore, applying the Korn and the Poincaré inequalities, we prove (4.7). Finally, we have
V75 — (4%, A92)T || agsimy < [R5/ 1758 — (A%, A%) T | agsimey
= |I(BRY Bi) T — (A%, A%) 7|2 (s m2),

and from (4.12) we conclude that V'v, — (A3, 432)T in L?(S;R?). Hence, applying the Poincaré
inequality and recalling that A € W12(S;R3*3), we deduce (4.8). O

We fix some notation that will be used in the following. Given any a > 0, we define the two sets
S = {x' € S: dist(x’;059) > a} and S~ := {z’ € R? : dist(x’, S) < a}. Then, for every b > 0, we set
Qp == 8% x bl and Q" =57 x bl.

Our next result guarantees the compactness of magnetizations for sequences of admissible states with
equi-bounded energies. As in Proposition 4.2, compactness is obtained up to rigid motions. Recall the
definition of Fj in (3.13) and the notation introduced in (3.25).

Proposition 4.3 (Compactness of magnetizations). Let ((y,,mp))n, C Q be such that
EsN(yp, mp) + ES<(y,, my) < C for every h > 0. Set g, == Th, 0oy, and my, == Q) my, o T, ", where
Q,, € SO(3) and T},: R® — R3 are given by Proposition 4.2. Then, there exists a map X € W12(S;S?)
such that, up to subsequences, as h — 0% :
my 0y, — X in L"(;R?) for every 1 < r < oo, (4.14)
y, = Mpu(gy,, mp) — xaX in L"(R*R3) for every 1 < r < oc. (4.15)

Proof. For convenience of the reader, we subdivide the proof into four steps.

Step 1. By definition of Y, the map y;, € ) is almost everywhere injective and, since E,‘il(yh, mp) < C,
we deduce that det Vy;, = h almost everywhere in Q. Consider y,, := T',0y,,, where Ty, is the rigid motion
given by Proposition 4.2. By construction, y;, is also almost everywhere injective with det Vy,, = h almost
everywhere in €.

Using the second estimate in (4.10) with ¢ = p and applying the Poincaré inequality and the Morrey
embedding, we obtain the following key estimate:

U = znllco@rey < C P = 6. (4.16)
Note that d;,/h — 0, as h — 0%, since 3 > 2p. Fix ¢ > 0 and 0 < ¢ < 1. For every £ € Q5,,, we have
dist(&;0Qs) = dist(&';05) A (h/2 — |&3]) > e A ((1 —9)/2) h.
For h <« 1, depending only on € and ¥, the right-hand side is strictly bigger than §j, so that
Yn = znllco@rsy < 0n < dist(&;08,) = dist(&; 2, (012)).
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dh|h

Figure 1. On the left, the cylinder 5, is contained in the deformed configuration Q¥ .
On the right, the corresponding section.

By the stability property of the degree, we have & ¢ y,(0€) and deg(y;,, &) = deg(zn,2,&) = 1 so
that, by the solvability property, we deduce & € y,,(2). Therefore, we have the following (see Figure 1):

Ve>0,Y0<d <1, Ih(e,9) >0: V0 <h<h(e,d), 05, C Q¥ (4.17)

Step 2. Define m, = Q;mh OT,ZI7 where Q,, € SO(3) is given by Proposition 4.2. By the chain-rule,
vmy, = QZth ) T;lQh, and applying the change-of-variable formula we deduce

B @) =5 [ (vaPdg=S [ vmem; g
e Tr(@¥2) (4.18)
(8%
= n |th|2 d§ = E;*(yp, mn).
QYhn

Fix ¢ > 0 and 0 < ¢ < 1. By (4.17), for h < h(e,9) the composition 7, := My, 0 z4|os is meaningful
and defines a map in W12(05;S?). Using (4.17) and the change-of-variable formula, we have

~ o~ « —~ « —~
€2 Bt = [ (Vg = [ vt
oy Q)
N (4.19)
> — Vim0 25, H? d€ = a/ |V, |2 de.
h QE Q%

Yh

From this estimate we deduce two facts. First |[Vimp|r2(0s:rs) < [[Vamal[r2asrsy < C so that,
up to subsequences, we have m;, — X in W'2(Q5;R?) for some X € W%(Q5;S?). Second,
Hagmh/hHL’z(Q%;RS) < C and hence, up to subsequences, we have dsm;, — 0 in L*(Q5;R3) and
Osmy/h — k in L?(Q5;R?) for some k € L*(Q5;R3). In particular, A does not depend on the vari-
able z3. In both cases, since the bounds in (4.19) are uniform in € and ¢, the limits depend neither on
¢ nor on ¥. Thus, X € VV&)’CQ(S;SQ) and k € L _(;R3). Moreover, by lower semicontinuity, from (4.19)
we obtain
C >liminf [ |V,myp|[>dz > / |V/AI2da’ +/ |kf?de >9 [ |[V/A?da’, (4.20)
h=0% Joe Qs Qs se
and letting ¢ — 07 and ¥ — 1~ we conclude that V' € L2(S;R?), so that A € W12(S;S?).
Step 3. In this step, we prove (4.14). First, we show that my oy, — X in L2 (;R3). Consider a
test function ¢ € L?(€'; R?) where Q' CC Q is measurable. Choose ¢ < 1 and ¢ sufficiently close to one
in order to have ' C Q5, and consider h < h(e, ). Denote by @ the extension of ¢ by zero on Q5 \ .
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//(ﬁhoﬂh—)\)gadwz/ﬂ

Since my, — A in L?*(Q5;R3), the second integral on the right-hand side tends to zero. For the first
integral, we set A ; = gjgl(Q%h) and we split it as

J

Recall that y;, is almost everywhere injective with det Vy, = h almost averywhere in 2. By the area
formula, we have

‘We compute

(mp oy, —my)pde + / (my, — A) pde. (4.21)

e €
9 QI?

(T 0 iy — 7in) B + / (T 0§, — Tin) P, (4.22)

Qi\Af%h

(7in 0 Gn — i) Pdae :/
F QHNASG

L) = LG (A5 ) = / det VG, de = h 23(45 ),

€
Aﬂ,h

from which we deduce
L(AG ) = h™ 1 .2%(Q5,) = 9.2°(5°). (4.23)

Since both sequences my, and my, take values in S?, the second integral on the right-hand side of (4.22)
can be estimated in the following way

L e pde < 2l (2795 45,))
9

€
9,h

1/2

: e W1/2 4.24
< 2l e (LP(Q\ 45,) (4.24)

< 21|22y (L3(S) — 9L2(S.))

1/2

To estimate the first integral on the right-hand side of (4.22), we proceed as follows. Note that if
x € Q5N A5, then g, (x) € QF, and z,(z) € QF,. Consider the map my), € W?(Q5,;S?). Since Q5
is a Lipschitz domain, at least for ¢ < 1 and ¥ sufficiently close to one, this map admits an extension
M, € W12(R3;R?), which may depend on € and ©, and satisfies
||Mh||W1’2(R3;R3) § O(E, 19)||ﬁh| |W1v2(Qf9;]R3)-

In particular, we have

/ VM2 da < C(e, 9) / 77 |2 dz +/ Vi de | < Cle, ), (4.25)
R? Qs Qs

where we used that M, takes values in S* and that ||V, 2o rsxs) < C. Define M, = M, o z
By construction, M h\gf% = ﬁhkz%h. Moreover, from (4.25), using the change-of-variables formula we
obtain

— oy 1 —~
/ |VMh|2d£:/ |Vthoz,:1|2d£§—/ VM, 0z, > d¢
R3 R3 h? R3

C(e, )

| (4.26)
. VM, |2 de < =2
h/Rg| nlde < —

We now apply Proposition 2.3 to the map Mh. For every A > 0, we find a set F) , C R? and a constant
C > 0 independent on h, € and ¥, such that for every &, & € F » we have

M) ~ M(§)] < CAE ~ |- (4.27)
Using (4.26), we estimate the measure of the complement of F) j as follows
f ~ 9
LRI Fap) < %/ _ VAL, de < Y80 (4.28)
A {IVM|>X/2} A’h
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Set U =25, "(FAn NQ5,) and Vy = g5, (Fan NQ5,,), so that Uy, € Q5 and Vi, C Aj ;- We split
the first integral on the right-hand side of (4.22) as

L, e e | (n o Gy — i) P
Q5045.n (Q5NA5 ,)N(Ur1NVan) (129)
+ / (my, oy), —my,) @da.
(Q5NA5 ONUx,mNVAR)

The first integral on the right-hand side of (4.29) is estimated by exploiting the Lipschitz continuity
(4.27). Indeed, if ¢ € (25N A5 ;) N (Uxn N Vi), then yj,(x) € Fy s and zp(x) € Fy 5. Recalling (4.16),
we obtain

/ (o~ ) B
(Q%mAgvh)m(UA,hmVA.h)
:/ (Mp oy, — Myoz,)pde
(ngAfs)h)m(UA,hmVA,h)
</ A [, — 24l ] de
(25nA

5.0)N(Ux,RNVAR)

(4.30)

< Oy, — znl|pe o ro) [l 20 r2)
< CXlllz2(qmey WP/P7T
For the second integral on the right-hand side of (4.29), first note that
(5 NAG L)\ (Unn N Van) C (25 \ Uxp) U (AG 5\ Van)- (4.31)

Using the area formula and (4.28), we have

L35\ Unp) = L3z, (5, \ Fan)) = / det Vz; ' d¢
Q50 \Fx,n (432)
L5\ Fag) < h AR By ) < CE D)
- ( 19h\ )\,h) —= ( \ A,h) = TaZp2
Similarly, by the area formula
L300\ Fan) = LG5, \ V) = [ detVi de = 245, \ Vi),
A 1 \Van
so that
LYA5,\ Van) = K 395, \ Fap) < ' 2P (B3 Fyp) < S0 ) 4.33
(A9.n \ Van) = Q5 \ Fan) < R\ Fan) < —5757 (4.33)
Using (4.31)-(4.33), since both m;, and 7, take values in S?, we compute
/ (ﬁhoﬂh—fn\h)¢dm
(Q%ﬂAg,h)\(U)\,hﬂV)\’h)
1/2
< 2|2 (@) (L3R5 \ Uni) +L3(A5,,\ Van) " (4.34)
< lpllzaarmsy 2o
> ||PIIL2(;R3) IV
Choosing A = h~* for some s > 0, and combining (4.30) with (4.34), we obtain
[ mneg, -~ pde < Ce) el (b0 +120o1) (4.35)
QsnAs

so that, for 1 < s < 3/p — 1, the right-hand side goes to zero, as h — 0.

Therefore, we conclude the argument as follows. For every p > 0, we choose ¢ < 1 and 9 sufficiently
close to one, according to €', ¢ and p, so that Q' C Q5 and the right-hand side of (4.24) is smaller that
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Figure 2. On the left, the cylinder €2,,° contains the deformed configuration QY. On
the right, the corresponding section.

p/3. Then, for every h < 1, according to € and ¥ chosen before, the first integrals on the right-hand side
of (4.21) and (4.35) are both smaller than p/3, so that

lim sup
h—0t

/(mho@h—xmdx <.

(% R?).

Now, for every measurable set Q' CC €, there holds m, 0y, — A in L*(Q';R3) and, since |m,0y,| =
|A] = 1 almost everywhere in €', we have ||my, 0 Yy, ||2(/rs) = [|Al|L2(0/r3)- As a result, my 0y, — A
in L2(Q;R3) so that, up to subsequences, m;, oy, — X almost everywhere in {2’. Considering a sequence
of compact subsets invading 2, we find a subsequence such that my, o g, — X almost everywhere in Q,
and finally, by the Dominated Convergence Theorem, we obtain (4.14).

Step 4. We are left to prove (4.15). Note that, by (4.16), we have
Q¥ C §,(Q) C 2,(Q) + B(0,6,) = Qp, + B(0, ),
where 6, = Ch#/P=1 from which we deduce the following (see Figure 2):
Ve >0, V0> 1, 3h(e,0) >0: Y0 <h<h(el), Q¥ CQ,°. (4.36)

From the arbitrariness of p, Q' and ¢, we conclude that m, 0oy, — Xin L3

Using (4.17) and (4.36), we infer that xqs, © z) = Xzt (@un) = XQ almost everywhere in R3. Indeed,
any point in § is contained in Q5 for some ¢ > 0 and 0 < ¥ < 1 and, by (4.17), for h < 1 we have
Q5 C z, 1 (Q¥n). Similarly, any point R® \ Q is contained in R®\ 0, ¢ for some £ > 0 and ¢ > 1, and, by
(4.36), for h < 1 we have z;, ' (Q¥») C Q,%, so that R3\ Q,° € R?\ 2, ' (Q¥»). By Step 2, we can assume
that, for almost every x € Q, we have my(z,(x)) — A(2’), where the composition my, o zj, is defined
only for h < 1 depending on « € Q. Thus p;, = Xz;1(ﬂgh)(mh 0 2zp) — XoA almost everywhere in R3.
Since these two maps are bounded and supported in a compact set by (4.36), applying the Dominated
Convergence Theorem we obtain (4.15). O

4.2. Lower bound. In this subsection, we show that the energy functional E defined in (3.15) provides
a lower bound for the asymptotic behavior of the energies Ej, defined in (3.13). In the proof, we will
analyze the three terms of the energy separately.

We begin by showing that the lower bound for the exchange energies follows immediately from the

argument used to prove the compactness of magnetizations. Recall the definitions of Ej and E in (3.13)
and (3.15), respectively.
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Proposition 4.4 (Lower bound for the exchange energy). Let ((y,, mp))n C Q be such that
EXyy,, mp) + E&(y,, my) < C for every h > 0. Given the map A € W2(S;S?) identified in Proposi-
tion 4.8, we have, up to subsequences, as h — 07 :

E*¢(A) < liminf Ey*(yy,, mp). (4.37)
h—0+t

Proof. We follow the notation of Propositions 4.2 and 4.3. Recall that y,, = T, oy, and m; = Q,l—mh o
T;l. Here, T}, is the rigid motion given by T',(§) = QZ{ — ¢y, for every € € R?, where Q,, € SO(3) and
cn, € R3. By (4.18), Eg*“(y),, myp) = Eg*(y,,,m;,). We argue as in (4.20) and (4.21). More explicitly,
we fix e > 0 and 0 < 9 < 1, so that, as in Step 2 of the proof of Proposition 4.3, we have m; — X in
Wh2(Q5; R?) for some A € W12(S;S?) and dsmy/h — k in L?(Q5;R3) for some k € L2 (Q;R?). Then,
taking into account (4.17), by lower semicontinuity, we have

o+ h

Za/ |V’)\|2da:+a/ |k|2dw2a/
Q3 5 Q

9
Thus, letting € — 07 and ¥ — 17, we obtain (4.37). O

lim inf ES*(5, , i) Zliminfg/ |vmh|2dgznminfa/ \Vim? da
h—0+ h— Qs, h—0+t Qs

IV A2dz = a9 | |V Ada.
SE

€
9

The proof of the lower bound for the elastic energy requires more work. In order to deal with the
incompressibility constraint, we make use of a technique developed in [13] (see also [35]). The idea
consists in approximating the incompressible energy from below by adding to the compressible energy a
penalization term that forces the determinant to be close to one. Namely, for every k € N, we define an
approximated energy density as

k
WHE(F,v) =W (F,v)+ 5 (det F — 1)2

for every F' € R**3 and v € S2. Note that Win¢ > Wk > W. Moreover, W¥ satisfies frame-indifference
and normalization properties analogous to (3.2) and (3.3). Therefore, as in (3.6), we have the second-order
Taylor expansion

1
WHI+G,v) = 5Ql;(c:, v) +w*(G,v) (4.38)
for every G' € R3*3 with |G| < 6, where § > 0 was introduced in (3.5), and for every v € S?. In particular
Q% (G,v) = Q3(G,v) + k(trG)?

and w*(G,v) = w(G,v) + kv(|G|?) with y(t) = o(t?) as t — 0T, where Q3 and w were introduced in
(3.6) and (3.7), respectively. We recall (3.14) and, for every H € R?*2 and v € S?, we define

QG v) = min{ng (((OféT (())’) +C®€3+€3®C,V> : ceR3}.

For every k € N, the following comparison estimate holds
C
Vk

for every H € R?*2 and v € S?. This is proved analogously to [13, Lemma 2.1].

Q5(H,v) > Qy°(H,v) — —|H| (4.39)

We are now in a position to establish a lower bound for the elastic energy. Recall the definitions of
Ep, and F in (3.13) and (3.15), respectively.

Proposition 4.5 (Lower bound for the elastic energy). Let ((y,,mn))n C Q be such that
EXNyy,, my) + EX(yy,, mp) < C for every h > 0. Then, given the maps u € WH2(S;R?), v € W22(S)
and A € WY2(S;S?) identified in Propositions 4.2 and 4.3, we have, up to subsequences, as h — 0% :

ENu,v,A) < liminf E§(y,, mp). (4.40)
h—0+
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Proof. We follow the notation of Propositions 4.2 and 4.3. Recall that g, = T}, oy, and m;, = Q, m;, o
T, ', where T}, is the rigid motion given by T, (€) = Q, € — ¢, for every € € R?, with Q,, € SO(3) and
¢, € R3. Set F), = Viy, and Fy = V,y,, so that Fj, = Q;Fh, and set Ry, = Q;Rh, where Ry, is
the map given by Lemma 4.1. Define
1 ~7~
G = W(Rh F,—1I).

By the first estimate in (4.9) with ¢ = 2, we have ||G}||p2(rsxsy < C. Hence, up to subsequences,
Gy — G in L?(Q;R3*3) for some G € L%(Q; R3*3). Proceeding as in [23, Lemma 2], we prove that
G"(z) = K(z') + L(x)x3 (4.41)
for almost every x € 2, where we set K = symV'u € R**? and L = —(V')?v € R?*2. Here,
u € WH2(S;R?) and v € W22(S) are the limiting averaged displacements identified in (4.7) and (4.8),
respectively. Define X, == {|G,| < h=?/*} and set x} = xx,. By the first estimate in (4.9) with ¢ = 2,
we have h?/*G), — O in L?(€; R3*3) so that, up to subsequences, h?/*G), — O almost everywhere in €.
Thus, x5 — 1 almost everywhere in Q and, by the Dominated Convergence Theorem, y; — 1 in L(Q).
From this we deduce that x,G), — G in L(Q;R3*3).
For simplicity, set v, = my oy, and v, = my o y,, so that v, = quh. Note that, since
ENy;,, my) < C, we have det Fj, = 1 and, in turn, W(Fy,,v,) = W(Fp,vy,) = WF(Fy,v},) for every
k € N. By frame indifference and by (4.38), we obtain

XnWE(Frvp) = xaWH(F g, vh) = xasWE Q)L Fia, Q vi) = xsWE(F), oy

ST~ T ~T
= XhWk(Rh Fy, Rh Vh) = XhWk(I + hﬂ/2Ghv Rh Uh)

1 . ~T ~T_ 4.42
= SxnQ5(W2 G, By, D) + xn (PG, Ry, 0p) (4.42)
s =T ~T
B 7Q§(XhGh, R,vp) + Wk(hﬁ/QXhGha R, vp),
where we used that h%/2|G}| < 6 on X}, for h < 1 depending only on §. We compute
1 1
EMNy,,mp) = —/ WHE(Fp,vp)de > —/ xn WE(F,,vy,) dee
W Ja W e (4.43)

1 ~T _ 1 ~T
= 5/ Qg(XhGiuRh Vh> dx + h7/ wk(hB/Q XhGthh Vh) dx.
Q Q

We focus on the first integral on the right-hand side of (4.43). From (4.9) and (4.10), for ¢ = p, using
the Morrey embedding, we deduce that Rj;, — I uniformly in Q. By (4.14), upon extracting a further

=T
subsequence, U, — A almost everywhere in © and hence, by (3.9), we obtain that C®»¥» — C* almost
everywhere in §). Fix p > 0. By the Egorov Theorem, there exists a measurable set K, C Q with

Z3(K,) < p such that CRaPn 5 CX uniformly in Q\ K,. We write

k B~ k B~
Q3 (xnGh, Ry, vy) dx > . Q3 (xnGn, R, v)) dz
Q O\K,

~T~
— [ QG nde s [ (@G Bl - 5(Gh ) de.
Q\K, A\K,

Since Q%(-,A) is convex, by lower semicontinuity we deduce

lim inf/ QY (xnGh, A) dx > / Q5 (G, \) dx. (4.44)
=0t Jo\k, Q\K,
On the other hand,
~T~
im [ (Q50Gh Ry n) — Q500G A) ) da = 0. (4.45)

h—0+ Q\K,
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Indeed, recalling (3.7),

~T_ =T
Q5 (XnGh, Ry, v1) — Q5 (xn Gy N)| = |Q3(xnGh, Ry, 1) — Q3(xnGy M|
= |CF P (\uGh) = (xwGn) — CX i Gh) = (XnG)|
< [CRrPr — X [xa G

so that

/ (Ql?f(XhGha Rzﬁh) — Q5 (xnGh, )\)) de
O\K,

=T
S/ ICRLh — ¥ [y G da
O\K,

=T
< ||(CRh vho— C)\||L°°(Q\KP;R3><3) ||XhG}L||%2(Q;R3><3)7

where the right-hand side goes to zero, as h — 07. Thus we obtain

~T
iminf [ QSuGh Rimn)de> [ Q4G de
h—0t Jqo A\K,

from which, letting p — 0" and applying the Monotone Convergence Theorem, we deduce

hmlnf/Qg(XhGhJN?,;ﬁh)de/Qg(G,)\)dm. (4.46)
Q

h—0t

For the second integral on the right-hand side of (4.43), note that |w(F,v)| < @(|F|)|F|* for every
F € R**3 and v € S§?, with @ defined as in (3.10). Thus, we obtain

1

~T__ 1 ~T__
75 W* (P72 1, G, Ry D) dae = }7@/ (W(hﬁ/2 xXnGh, Ry V) + ky(h” \XhGh|2)) de
0

W [xnGnl?)
< whﬁ/2 G +k’}l(— G 2
< [ (@G + £ D) 6l

< (@) + k7(02)) 1xn Gl zsns)

In the formula above, ¥(t) := sup{|y(7)|/72 : 0 < 7 < t}. By construction, F(t) — 0, as t — 0%, and, by
(3.10), we infer that

h—01

1 ~T
lim o= / WF(hB2 x1 G, Ry, D) dae = 0. (4.47)
Q
Combining (4.46) and (4.47), we obtain

hmmeh (yp, mp) > /Q3 G, A)dx > - /Q2 G" )\ dx

h—0t

Therefore, by (4.39), for every k € N, we have

I}mefEh Yp,, M) /Q"“C G" \)dx — —/ |G |? dz
from which, letting &k — oo, we deduce

hmmeh Yp, M) /Q‘“C (G",\)d

h—0

Finally, recalling (4.41), we conclude
. . 1 .
/Q‘QHC(G",)\) dm:/QIQ“C(K)\) dm/Jr—/QlQ“C(L,)\) da’
Q s 12 /s

which gives (4.37). O
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We now focus on the magnetostatic energy. Recall that, for any (y,m) € Q, the corresponding stray
field potential 1, is a weak solution of (3.12). More explicitly, this means that 1,, € V12(R?) and there
holds

Vo € VH2(R?), / v¢m~wd§:/ xavm - Vo dé. (4.48)
R3 R3

In the following result, we claim the existence of such a weak solution and we collect some of its properties
that are going to be used later.

Lemma 4.6 (Weak solutions of the Maxwell equation). Let (y,m) € Q. The Mazwell equation
(3.12) admits a weak solution )y, € VI2(R3) which is unique up to additive constants and satisfies the
following stability estimate:

IVl 2 ®s me) < [Ixavm|L2@sms).- (4.49)

Moreover, such a weak solution admits the following variational characterization:
Y, € argmin {/ Vo — xavm|?dE: o € Vl’z(R?’)} . (4.50)
R3

For the proof of the existence and the stability of weak solutions, we refer to [5, Proposition 8.8].
For the proof of (4.50), note that (4.48) is exactly the weak form of the Euler-Lagrange equation of the
convex functional

1
o 5/ Ve — xavm|* d¢
RS

on V12(R3).
We now prove that for the magnetostatic energies we actually have the convergence to the correspond-

ing term in the limiting energy. The proof is adapted from [24, Proposition 4.1]. Recall the definitions
of E, and F in (3.13) and (3.15), respectively.

Proposition 4.7 (Convergence of the magnetostatic energy). Let ((y,, mn))n C Q be such that
En(y;,, my) < C for every h > 0. Then, given the map A € W12(S;S?) identified in Proposition 4.3, we
have, up to subsequences, as h — 0% :

lim E}™8(yp,,my) = E™*(X). (4.51)
h—0+

Proof. We follow the notation of Propositions 4.2 and 4.3. Thus, y;, = T oy, and m;, = ngh oT,:l7
where T, is the rigid motion given by T, () = Q& — ¢;, for every £ € R3, Q,, € SO(3) and ¢, € R.
For simplicity, denote by 15 and 1, the stray field potentials corresponding to (yp,, mp) and (Y, mp),
respectively. Recall that these are defined up to additive constants and are weak solutions, in the sense
of (4.48), of the following two equations:

Ay, = div (xqunmyp) in R3, Aizh = div(xgs, M) in R3. (4.52)

For every ¢ € V12(R?), we compute

V(onoT;Y)-Vpde = [ QIVinoT;! Vpde= [ Vi @uVipoTde

R3

= /3 Vlﬁh . V((,D o Th) dE = /3 XQ¥h Q;mh . V(p o Th d£ (4.53)
R¢ R

= / Xau, M - Vi dg,
R3

where we used the chain rule, the first equation in (4.52), the change-of-variable formula and the identity
XaonMn = (Xavn Q) my) o Tyt From (4.53), we deduce that vy, o T, ! is a weak solution of the second
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equation in (4.52). Therefore we can assume that Jh =p 0 T;l. In this case, by the chain rule and
change-of-variable formula, we have

mag /~ —— 1 - 1 —
By g(ymmm:—/ |vwh|2ds:f/ QI Vin o Ty dg
_ i T 2 _ i 2 _ mag
=57 [ 1@V ag = g [ 90 ag = By ),

Testing the weak form (4.48) of the second equation in (4.52) with ¢ = t)y,, we obtain

mag /~ = 1 o 1 —~ o
B, (g, my) = */ [Vin|* dg = */ Xqwn Mh - Viby d€.
Define {Z)\h = {/;h o zp, and fi), = (Xqu, Mn) © 2. Using the change-of-variable formula, we compute
1 — ~ 1 - ~
i L xemn - indg =5 [y Vidnda, (454)
2h R3 2 R3

We claim that ¢, — 0 in V12(R3), that is, ¢, — 0 in L2 _(R?) and Vb, — 0 in L*(R3;R3). By (4.49),
we have

/ Va2 dé < / Xy |2 d€ = 23(QFr) = h.22(S), (4.55)
R3 R3

where we used the fact that T, takes values in S? and we applied the area formula. From this, using the
change-of-variable formula, we obtain

~ - 1 -
/ Va2 daz :/ Vi o0 zn|? da — 7/ Vi de < 22(S).
RS ]R3 h R3

Therefore ‘|vh12)\h||L2(]R3;R3) < C. In particular, ||831$h/h||L2(R3) < C, so that 93¢, — 0 in L?(R3) and
there exists { € L2(R3) such that, up to subsequences, 95, /h — [ in L2(R®). As \|V1$h||Lz(R3;R3) <
thzz;h||L2(R3;R3) < C, there exists ¥ € L?(R*;R®) such that, up to subsequences, Vi — U in

L?(R3;R3). Consider the Hilbert space V1(R3)/R, i.e. the quotient of V1:2(R3) with respect to constant
functions, whose inner product is given by

(], ) vy = / Ve Vude

Thus \|[1Zh]||vl,2(R3)/R = ||V1Zh\|L2(R3;R3) < C, so that there exists ¥ € V12(R3) such that, up to
subsequences, [,] — [1] in V12(R3)/R, namely

/RSV1Z;I-V<pd£—>/RSV1Z-V<pd£

for every ¢ € V12(R3). Testing the weak convergence of (Vi ), in L2(R3; R3) with gradients of functions
in V12(R3), we obtain that ¥ and V@E differ by a constant vector but, due to their integrability on the
whole space, we necessarily have U = V). Thus Vi, — V¢ in L2(R3; R3). From 3¢, — 0 in L2(R3),
we deduce 8312 = 0. Then, for any a,b € R with a < b, we have

[vikag= [ 1viFaes [ [ IR ag a6 = 06— o) 19 qmae

Since VQZ)\ € L%(R3;R?) and a and b are arbitrary, we necessarily have that V'’ @Z = 0’ almost everywhere.
Going back to (4.54), we have

mag ;~ —— 1 ~ ~ 1 _ R 1 B a N
By (g, mn) = */ By, - Viphp dae = */ By, - V' de + 7/ 754 5V dex.
2 R3 2 R3 9 RS h

Since V', — 0’ in L2(R3;R2), 93¢, /h — 1 in L2(R3), and (4.15) holds, passing to the limit, as b — 0F,
we obtain

lim E™% (g, ms) = /R o lda, (4.56)

h—0t
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Therefore, in order to prove (4.51), we are left to show that I = yoA3. To do this, we adopt an argument
from [9, Lemma 1].

Recall that, by (4.50), we have
U, € argmin {/ Ve — xqunmn|*dE : ¢ € Vl’z(RS)} ~
R3

Changing variables, we deduce that @Zh admits an analogous variational characterization, namely

o~

1y, € argmin {/ \Vip — | de : ¢ € Vl’Q(R3)} . (4.57)
R3
The weak form of the Euler-Lagrange equation corresponding to (4.57) reads as follows:

Vo e VIA(RY), / Vit - Vi da = / By, - Vipde.
R3 R3

Expanding the scalar product and multiplying by h, we have

h/ (V' — i) - Vg dx +/ <83¢h - ﬁi) Ospdx =0,
R3 R3 h

from which, passing to the limit, as k — 0%, taking into account that V¢, — 0’ in L2(R?; R?), L, — xXaA
in L2(R3;R3) and 03¢5, — [ in L?(R?), we obtain

/ (I — xa\?) O3pdx = 0.
R3

From this equation, as ¢ is arbitrary, we deduce that the difference I — yqA? does not depend on .
However, since [ € L?(R3) and yoA® € L#(R?), this entails [ = xo\3, as claimed. O

We are now able to prove our first main result.

Proof of Theorem 3.2. The proof of compactness follows combining Propositions 4.2 and 4.3. More pre-
cisely, (3.17) and (3.18) are proved in (4.7) and (4.8), respectively, while (3.19) is obtained in (4.14). The
proof of the lower bound (3.20) follows immediately from Propositions 4.4, 4.5 and 4.7. O

5. OPTIMALITY OF THE LOWER BOUND

In this section we show that the lower bound given by the energy (3.15) is optimal by proving the
existence of a recovery sequence for any admissible limiting state.

We employ the common strategy of arguing first for a dense family of states and then regain the general
statement by an approximation procedure. Note that the space C°°(S;S?) is dense in W12(S;§?), that
is, for every A € W12(S;S?) there exists a sequence (\,) C C*°(S;S?) such that A, — X in W2(S;R3),
as n — oo [25, Theorem 2.1].

In the next result we show how to construct a recovery sequence for smooth admissible limiting states.
In order to deal with the incompressibility constraint we adopt an argument from [35] (see also [13]).
Recall the definitions of the energies Ej and E in (3.13) and (3.15), respectively, and the notation
introduced in (3.16) and (3.25).

Proposition 5.1 (Recovery sequence). Let u € C®(S;R?), v € C®(S) and A € C=(S;S?), and let
a,b € C°(S;R3) satisfy

v/ O/ .
tr ((sy(r(r)l/)Tu O) +a®e3z+e3® a) =diviu+2a> =0 in S. (5.1)

1AV 0/
tr <— (%/;Tv 0) +bRes+e3® b) =-Av+20°=0inS. (5.2)
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Then, there exists a sequence of admissible states ((yy,, mp))n C Q such that, as h — 0%, we have:
Y, — zo in WHP(Q;R3); (5.3)
wp = Up(y,,) — w in WH2(S;R?); (5.4)
v = Vi(y,) — v in WH2(S); (5.5)
mp oy, — X in L"(Q;R?) for every 1 <r < oo, (5.6)
Wy, = My, mp) — xaX in L' (R3R?) for every 1 < r < oo. (5.7)

Moreover, there hold:

V'u | 0
hm Ed(y,, mp) / Qe <<M‘>O> t+ta®est+e3®a, A) da’

o 0 (5.8)

/ch< ( )U 0>+b®e3+63®b,/\> da’
Tim B (y,my) = E(A); (5.9)
Jim By, m) = EEA). (5.10)

Proof. For convenience of the reader we subdivide the proof into six steps.

Step 1. In this step we exhibit the general structure of deformations of the recovery sequence. We
can assume that uw,v, a and b are all defined and smooth on the whole space. Consider the sequence of
compressible deformations (y,) C C°°(R3;R3) defined according to the ansatz of [23] for the linearized
von Kéarméan regime, namely

/ /
T <g> e (?;) — W% (vov) + 2072 asa + WO b,
Set Fj, .= V;,y,. We compute
_ Vu | 0 0" | -V (V)20 | o
F :I+hﬂ/2 +hl3/2_1 _h5/2
" )7 | 0 S B0 o
+20°%a @ e5 + 2hP2x3b @ e3 + O(hP/#H1).
Using the identity (I+G)"(I+G) =I+G+G' +G'G for every G € R**3 and that § > 6, we obtain

F,Fp=1+20°2(A+ s B) + O(hP/2+1), (5.11)
where
symV'u | 0/ V') | 0
::( ) 0 +a®e;+e3®a, B = — ((O’;T 0 +b®es+e;®b. (5.12)

Then, using the formula det(I + G) = 1 + tr G + trcof G + det G for every G' € R3*3, and noting that
tr A =tr B =0 by (5.1) and (5.2), we deduce
det(F, Fp) = 1 + 207 (P + 23Q + 22R) + O(h?/*+1),

where P, @ and R are polynomials in the variable &’ which depend on u, v, @ and b. Taking the square
root, we obtain

det V@), = 1+ hP (P + 23Q + x2R) + O(hP/?11), (5.13)

Fix h > 0 and consider a function n,: Q@ — R. Define y,(z’,z3) = g,(z',nn(z’,x3)) for £ € Q.
Assuming 7, to be differentiable and setting V,y,;, = F', for every « € {2, we compute

Fy(a',x3) = Fp(z' ,np (2, 23)) Ny (2, z3), (5.14)
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where
I o
N, = — . (5.15)
ANV (nn) " | O3

det Fy (', x3) = det Fp,(x',nn(x', 23)) O3np (', x3) (5.16)
for every € Q. Note that, since 3 > 2, by (5.13) we have det F;, = 1 + O(h#/2*1) and hence
1/2 < det Fj, < 2 for h < 1. Thus we can define

In particular

— _ -1
Py (x,x3) == (det Fpp(2', x3)) - (1 + 1P (P(z) + 23Q(x') + 23R(z))) + O(hB/ZH)) (5.17)
for every (x',23) € S x (—1,1). In view of (5.16), if i, is a solution of the following Cauchy problem

0 ! = Oy (a’ ! in

377h5m 7l'3) h(m 777h(37 7333)) m I, (518)
Mh (.’13 70) =0,

then det Vyy, = det F, = 1 in . Note that, regarding @’ € S as a parameter and x5 € I as the only

variable, we can see the equation in (5.18) as an ordinary differential equation.

Step 2. In this step we prove the existence of a unique solution 7, of (5.18) and that this is of class
C*. First note that, by definition, ®, € C>(S x [-1,1]) and 1/2 < f, < 2 for h < 1. Using this fact
and (5.13), we deduce the following estimates:

10:@nlcogsr11)y < CPP2H, 105@nllgogsei1ay < CRO2H, (5.19)
||838i(bh|‘co(§><[_1)1]) S Ch'g/2+17 Hagq)hHCO(EX[_Ll]) S Ch6/2+17 (520)

for i € {1,2} and h < 1. In particular, for every &’ € S, all the maps ®p(x’,-), 9;Pn(x’,-) and
03®p,(x', ) are Lipschitz continuous on [—1,1]. Consider the closed set X := C°(Q; -1, 1]) of the Banach

space C°(€2). Any solution of (5.18) is given by a fixed point of the operator T, : C°(Q) — C%(Q2) defined
by setting

z3
T aa) = [ (e e, t) de
0
for every n € C°(2) and x € Q. Note that, for every n € X and x € Q, we have

[ Th(m) (&', 23)| < |23] ||Pn]lco@wi—1,1) < 1o

so that 7,(X) C X. Moreover, by the second estimate in (5.19), for every 7,77 € X and x € 2, we have

[ Th(n) (&', 23) = Tn(0) (2, 23)| < /Om @ (2’ n(@', 1) — P’ n(',1))] dt

< CRPHH I = 7| go oy
Thus, for h < 1, the operator 7}, is a contraction and, by the Banach Fixed-Point Theorem, it admits a
unique fixed point 7, € X.
By construction, j, is continuously differentiable with respect to the variable 3, namely d3n;, € C°(Q).
We claim that n, € C1(Q). Fixi € {1,2}. Note that, if n € X is differentiable with respect to the variable
x; with 9;n € C°(Q), then so is T5(n). Indeed, by (5.19), we obtain

z3

T (@' ws) = | (0:0n(a! (@, 1) + D (@' (e’ 1) Om(a’ 1)) (5:21)
0
for every = € €, so that 9;T;,(n) € C°(Q). Define the operator Sy, : C°(Q) x C9(Q) — C°(Q) by setting
Sn(n,&) (', 23) = (@‘I’h(mlﬁ(wla t) + 33¢h($/a77(m/7t))§(wlvt)) dt
0

for every n,& € C°(Q) and z € Q. For h < 1, we have S(X x X) C X. Indeed, by (5.19), for every
7, € X and x € 2, there holds

|Sh(n,§) (@', 23)| < | (||az‘q)h||co(§x[—1,1]) + ||83‘I)h”co(§x[—1,1]) Hf“cO(ﬁ)) < CRP/2H,
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Moreover, by (5.21), we have
9;Tn(n) = Su(n, Oin) (5.22)
for every n € X with 9;n € C°(Q).

Consider two sequences (n™), (€") C X inductively defined as follows. We set n' := 0 and ¢! := 0, and
we define "+ = T;,(n") and "1 = S;,(n", &) for every n € N. By the Banach Fixed-Point Theorem,
we already know that

n"™ — np, in CO(Q), (5.23)
as n — 0o. Besides, for every n € N we have
& = o™ (5.24)
This is proved by induction. Indeed, ¢! = 9;n' by definition, and assuming " = 9;n" for some n € N,
by (5.22) we compute
£ = 8", €") = Su(n™, 0in™) = 0 Tw(n™) = 9™,
so that the claim follows. Define the operator Ry: C°(Q) — C°(Q) by setting Ry (&) = Si(mn,&) for

every ¢ € C°(Q). Note that Ry, (X) C X for h < 1. By the second estimate in (5.19), for every &, & € X
and x € 2 we have

~ 3
Re()(x',23) = Ru(§) (', 23)| < / |05 (2", mp (', 1))] [€(2', 1) — &', )] dt
0
< CRPPTHIE = €| o)
Thus, for h < 1, the operator R, is a contraction and, by the Banach Fixed-Point Theorem, it admits a
unique fixed point &, € X. By (5.20), for every n € N we compute
3
£n+1 - Rh(gn) = / ((8i¢)h($l7 77”(37/’ t)) - 8i(1)h(wla 77h(33/7 t))) dt
0

3
+ / (83(bh(w/7 nn(w/v t)) - 83‘bh(£l3/, nh(wl7 t)))gn) dt
0
< Chﬂ/z“”’?“ - 77h|‘00(§) + Chﬂ/z“lln” - 77h||(;0(§) anHcO(ﬁ)
< ORI (14 11" o)) -
Hence, by the Ostrowski Theorem [47, page 150], we deduce that £" — &, in C%(2), as n — co. Recalling
(5.23) and (5.24), this yields &, = 9;n;, and, in particular, 9;n, € C°(Q). Therefore n, € C1(Q).
Step 3. In this step we prove that
F}(z)Fy(z) = F, (2)Fy (@) + O(h/*+) (5.25)
for every x € €2, where, we recall, Fj, = V,y, and Fj, = V,5,.
The solution 7, of (5.18) satisfies the following estimates:
||Osmn, — 1||CO(§) < CnP, || — $3||CO(§) < CRP/PHY, I\V'nh\lco@ < CRP/PH. (5.26)
Recall (5.17). To check the first estimate in (5.26), we use (5.18) to compute
1
1+ hB(P + 23Q + 23R) + O(hP/2+1)

_ |hWB/2=1(P + 25Q + 23R) + O(1)| BB/2+1 < opB/2+1
[T+ 1P (P + 25Q + 23R) + O(hP/2+1)] - '

To see the second estimate in (5.26), we use the first one and we have

|agnh—1=] —1]

Inn — x3] =

/ (O3mp (-, 1) — l)dt’ < ChP/I2HL,
0
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Finally, to prove the third estimate in (5.26), we use the fixed point property. Using the first estimate in
(5.19), for ¢ € {1,2}, we write

Do = 0 </0 @h(w’,nh(w’,t))dt> - /Ox 05 (D (!, (1)) dt

T3 1
= 0; dt
/0 <1+hﬁ(P+nhQ+n§R) +O(h6/2+1)>
_ /g63 hP(0; P + 9inn @ + nn0;Q + 2np0mp R + m3 0 R)
0 (1+hﬂ(P+nhQ+77}2LR) + O(hP/2+1))2

dt,

so that

a0 [ IO+ O QO

dt < ChP/2+1,
(14 hP(P + npQ + n7 R) + O(hB/2+1))2 =

We now use the estimates (5.26) to prove (5.25). By (5.14), for every x € Q we have
Fp(z) = Fy(x) Np(x),

where N}, is defined as in (5.15) and F(z) = F(x',n"(x)). Note that N}, = O(1) thanks to the third
estimate in (5.26) and the fact that d3n, = ®p(x’,np,) is bounded. By the first and the third estimate in
(5.26), we also deduce that N}, — I = O(h?/?*1). Hence we compute

. T 0
FZFh_FZFh:NZFhFhNh—FZFh
P F iyl —T— T
=N, (F,Fy, ~F,F, )N, + (N, —I)TF, F, + N, F), F (N, — I).
By (5.11), we have
~T ~ T
F, F; — F:L—Fh = 2h5/2(nh —23)B + O(h6/2+1) _ O(h5/2+1)7

where we used the second estimate in (5.26). Also, note that F;Fh = O(1) due to (5.11). Thus (5.25)
follows.

Step 4. We prove here that the deformations y, are injective. By construction, y, € C!(Q;R3)
satisfies det Vy,, = h in Q. We argue as in [10, Theorem 5.5-1]. The expression of y,, is given by

0’ (0 A%

Set ), =y, — zn. We define wy, ==y, 0 2, '|o, = id|q, + 1, € C1(Qy;R?), where ), = @), 0 2, '|q, -
Then, we compute

o | o Viu |0 V'
Vhien = + hP? +hP ey ( )
" (hV’nh [ Dz — 1) )T |0 200

/ v/ 2 0/ )
— pB/2 (v()v) @ Van — hﬂ/2nh <( )*v ) + opB/2+1, ® Viin (5.28)

)" |0
+ 208/, (V'a | 0) + 2072 b & Ty + hY2H 2 (910 | 0)

Using (5.26), we deduce

-1 2
||V¢h||CU(§h;R3X3) = HVhCPh °cz, ||Co(ﬁh;R3X3) < ChB/ L (5.29)
Now, take any two distinct points X1, X € Qj and set &, = z;l(Xl) € Q and xy = z,:l(Xg) c Q.
Then, there exist a finite number of distinct points Z1,...,%,, € Q with £; = x; and z,, = x5 such

that each segment connecting T; to @;; is entirely contained in Q and Z?;l |Z; — Tip1] < Clay — 2
for some constant C' > 0 depending only on S [10, page 224]. Define X; = z,(x;) € ) for every
i € {1,...,m}. By construction, each segment connecting X; to X, 1 is entirely contained in Qp,
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351 = X, and 3(/2 = X 5. Since \3(/1 —§i+1| <|Z; — ®ip1| and |21 — x2| < 71X — X3, we deduce
Z:zfll |X; — Xi11| £ Ch7'|X; — X3|. Then, by the Mean Value Theorem, we have

m—1

[wi(X1) = wi(X2) = (X1 = Xo)| = [¢n(X1) = Pn(X2)| < Y [$n(X3) — $n(Xipa)]

i=1

m—1
S ||v¢h||co(ﬁh;R3X3) Z |XZ — XZ+1| S Oh5/272|X1 — X2|’
i=1

where in the last inequality we used (5.29). Since 8 > 4, for h < 1, we obtain
[wp (X 1) —wp(X2) — (X1 — X2)| < | X1 — X
Thus, as X1 # X9, we necessarily have w,(X1) # wp,(X2). Therefore we proved that w, is injective

and, in turn, so is y,,. Thus, y, € Y. Claims (5.3), (5.4) and (5.5) follow by direct computations.

Step 5. This step is devoted to the proof of (5.8). We can assume that X is defined and smooth on
the whole space. By continuity, since [A| = 1 in S, we can find V CC R? open with S CC V such that
A does not vanish on V. Therefore, defining A := (]A|7*A) |y, then A € C>(V;S?) and we have A = X
in S. Recall (5.27). Since ny, takes values in [—1, 1] and thanks to the second estimate in (5.26), we have

19 — 2nllcogazs = [1@nllcogas < CRY21 =18, (5.30)

By (5.30), we deduce Q¥ C y,,(Q) C Q4 + B(0,5,). Hence, for h < 1, we have Q¥ CC V x R and thus
we can define my, = A|qu,. This gives (y;, mp) € Q. Note that, for every x € €2, we have

m(yy, () = Ay, () = Az0(z)) = A(Z) = A=),

so that, applying the Dominated Convergence Theorem, we deduce (5.6).

We now focus on the elastic energy. For simplicity, we set vy = my oy,. Recall that det Fj, =1
in Q. By the Polar Decomposition Theorem, for every h > 0 we have F}, = Py, (F, F3)'/? for some
Py, € SO(3). Since Fj, — I uniformly in Q as we see from (5.27) and (5.28), passing to the limit in the
previous identity we deduce that Py — I uniformly in 2. Then, using (3.2), (3.6), (5.11) and (5.25), we
compute

WS (Fy,vp) = W(F,v) = W(PLF,LF)Y2 v,) = W((F,LFp)Y2 Pluy)

(
W((F) Fr+ OV Pluy)

W((I +2h°2(A + 23B) + O(RP/2H )2 Pluy)
=W(I +1hP?(A +23B) + Oh*/* 1Y), Pl uy)

= ZQ3(hP?(A + 23B) + O(hP?+Y), Pl uy) + w(hP2(A + 23B) + O(hP/**1) Pl uy)

hB
- 7Q?,(A +z3B 4 O(h), Pl vy) + w(hP?(A + 23B) + O(hP/*Y), Pl vy,

DN =

so that

1
B wnmn) = 5 | QA+ 2B +0(1), Pl de
L (5.31)
+ ﬁ/ w(hP2(A + 23B) + O(hP/?+h), Pl vy,) da.
Q

For the first integral on the right-hand side of (5.31), applying the Dominated Convergence Theorem we
obtain

Qs(A+23B +O(h), Plvy)de — | Q3(A+ z3B,\)dx.
Q Q
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For the second integral on the right-hand side of (5.31), by (3.10) we have

1
5 w(h®?(A + 23B) + O(hP/**Y), Pl vy,) dee

Q
|WP/2(A + 23B) 4+ O(hP/211))?

hB

g/w(|hﬂ/2(A+w3B)+0(hﬂ/2+1)|)

Q

smmwﬂ»/m+mB+mmﬁnscmmW”D%0
Q

Therefore we proved that

h—0t

lim Ef (yy, mn) = /Q3A+$3B)\ /QsA)\dw +7/Q3B)\

namely (5.8).

Step 6. We now focus on the remaining terms of the energy. For the exchange energy, changing
variables and passing to the limit with the Dominated Convergence Theorem, we obtain

« «
By =5 [ (vmiPag=% [ |vaPag
Y, (Q) Y, (Q)

= g/ |V/A|*d¢ = a/ IV'A|? oy, dx
h Sy, @) Q

—>a/ |V’A\20z0dw:a/ VA2 da’ :a/ VA2 da’ = E*(N),
Q S S

which is (5.9). Finally, we deal with the magnetostatic energy. By continuity, for every € 2, we have
mp(zn(@)) = A(zn(z)) = Az0(z)) = Az) = A(z),

as h — 07. Recall (5.30). From this, after geometric considerations analogous to (4.17) and (4.36),

we obtain that yqu. o 2z, = Xzt (qun) 7 X almost everywhere in R3. Then, applying the Dominated

Convergence Theorem, we show (5.7) and, arguing as in the proof of Proposition 4.7, we obtain

_ rymag
hllI(I)l+ E (yh7 mh) =F (A)a

so that (5.10) is proven. O
We conclude this section with the proof of our second main result.

Proof of Theorem 5.3. By the definition of QI', there exists a,b: S — R? such that, given

. (symV’ u |0

V2 | 0
(0’)T 0>+a®63+63®a, B::—<( ) )+b®63—|—e3®b,

)" | o

we have trA = div'u + 2a® = 0 and Q3(A, A) = QP¢(symV'u, A) in S, as well as trB = —A’v + 2b> = 0
and Q3(B,A) = QP¢((V/)?v,A) in S. In particular, using the positive definiteness of Q3 and the
continuity of Q¥'¢, we deduce that a,b € L?(S;R?). Let the sequences (u,,) C C*®(S;R?), (v,) C C*(9)
and (\,) C C>(S;S?) be such that w, — w in W'2(S;R?), v, — v in W22(S) and A, — X in
W12(S;R3), as n — oo. Consider also two sequences (a,), (b,) C C*°(S;R3) such that a, — a in
L?(S;R3) and b,, — b in L?(S;R?), as n — oo, and set

symV'u,, | 0’ Vv, | O

A, = Y ,TL +a,Res+e3®an, B, = — (V')"vn +b,e3+e3Rb,.
(0') 0 0

We can always choose an and b,, in order to have trén = trB,, = 0 for every n € N. Indeed, given

ad = —idiviu, € C*(S) and b3 = LA'v, € C(S), we have a3 — —idiv'u = a® in L*(S) and

b3 — $A'v =b% in L?(S), since u,, — uw in WH2(S;R?), v, — v in W?2(S) and trA = trB = 0.
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For each n € N, we can apply Proposition 5.1. Therefore, there exists a sequence of admissible states
((y7r,m})), C Q satisfying, as h — 07
up = U (yj) = u, in WI’Z(S;RQ), vy = Vh(yp) = v, in Wl’Q(S),
my oy — X, in L*(Q;R?) for every 1 < s < oo,
1 1
Eh (yha mh — 5 / QS(Anv An) d.’B/ + ﬂ / Q3(B7L7 )\n) dx/a
S S
Ep(yn,my) = E™(An), By, my) — M (An).
Here, we adopted the notation in (3.16). Using the Dominated Convergence Theorem, we see that
1 1 1 1
,/ Q3(A,, \,)dz’ + —/ Q3(Bp, Ay)da’ — = / Q3(A,X)dz’ + —/ Q3(B, ) dz’
2 /g 24 /g 2 /g 24 /g
as n — oo, and, recalling that A, — X in W2(S;R?), we deduce

EGXC(ATL) RN ‘EVEXC(A)7 Emdg(An) N ‘EI‘ﬂdg(A)7

as n — 0o. Then, by a standard diagonal argument, we select an vanishing sequence (h,,) such that we
have, as n — oo:

up,  — u in WI’Q(S'RQ) v — v in I/V1’2(S)7
my oyp — Xin L°(Q;R?) for every 1 < s < o0,

Elyp  mp ) = = /QgAA ) da’ +—/Q3B>\ )da’,

E (Y, mp,) = E7C(A By (yh, mp,) = EME(A).
Thus (3.21)-(3.23) are proved and, recalling our choice of a and b, also (3.24) is proved. O

6. '-CONVERGENCE

This section is devoted to the proof of Corollary 3.4. Recall the notation introduced in (3.16) and
(3.25), and the definitions of the functionals Z;, and Z in (3.26) and (3.27), respectively.

Proof of Corollary 3.4. We prove the result in the case of the strong product topology. The other case
works exactly in the same way.

Proof of (i). Suppose that (y;,, wn, vs, py,) — (¥, w, v, u) in WHP(Q; R3) x W12(S;R?) x W12(S) x
L?(R3;R3), as h — 0. We can assume that the right-hand side of (3.28) is finite and, up to subsequences,
that the inferior limit is actually a limit. In this case, Zp,(yy, wn, vp, py,) < C for h < 1. Hence, by the
definition of the functional Zj,, for h < 1 we have uj, = Un(yn), vn = Vi(y;) and p, = Mp(y,, mp)
for some my, € W12(Q¥»;S?). Moreover, there holds Ej,(y,, ms) < C for h < 1. Thus, we can apply
Proposition 4.2. We obtain a sequence (T'p,) of rigid motions of the form T, (&) = Q;{ — ¢y, for every
¢ € R3, where Q,, € SO(3) and ¢;, € R3. Then, we define y, :== T} o y;, and, up to subsequences, we
have:

Y, — zo in WHP(QER?), @y, = U (y,,) — uin WH2(S;R?), 7, = Vi(g,,) — v in WH2(S), (6.1)
for some uw € W12(S;R?) and v € W22(S). For convenience, set V;, = (hu},v,)" and Vi =

(hat, ,0,)T. Thus, V}, — V in WE2(S;R3) and V), — V in WH2(S;R3), where V == ((0')T,0)T
and V := ((0)7,7)7. We compute

/S|V"7h— AV'Vy|?de = nA— 2/‘/ (V H Qn (V/yh— (é;l-r >) dxs

2
1 T I’
= —— T d
hB—2 I(Qh ) (OI)T Z3

2
dz’

C
dz’ = e |Q; — I




34 M. BRESCIANI

Since the left-hand side is bounded in L2(S;R3*2), because both sequences (V'V3,) and (V'V},) are
convergent, we deduce that

Q — I| < ChPP (6.2)
On the other hand, we have
Vi=Vi= 7W(Qh —1I) th('7933) dzs + 7B Ch

from which we obtain

1 ~ 1
waateh =Vn— Vit W(QZ - I)/th(w%) das.

Since the right-hand side is bounded in L?(S;R3) because of (6.2) and the fact that both the sequences
(Vh), (V1) are convergent in L?(S;R?) and (y,,) is convergent in L?(2;R?), we deduce that
len| < CRP/2L (6.3)
From the first estimate in (4.16) and from (6.2) and (6.3), we obtain that
lyn — zh”cO(ﬁ;RS) < contirt, (6.4)

Hence, y;,, — zo uniformly in Q, so that, by the Morrey embedding, y = z¢. Moreover, exploiting (6.4)
and the bound Ef*°(y,, mp) < C for h < 1, and arguing as in the proof of Proposition 4.3, we show
that

Wy, = Mp(yy,, mp) — xaX in L™ (R R?) for every 1 < r < oo, (6.5)
for some A € W12(S;S?). In particular, we deduce g = xoA.
Combining (6.2) with the second estimate in (4.2) with ¢ = 2, we obtain

/Q \Vay, — I)? de < ChP~2, (6.6)

Thanks to the estimate (6.6), we can repeat the argument of the proof of Proposition 4.2, but with I in
place of Q,. Consider the translation motion T, defined by T (&) = & — &, for every &€ € R3, where

Cn = fo(yy, — zn) de. We define g, := T, o Y =Yy, — ¢, and My, = my, o ’_7‘,:1 We show that
Wy = Up(g,,) — @ in WH(S;R?), T == WVh(y,) — ¥ in WH3(S), (6.7)
for some u € WH2(S;R?) and ¥ € W22(S). Then, reasoning as in the proof of Proposition 4.3, we find
A € W2(S;S?) such that
my, 09, — Xin L"(;R?) for every 1 < r < oo, (6.8)
o, = My (i, 75) — xoX in L™ (4 R?) for every 1 < r < oo. (6.9)
for some X € W12(8;S?). Besides, following the proof of Propositions 4.4, 4.5 and 4.7, we show that
E(a,5,X) < lim inf B, (g, 7725). (6.10)

Thanks to the invariance of the energy E} with respect to translations (see Remark 3.1), we have
En(g,,mp) = En(yy, mn) = Tn(yp,, wn,vp, piy). As V'@, = V'uy, and V', = Vv, passing to the
limit, as h — 07, we deduce V' = V'u and V' = V'v. In particular, we have v € W?22(S), and,
recalling that y = zp and p = xqA, there holds Z(y, u,v, u) = E(u,v,\) = E(w, 0, X). Therefore, if we
show that X = A, then E(u, 7, 5\) =Z(y,u,v, i), so that (6.10) yields (3.28).

We now prove this last claim. Setting V1, == (hit,,¥,)" and V = ((0))T,%)T, by (6.7), we have
Vi — V in Wh2(S;R3). Note that V), — V), = h=#/2+1&,. Since the left-hand side of the previous
equation is bounded in L?(S;R3), we deduce [&,] < ChP/?71. Let ¢ € C°(S;R?) and denote by
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© its extension to the whole space by zero. Using the change-of-variable formula and the identity
_ < -1
Xqin Mn = (Xavnmy) o T), , we compute

~ — \/—1 p—
/ uh-godw:/ (xounmp)oT), oz, -@dr
R3 R3

1

= E/Rg Xthmh~¢oz,:101v’hd£ (6.11)

—/ uh~¢ozgloi“hozhda:.
R3

Note that z} ' o Thozn(x) =z — (&), h=1EHT — x for every x € , since |é,] < ChP/271. Thus,
we have po z;l 0Ty oz, — @ in L2(R3; R3) thanks to the Dominated Convergence Theorem. Recalling
(6.5) and (6.9), and passing to the limit, as h — 0T, in (6.11), we obtain

/prdm':/X-@dm:/)\-¢dm:/)\~godx’.
s Q Q s

Since ¢ is arbitrary, the equality X = X follows.

Proof of (ii). The existence of recovery sequences follows directly from Theorem 3.3. Consider
(y,u,v, ) € WHP(Q; R3) x WH2(S;R?) x W2(S) x L?(R3; R3). If Z(y, u,v, p) = +00,then the constant
sequence ((Yp,, Wh, U, by, ))n With y, =y, up = u, v, = v and p;, = p, is a recovery sequence. Suppose
that Z(y,u,v, ) < 400. In this case, by the definition of the functional Z in (3.27), we have y = 2z,
v € W22(S) and p = yA for some A € Wh2(S;S?). Also, Z(y,u,v, u) = E(u,v,\). By Theorem 3.3,
we obtain a sequence ((yj,,m))n C Q satisfying the following:

wp = Uy (y;,) = win WH2(S;R?), vy, == Vi(y,,) — v in WH2(S),
my oy, — Ain L"(Q;R?) for every 1 < r < oo,

Moreover, this also gives
E(u,v,A) = lim Ej(yy,, mp). (6.12)
h—0t

If we set p, == Mp(y,, mp), then Ty (y,,, wn, vr, ny,) = Er(yy,, mp), so that (3.29) follows from (6.12).
A direct computation shows that p;, — xoX in L"(R?;R3) for every 1 < r < oo, which concludes the
proof. ([
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