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ABSTRACT. We present a novel multiscale formalism to characterize complex phenom-
ena in electromagnetic media featuring micro-structures. In contrast to the conventional
homogenisation approaches, the proposed model is based on the variational framework
given by the Method of Multiscale Virtual Power applied to Maxwell’s equations, which
ensures energetic consistency between the macro- and micro-scales. From a set of well-
defined minimal assumptions on the primal variables, the electromagnetic field and its
curl, the formulation yields not only the micro-cell problem to be solved but also the
homogenisation formulae of the dual entities, as well as the homogenisation of tangent
operators that characterize, for instance, the effective electric permittivity and mag-
netic permeability. The proposed multiscale model is not restricted to periodic media,
although it accounts for the periodicity assumption as a specific case. We apply the
method in different cases of interest that range from low-frequency to high-frequency
regimes to demonstrate the predictive and descriptive capabilities of the model in terms
of effective electromagnetic properties.

1. INTRODUCTION

In the past two decades, research in the field of electromagnetic metamaterials has been
attracting increasing interest, opening unprecedented avenues for both basic research and
applications. Investigation of micro-structured materials, specifically engineered to feature
desired electromagnetic properties permeates many research domains such as physics,
chemistry, material science, and engineering. These technological innovations encompass
the whole electromagnetic spectrum, from microwave to optical applications.

Applications of metamaterials usually aim at achieving unusual electromagnetic prop-
erties and functionalities such as optimised absorbers [43, 39], negative index and chi-
ral metamaterials [35, 26], tunable metasurfaces [1], and all-dielectric metamaterials for
nanophotonic applications [24]. Among the many technological applications, one can
mention the design of isolators and circulators through asymmetric transmission proper-
ties [32], and the use of plasmonic metamaterials for optical sensing [40, 41].

Traditionally, in the domain of metamaterials technological development and experi-
mental activities are unceasingly supplemented by numerical simulations [36, 16]. More-
over, modelling and simulation also offer the possibility of conceiving novel, designed
materials with desired properties, by engineering-reversing the micro-scale structure to
target a desired macro-scale behavior. It is important to emphasize that in this contri-
bution we refer to micro- and macro-scale as synonyms for small-scale and large-scale
phenomena. The numerical modelling of constitutive parameters in the presence of these
unusual, extreme scenarios is typically challenging.

In such a context, research in the field of scientific computing and applied mathematics
has approached the problem of building multiscale theories for Maxwell’s equations. The
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purpose of these theories is to upscale micro-scale wave phenomena and to properly char-
acterize the emergent electromagnetic properties of such micro-structured materials. Such
an approach to the constitutive modelling of electromagnetic media is promising since it
allows for a physically consistent characterisation, as it is based on the fundamental laws
of electromagnetism working on top of a certain arrangement of constituents within a
so-called micro-cell.

The development of multiscale models for electromagnetic phenomena presents a myr-
iad of approaches. Indeed, one of the landmark contributions has been put forward in [44]
which presents a two-scale convergence analysis to study the homogenisation of Maxwell’s
equations, under the hypothesis of long wavelengths compared to the characteristic length
of the micro-cell. A similar approach was used to study material tilings of quasi-crystals
with specific symmetry properties [13]. Using asymptotic analysis, in [5] the authors
studied the homogenisation of Maxwell’s equations for low and high-frequency regimes.
Also using two-scale convergence analysis, in [14] the authors derive the effective proper-
ties for a complex micro-cell arrangement in order to characterize materials with negative
permeability due to resonance phenomena. As alternative multiscale modelling, it can be
mentioned the use of the periodic unfolding method in [7] to obtain effective electromag-
netic properties in the low-frequency regime, and the use of an optimisation approach [38],
to characterize the effective properties based on pre-defined quantities of interest and for
simple micro-cell configurations.

Multiscale modelling aims at bringing into the effective properties at the macro-scale,
high-order phenomena retrieved from the micro-cell problem. In this sense, Ref. [17]
proposed, for the low-frequency regime, a high-order model where the magnetic and elec-
tric fields are functions of the magnetic induction and its spatial gradients, respectively,
and of the displacement field and its spatial gradients. This is in the spirit of high-order
continua pursued in [22], and more recently in [21].

Most of the previous studies employed the two-scale convergence framework of analysis
for multiscale modelling developed by [3, 29]. In turn, an alternative approach consists of
using the so-called Bloch wave expansion of the physical fields to characterize the spectral
behavior of the material [4]. One of the advantages is that this spectral approach allows
for going beyond the low-frequency regime, as it has been done in [27]. However, the char-
acterisation of effective properties such as electric permittivity and magnetic permeability
can only be performed under additional hypotheses regarding the frequency. Bloch wave
expansions were also used in [6] to propose a micro-cell problem-free strategy to charac-
terize the effective properties. Similarly, in [18] Bloch expansion is used to characterize
the spectral behavior of materials and also to obtain effective properties for very spe-
cific topological arrangements of the phases in the micro-cell. Bloch wave representation
was also employed in [2] to treat a composite made of a metamaterial with frequency-
dependent permittivity that exhibits resonant behavior, and this strategy is used to tune
frequency-dependent effective properties, leading to double negative metamaterials in cer-
tain frequency intervals. Using a spectral approach, in [34] it is derived a general numerical
approach to compute effective properties in arbitrary non-magnetic metamaterials, where
the effective electric permittivity is computed by solving an integro-differential equation.
Similarly, [20] investigated higher-order spatial phenomena and derived expressions for
the effective behavior of higher-order electric and magnetic tensors.

In the present contribution, we develop a novel multiscale characterisation of an elec-
tromagnetic continuum. This approach is based on the multiscale framework cast in
variational form reported in [9], called the Method of Multiscale Virtual Power (MMVP).
This method relies on (i) the concept of kinematic admissibility, whereby the macro-
and micro-scale primal fields are defined and linked in a physically meaningful way; (ii)
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the identification of primal-dual entity pairings (power-conjugates); and (iii) the Princi-
ple of Multiscale Virtual Power, which establishes the physical connection between the
macro and micro properties of the system. Importantly, this approach does not assume
scale separation, as the main goal is to characterize macro-scale dual entities through
the homogenisation of micro-scale phenomena in a physically consistent manner. This
means that one can apply the proposed model to all frequency regimes, regardless of the
composition of the micro-cell domain. Remarkably, while the homogenisation formulae
of the primal entities (electric field and magnetic field) are postulated a priori, the ho-
mogenisation formulae of the dual entities (displacement field and magnetizing field) are
obtained as a consequence of the Principle of Multiscale Virtual Power that governs the
power exchange across scales, together with the characterisation of the micro-cell prob-
lem. Therefore, effective properties also emerge as tangent operators, which also encode
the phenomena unfolding at the micro-cell level.

The MMVP has been successfully utilised in many areas of continuum mechanics, such
as the modelling of inertia and body forces in solid mechanics [19], failure mechanisms in
solids [37], thermoelasticity [8], second order continua [11], fluid mechanics [10], fibrous
tissues [30] and materials featuring truly arbitrary micro-structure [12]. This is the first
contribution to apply the MMVP in the realm of electromagnetism. The predictive and
descriptive capabilities of the homogenisation approach presented in this work are tested
on several cases of interest in order to validate it by comparison to established effective
electromagnetic media theories. For conciseness we restrict ourselves to non-magnetic
media and derive effective electromagnetic parameters in the following cases: (i) a low-
frequency regime, (ii) a high-frequency regime, and (iii) a situation where the percolation
phase transition occurs.

The manuscript is organised as follows. Section 2 presents the macro-scale model
problem. Section 3 details the concept of kinematical admissibility through the primal
homogenisation postulates. Section 4 derives the dual homogenisation formulae and the
micro-cell problem by exploiting the Principle of Multiscale Virtual Power. Section 5
reports the numerical results, and Section 6 outlines the concluding remarks.

2. MACRO-SCALE PROBLEM AND DUALITY PAIRINGS

This presentation is limited to non-magnetic materials, so Maxwell’s equations are
written in terms of the electric field. Therefore, let us consider a domain  C R3 with
boundary 02, where the electric vector field E is defined. Maxwell’s equations written in
the frequency domain, and expressed in variational form read as follows: find E € U such
that R R R

AE,E) = L(E) VE eV, (2.1)
where the sesquilinear form A : U x V — C is defined as

A(E,E) := / (p, ' curl E - curl E — k2e, E - E)dQ (2.2)
Q

In addition, U is a complex-valued linear manifold of admissible solutions possibly con-
taining essential constraints, such as boundary conditions for the electric field E, say E,
over a portion of the boundary, say, 02 p, V is the complex-valued space of admissible
variations of elements in U. We denote (-) admissible variations of the field (-). Also,
the working frequency is denoted by w, so that ky = ko(w) = w./lo€o, where g and &g
are the magnetic permeability and electric permittivity of free space. Finally, p, and
e, are second-order tensors that stand for the relative permeability and permittivity of
the continuum, respectively. The right-hand side £ € V' may contain, in general, source
terms in 2 per unit volume, say Q, and per unit surface over a portion of the boundary,
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say, 0Q2x. These source terms, together with the essential boundary conditions in U are
chosen such that the existence and uniqueness of a solution for the equation (2.1) are
guaranteed (see, for instance, [44]).

Note that the magnetic field B is related to the curl of the electric field through

—1wB = curl E, (2.3)

so, hereafter, when referring to the curl E we are equivalently referring to the magnetic
field.

Standard arguments from the calculus of variations lead us to the set of partial differ-
ential equations encoded in (2.1), namely

curl (' curlE) — ke, E=Q inQ, (2.4)

endowed with proper boundary conditions [44].

Now, let us identify the dual pairings that play a role in the variational formulation
(2.1). If we consider the primal fields to be the electric field E, and its curl, curl E, then
the dual vector fields are

D =¢,E, (2.5)
H=p 'curlE, (2.6)

where D is the displacement field, and H is the magnetizing field (up to the scaling factor
tw). Then, we can write

/ (H culE— 2D -E)dQ = L(E) VEe V. (2.7)
Q

In a multiscale approach, each point of the macro-scale x € () is linked to a micro-
cell, where the electromagnetic phenomena, governed by the same fundamental principles
behind (2.1), take place.

Hence, the goal of the multiscale formulation is to build a model based on micro-scale
phenomena, which is capable of delivering implicit operators that replace the explicit
forms of D and H defined in (2.5) and (2.6). That is, for each point x € 2, we build a
formulation that implicitly defines more general operators of the form

D = Fp(ko(w),E, curl E, P,), (2.8)
H = Fu(ko(w),E, curl E, P,,),

where P, denotes a set of parameters that characterize the micro-scale, such as the per-
meability and permittivity of the different phases in the micro-scale media and their
topological arrangement within the micro-cell. Figure 1 schematically shows the multi-
scale paradigm used in this work. For each point x of the macro-continuum there is an
associated micro-cell. The constitutive response of the micro-cell is determined by insert-
ing the electromagnetic field E and curl E and by considering some homogenisation rules
for these fields. Under such hypotheses, the homogenisation of the dual entities D and
H is obtained. Importantly, the dual homogenisation rules are not postulated a priori,
but are derived consistently according to the hypotheses made for the primal homogeni-
sation rules. The proposed multiscale framework is a systematic approach to model the
constitutive behavior of materials with micro-structure through the characterisation of
emergent properties.
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F1GURE 1. Multiscale setting for the modelling of electromagnetic micro-
structured materials. For each point, x, the electromagnetic field, E, and
its curl, curl E (or the magnetic field B), are inserted into the micro-cell
domain, and primal homogenisation rules are hypothesized. A Principle
of Multiscale Virtual Power is employed to derive the micro-cell governing
problem and the dual homogenisation formulae for the dual entities D and
H. Material properties f.g, €cff, Xof, Oet Naturally emerge from the formu-
lation as tangent operators.

3. KINEMATIC CONSISTENCY ACROSS SCALES

In the previous section, we presented Maxwell’s equations in terms of the main primal
variables, namely E and curl E (or B). These variables are the drivers of the proposed
approach in the sense that, by controlling these macro-scale variables, we can perform
experiments within the micro-cell and we can retrieve emergent properties from it.

3.1. Primal variables insertion. Consider that at each point of the macro-scale, we
have the following point-wise vector fields

E, =E(x), (3.1)
C, = curl E(x). (3.2)
Note that C in the expression above is related to the magnetic field B through (2.3), so

C|x = —in‘x. (33)

These two fields are independent of each other, in the sense that we can perform ad-
missible variations, say E|x and C|X, in an independent manner.

Note that we can write the tensor VE in terms of the symmetric and skew-symmetric
components as VE = VE® + VEW | where the skew-symmetric component is linked to
the curl as follows

1
VEYw = 3 curl E x w, (3.4)
for any arbitrary vector w.

Consider now a micro-scale domain, the micro-cell, denoted by Q,, C R?, with boundary
05, and whose coordinates are denoted by y. Without loss of generality, the micro-cell
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is geometrically centered at the origin of the micro-scale coordinate system, such that it

is satisfied

/ ydQ, = 0. (3.5)
QN

Also, we denote by |€,| the Lebesgue measure of €2,,.

At the micro-scale, we have electromagnetic phenomena driven by an electric field E,,.
Now, we have to define how the primal variables E;, and C,, are transferred from the
macro-scale into the micro-cell. This is accomplished by expressing the micro-scale electric
field in terms of these variables, through the following expansion

E,=E_, +VEYy+E, (3.6)
which, by virtue of (3.4), can be equivalently expressed by

1 .
E, = E|x + §C|x xy+E, (37)

Note that in this expansion we are only concerned with the skew-symmetric part of the
first-order gradient because it is the component of the gradient that exerts power at the
macro-scale. Therefore, it is the only term we are interested in controlling at the micro-
scale. In the above, the vector field Eu represents the high-order fluctuations of the
electric field at the micro-scale.

3.2. Primal variables homogenisation. Following the concept of kinematical admissi-
bility proposed in [9], we now define admissible macro-scale and micro-scale fields as those
that satisfy certain rules of scale transfer. The following hypotheses shape the primal scale
information transfer between the electric field and its (skew-symmetric component of the)
gradient at point x, and the corresponding micro-scale fields defined within the associated
micro-cell. First, we consider that the electric field in the micro-cell has to be, on average,
equal to the macro-scale electric field

1
B, — / E,d,. (3.8)
1] Ja,

Second, we consider that the skew-symmetric component of the gradient of the electric
field in the micro-scale has to equal the macro-scale skew-symmetric component of the
electric field gradient, that is

1
(VE)!, = SN /Q (V,E, )" d,. (3.9)
Exploiting the relation (3.4), expression (3.9) can be equivalently written as
C, = IR |/ curly E,dQ,,. (3.10)

Expressions (3.8) and (3.10) are the fundamental constraints that define the concept of
admissibility of the triple (E|_, C ,E,). Introducing expansion (3.7) into (3.8) yields

1 1 -
E, = —/ <E|x +-C xy+ E#) aQ,,. (3.11)
2l Ja, 2
Taking into account (3.5), we get

/ E,dQ, = 0. (3.12)
Qpu



Now, introducing (3.7) into (3.10) we write
1 1 ~
C, == curly | E|, + -C . xy + E, |dQ,,. (3.13)
2l Ja, 2

Again, considering (3.5), and the fact that curly,(V x y) = 2V, for any constant vector
V € C3, we get

/ curly E,dQ, = 0. (3.14)
Q#

Applying the Gauss’ theorem to this case, we obtain the following constraint over the
electric fluctuation field

/ n, x E,doQ, =0, (3.15)
o0,
where n,, is the unit outward vector to the boundary 0€2,,.

3.3. Primal variables admissibility. We say that the triple (E|_, C| , E,) is admissible
if, given E|, € C* and C|, € C?, the fluctuation field satisfies (3.12) and (3.15). Therefore,
we define the set (actually a space) of admissible fluctuation fields as follows

fju = {Eu € HCurl(QM) : / EudQu =0, / n, X EﬂdaQ“ - 0}’ (3'16)
Qp

o9,
where He,,1(€2,) is the complex-valued space of square integrable vector fields in €, with
square integrable curl in €Q,,.
~ X ~
Note that any subspace V,, C V), can be considered as space of admissible fluctuation

fields, and this is why space \3# is called the space of minimally constrained fluctuation
fields. Alternative subspaces can be the so-called linear subspace, defined as

‘}i = {EM € chrl(Q#) : / EMdQN = 07 Eu‘ﬁﬂu = 0}’ <317)
Qu
and the periodic subspace, defined by partitioning the boundary 02, into opposing parts
€ and 0€2, for which we have n,[,o+ = —1,|y0-
~ P ~ ~ ~ ~
V, =1E, € Hoan(2,) : E, dQ, =0, Eu\mﬁr = Eu‘aa; . (3.18)

o

Clearly, we have \N)i C \}5 C \NJ#.

4. ENERGETIC CONSISTENCY ACROSS SCALES

After having defined the primal variables insertion and concept of admissibility of
macro- and micro-scale fields, the next step consists of introducing the physical connection
between the scales through the Principle of Multiscale Virtual Power, as established by
the Method of Multiscale Virtual Power [9]. From this principle, we define the dual ho-
mogenisation formulae that characterize the emergent properties of the micro-structured
material and also the micro-cell problem that closes such a characterisation.
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4.1. Principle of Multiscale Virtual Power. By inspecting (2.7), we can define the
total virtual power per unit volume at the point x € €2, i.e. at the macro-scale, as follows

Pt)((Jt(Elx7 c|x) = (H : C - kSD : E)‘x (41>

In turn, we define the total virtual power per unit volume at the micro-scale as follows
P! (E,) \Q | / curly E, - curly Eu — ke, E, - EM)dQM, (4.2)

where Ky, and g,, are, respectively, the second-order permeability and permittivity ten-
sors of the phases that characterize the micro-cell continuum.

Now, we establish the hypothesis that is concerned with the transfer of power between
scales. We postulate that the total power per unit volume at x from the macro-scale must
be equal to the same quantity defined within the associated micro-cell for all admissible
fields (E|x, (A]‘x, E,). This previous statement is the Principle of Multiscale Virtual Power
[9], which in variational form reads

Px.(E,,C,) = P4Y(E,) V(B C,, E,) admissible, (4.3)
that is

(H-C-kD-E), = N / Leurly B, - curly B, — kje, B, - E,)dQ,
V(E‘x, C|x, E,) admissible. (4.4)

Let us rewrite the problem in terms of the fluctuation field Ew To do so, we introduce
the expansion (3.7) for E, and its variation E, into the previous expression

(H-C- kD E), =
1 ~ A 1~ 2
_/ [Hr curly (Ex + = C‘x xy+E ) - curly <E|x + §C|" Xy + Eu>

€2,
+ EH)} ds,

(E‘ 7C|x, ) € C?®xC?x v (4.5)

N.)Ir—\

k2€m<E|X+ C|x><y+E> ( +

The advantage of expression (4.5) is that all the fields in the triple (E|X,C|x,]§]u) are
independent of each other, and this will facilitate the derivation of the homogenisation
formulae and of the micro-cell equilibrium problem in the next sections.

In expression (4.5), the space f;u is the minimally constrained space of admissible
variations defined in (3.16), as well as any subspace of it.

~

4.2. Dual homogenisation formulae. Let us first consider that (E‘x, C|X, E,) = (E|x, 0,0),
so, from (4.5) we obtain

~ 1 1 - A .
—k3(D-E), = —m/ koer, <E|x + §C|X Xy -+ EM) -E|,dQ, VE, €C’ (4.6)
Kl JQy
Therefore, it must necessarily be

1 1 ~
D, = —/ Er, (Ex +5C), xy + Eu) dS,. (4.7)
2] Ja, 2
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The expression (4.7) yields the variationally consistent rule to derive the homogenised
behavior of the displacement vector D in terms of the micro-scale phenomena. Observe
that due to the presence of the fluctuation field, this response is frequency-dependent.

Second, let us consider that (E|X, (A]‘x, ﬁu) = (0, C‘x, 0), so, from (4.5) we get

R 1 1 - 1.
H-C), =— Teurly (E| 4+ =C E, | cul, | =C
( )\x |Qu| /m {Mm curly ( e + 5Vl Xy + u) curly (2 e X y)

1 - 1. .
— kjer, <E|x + —C|x Xy + EM> : (ECx X y)] aQ, VC, € C*. (4.8)

Using identities (A.1) and (A.2) (see A), we get
(H-C Jx = |Q|/ [ (C. + curly E) (AJ‘X

1 . . .
— kg% X &, <E|x + §C|x Xy + E#> . Cx} s, VC, € C*. (4.9)
Therefore, it must necessarily be
1 ~ 1 1 -
H, =— / p ' (C +cwly E,) — ki y x e, | E,+=C, xy+E, | |dQ,. (4.10)
1l Jo, ™ 2 " 2

The expression (4.10) yields the homogenisation formula to retrieve the magnetizing field
H from the phenomena that take place in the micro-scale domain. Note that this response
is frequency-dependent, both explicitly because of the presence of kg, and implicitly be-
cause of the presence of the fluctuation field.

4.3. Micro-cell problem. Finally, consider (E‘x, él,a Eu) — (0,0, E,), hence, from (4.5)
it results

/ {u;ﬂl (C|x + curly Eu) - curly, Eu
QIJ'
1 ~ S 2 ~
— k:gé‘m <E|x + §C|x Xy+ Eu) . E#} dQ, =0 VE, € V,. (4.11)

This variational problem (4.11) gives the full characterisation of the fluctuation field Eu
for given macro-scale quantities (E|_, C,,). That is, it characterizes an operator of the
form

M, CxC* =V,
(E|X’ C‘x) = MN(E|X’ C|x) = EM

The multiscale procedure to explicitly compute the pair (D, H|,) reads as follows:

(4.12)

(1) Given the pair (E|_, C|,), obtain E, by solving the variational problem (4.11).

(2) (Givc;n the pair (E;_, C|,), and the field E, obtained in step 1, compute D|_ using
4.7).

(3) E}iver)l the pair (E;,, C),), and the field Eu obtained in step 1, compute H|_ using
4.10).

It is important to recall that any subspace \}l)j C \}M also yields a valid multiscale
model. Different subspaces will result in different model predictions, as these subspaces
encompass the assumptions of the interaction between the micro-cell and the neighboring
continuum.
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4.4. Tangent operators. Note that in a fully coupled multiscale problem, the pair
(E|,, Cy,) is unknown, and some linearisation procedure must be applied to address the
nonlinearity posed by the implicit coupling between the scales. A linearisation proce-
dure is also required to understand the potential of the formulation in terms of predicted
effective material properties, such as effective permeability and permittivity, for example.

From the variational problem (2.7), we note that the nonlinearities are present in the
relation between the homogenised quantities (D, H| ) and the variables (E;,, C), ), as
dictated by expressions (4.7) and (4.10) (nonlinearities are implicit in the fluctuation field
Eu)- The linearised version of the macro-scale variational equation (2.7), reads

/ ([DeHJE - curl E + [DcH] curl E - curl E
Q

— ki[DeDJE - E — k[DcD] cwilE-E)dQ =R(E) VE€ V. (4.13)
where R(E) stands for the residual of (2.7). Most importantly, [DgH] and [DcH] are
the tangent relations between H and the primal variables E and C = curl E, respectively,
and [DgD| and [DcD] are the corresponding tangent relations between D and the same
primal variables.

The first [DgH]| and the fourth [DcD] tangent tensors are non-conventional terms that
emerge from the interaction of micro-scale phenomena. The second [DcH] and the third
[DeD] tangent tensors are related to the effective permeability p.g and permittivity e,
respectively.

Let us introduce the following notations for all the second-order tensors that appear in
(4.13)

[l,e_ﬂcl = [DcH], Eoff .\ — [DED], Xeff = [DEH], Geff = [DcD], (414)

Hence, after rearranging terms, equation (4.13) becomes

/ (ue’ﬁl curl E - curl E — kgeegE ‘B
Q

+ XoiE - curl E — k20 curl E - E)dQ = R(E) VEeV. (4.15)

The full linearisation procedure is presented in B, which yields the characterisation of
the tangent operators appearing in (4.14), that is

1 1 1
ol / p 1+ curly M) — ~k2lyleen, (ST + Me ) [dy,,  (4.16)
2] Jo, 2 2
1
Eoff i= —/ Er, (I + ME)dQM, (4.17)
2l Ja,
1 Lo -1
Xeff ‘= T — —kilylxer, I+ Mg) + . curly Mg | dQ,, (4.18)
|Qu| Qu 2 8 g
1 1 -
eeg = [ors _[y}x + MC dQ“ (419)
|Qu| Qu "\ 2

In the expressions above, the second-order tensors Mg and Mg are, respectively, defined
by

Mc = [V (e @ e;), (4.21)
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where Uff) € 9“, 1 =1,2,3, are the solutions to the set of canonical problems

/ (! cwrly UD - curly B, — ke, UD - E,)dQ, = / ke, e; B,dQ, VE, €V,
Q, o
(4.22)

whereas fo) € f)m 1 =1,2,3, are the solutions to the canonical problems

/ (p,;: curly V/(f) -curly E,, — kgs,,uvl(f) . EM) aQ, =
m

S 1 2 2 ~
— / [u;ﬂlei -curly E,, — ékgsm(ei Xy)- EM} aQy, VE,eV,. (4.23)
Q

14

See B for the full details.

4.5. Connection to higher-order theories of electromagnetism. Consider again
the variational equation (4.15) and the definitions of the effective properties (4.16)-(4.19).
The expressions of Mg and M¢ defined in (4.20) and (4.21) can be equivalently charac-
terised as follows

Mg = kMY = k2[UY); (e; @ e;), (4.24)
Mc = Mg — i2Mg = [V, (e @ ;) — K2[VY)]; (e; @ ), (4.25)

where U/(j?o € \)u, i =1,2,3, are the solutions to the set of canonical problems (note the
difference in the right-hand side with (4.22))

/ (11, curly UYy-curly B, —kZe,, U -E,)dQ, = / e, e B,d0, VE, €V, (4.26)

© Qp

whereas Vﬁ)o € \}M, i = 1,2,3, are the solutions to the canonical problems (take into
account the first term in the right-hand side of (4.23))

/ (u;: curly V,(j,)o - curly, Eu — kzgemej’)O . EM) dQ, =
“w
— / u;ﬂlei - curly ﬁ)#dQ# ‘v’ﬁ]u €V, (4.27)

n
and V/(j,)l € \}u, i = 1,2, 3, are the solutions to the canonical problems (take into account

the second term -times a constant- in the right-hand side of (4.23))

/ (u;ul curly V,(j,)1 - curly, EM — kzgsmVﬁ)l . EM) dQ, =

m

—_

- / e (e xy)-Bud, VE, €V, (4.28)
Q

i

Let us rewrite the effective properties (4.16)-(4.19), now introducing (4.24) and (4.25).
Then, the characterisation of the effective properties in terms of the powers of kg is the
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following

_ 1 _ 1 1
et = gy [ (MG M) - S, GIV1E MBI ) |, =
H 3

1 1 1 1
m /S; [_L;Ll (I+CU_I'1y M%)dQ“—kgm /Q ([J,r_ﬂl Curly Mé—i_ﬁ[Y]XEm <§[Y]Z+M%) ) dQM
H 13 H H

1 1 _ _ _
F [ 3l M, = iy K+ Kl (429
= w

1 1
Eoff '= —— / &, dQ, + ki—— / £, MydQ, =: eiro + ket 1, (4.30)
%] Ja, %l Ja,
1 1
Xeff i= —/ — ~kg[y)xer, (I + kgMy) + kg, ' curly My [dQ, =
1l Ja, 2 . g
1

1 1 1
~lylxer, — ;' curly My [d9Q, — k:é‘—/ ~[y]xe,, MgdQ, =:
. " 1l Jo, 2 8

51
- k(% (Xeff,O + kSXeﬁ,l)7 (431)

1 1 1
0o := —/ em<—[y]1+M%>dQu—k§—/ €, Mad$, =: Ocio— kiOomr1. (4.32)
[l Jo, "\2 €] Ja,

|

—

|
B

Moo i= / p NI+ curly, M&)dQ,,, (4.33)
' €2, Q,

_ 1 ~ 1 1

by =i [ (e ety ME S lyeen, (V1L + MG ) ), (4:34)
192 Ja, 8 2 2

T -:i/ 1[y] e, MgdQ (4.35)

eff,2 - |QM| Qu2 X=r, 'NEC I3 .
1

=— ds? 4.

Eeff,0 ‘Q#|/Q# Er, 1y ( 36)
1

Eoff 1 :—/ &, MpdQ,, (4.37)
1l Jo, "
1 1 -1 0

Xeffo ‘=T ~lylxer, — p,. curly Mg |dQ,,, (4.38)

' 1| Ja, 12 .

1 1 0

Xeff,1 32@ Qué[Y]XEMMEdQN’ (4.39)
1 LT 0

eeff,g :Q_ Eru §[Y]><+MC dQl“ (440)
2] Ja,
1

Oci1 = / e, Mgde,. (4.41)
€] Ja

x
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Hence, variational equation (4.15) results in
/ (u;ﬁl,o curlE - curl E — k‘gue}él curl E - curl E + kéue}fb curl E - curl B
Q

— keeroE - E — kjeet i E - E — kX oE - cwtl E — kx o, E - curl B
— k20uocurlE - E + kO, curlE-E)dQ = R(E)  VE € V. (4.42)
The field equations associated to this variational equations read

curl (u;éo curl E) — k§ curl (u;fél curl E) + kj curl (ue’éQ curl E)
— kieenoE — koeer 1 E — K curl (xeffvoE) — kj curl (Xeﬂc,lE)
— k:g@efm curl E + k:g@efm curlE = R, (4.43)

where R stands for the field counter-part of the residual of (2.7). Let us further consider
that the properties above do not vary along space, so

ue_féo curl curl E — k3 ue_f%l curlcurl E + ké‘ugﬁl’z curl curl E — kjecqoE — kyeeq  E
— kgxefw curl E — kéxefm cwrllE — k20.q0 curl E + kg@oq, curl E = R, (4.44)
that is

u;%o curl curl E — k3 p,;%l curlcurl E + kéue’éQ curl curl E — kjecqoE — kgeeon1 E
— K} (Xeff,o + Oeﬁf’o> curl E — kg (Xeff,l — 065,1) curlE = R. (4.45)

Similar governing equations have been derived in the context of high-order (micromorphic)
theories of electromagnetism [21]. Although this is not a full space-time high-order theory
(it does not contain high-order spatial derivatives), it brings a more comprehensive picture
of the microscopic electromagnetic phenomena through high-order contributions regarding
time, which makes this especially interesting for high-frequency problems.

Importantly, the proposed formulation provides a systematic rational approach to derive
constitutive equations that go beyond the classical characterisation of permeability and
permittivity in electromagnetic media.

5. NUMERICAL RESULTS

5.1. Preliminaries. In different numerical examples, we consider a cube-shaped cell with
a spherical inclusion at its center. The cube-shaped block has dimensions ¢, x £, X £,,.
The radius of the spherical inclusion is denoted by r;. We define a reference wavelength
A. The wave-number is therefore given by ko = 27 /A. In addition, we assume p, =1
and g,, = n?I, where n is the refractive index of the medium. We also consider peri-
odic boundary conditions to constrain the fields at the micro-cell. That is, we use the
periodic space defined in (3.18). In the forthcoming numerical experiments, we will focus
on the computation of the effective permittivity of the micro-cell. Hence, under the con-
siderations presented in this section, the canonical micro-cell problems (4.22) degenerate

themselves to find US) € \}5, such that
/ [Curly Ul(f) -curly E,, — k%nQUl(j) : Eu} s, = / kin’e; - E,dQ, VE, € \}5 (5.1)
Q. Q.
In our particular setting, n is assumed to be given by a piece-wise constant function of

the form
n=mn; in and n=mny in o, (5.2)
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with Q, = Q; U Qy, such that ; N Qy = &. Since the cell is centro-symmetric and its
constituents are isotropic, the resulting effective electric permittivity from (4.17) becomes
also isotropic, which is denoted by e = [€e]ii, With [eeq];; = 0, for ¢ # 7, fori, j = 1,2, 3.
The volume constraint (3.12) over U,(f) is imposed via Lagrange multipliers as described
in C. In addition, the variational equations are approximated via the Finite Element
Method. Specifically, Nédélec finite elements are employed [28]. The implementation
of this finite element approximation available in the FreeFEM++ library [23] is used in

this work. Finally, once Uff) is computed numerically for each canonical direction e;,
the Cartesian components of the effective permittivity can be evaluated with the help of
(4.17) and (4.20), namely

1

ol n?(6;; + [UP);)d€,, (5.3)
H I

(€eft]ij =

where 0;; is the Kronecker delta.

In the following numerical examples, we compare the effective dielectric permittiv-
ity of inhomogeneous media calculated with the proposed multiscale formalism to well-
established analytical mixing rules to provide the necessary benchmarks for the method.

5.2. Example 1: Long wavelength limit. In this first example, we consider a cell of
size ¢, = 1pum made of glass (SiO2) with a spherical inclusion of silicon (Si) at its center
so that the refractive indexes are given by n; = 2.847 for silicon and ny, = 1.444 for
glass. We define a reference wavelength A = 1.55um, which implies a working frequency
of 193.4THz. The wavelengths are set as A\, = 2%\, with a = 1,2,3,4. The radius 7;
of the spherical inclusion varies in the interval from 0.1ym to 0.45um. In Figure 2, we
present the effective permittivities for varying wavelengths with respect to the radius r;
of the spherical inclusion. In order to test the validity of the proposed model in the long
wavelength limit, we compare our findings with the prediction of the Maxwell-Garnett
mixing formula [33],

MG €i — Ee
Eog = € + Ve, . 5.4
off + v i+ 2e. —vp(e; — €e) (5:4)

where vy is the volume fraction occupied by the spherical inclusion, namely, vy = %WT? ,

since the size of the cell is given by ¢, = 1. In addition, &; = n? and ¢, = n3. From
an analysis of Figure 2, we observe that the effective permittivities computed from the
proposed homogenisation framework converge toward the effective permittivity predicted

by the Maxwell-Garnett approximation as r; decreases and ), increases, as expected.
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4.0 °
Maxwell-Garnett 2\

* o ¢ Proposed Model 3

Eeff

0.10 0.15 0.20 0.25 0.30 0.35 0.40 T; 045

F1GURE 2. Effective permittivities for varying wavelengths \, = 2%\, with
A = 1.55um and o = 1,2, 3,4, with respect to the radius r; of the spherical
inclusion.

5.3. Example 2: Resonance beyond the long wavelength limit. In this second
example, we consider again a cell of size £, = 1um made of glass (SiO,) with a spherical
inclusion of silicon (Si) at its center. The refractive indexes are given by n; = 2.847
and ny = 1.444 for silicon and glass, respectively. The reference wavelength is set as
A = 1.55um, which induces a working frequency of 193.4THz. In order to test the validity
of our model beyond the long wavelength limit, let us consider the analytical model by
Wu et al. [45], which is written as
. A+ BC
Eog = —————-
1+C

The quantities A, B and C are respectively given by

Jl(kere>
Ji(kere) + kere ) (kere)’
E(kere)
Yi(kere) + kerY{ (kere)’
B in(k‘ere) + kere Y] (kere) < D )
Jl<kere) + kere‘]{(k‘ere) 1 + D ’

where .J; is the spherical Bessel function and Yj is the spherical Neumann function. In
addition,

(5.5)

A = 2e,

(5.6)

B =2, (5.7)

C (5.8)

kepti P(keri) P'(kiri) — kipe P (kiri) P’ (kers)
Fipte P(kiri) Q' (keri) — keptiQ(kers) P! (kiri)’
where k; = w\/Eilti, ke = w\/Ecfte, P(z) = 2Ji(x) and Q(z) = xH\(x), with H,(z) =
Ji(z)+4Yi(z). Here, e; = ni, e, = n3 and p; = pe = 1, as before. Finally, r, = ¢, = 1um,
and the radius of the spherical inclusion is fixed as r; = 0.25um.

We set A\, = a\, where A\ = 1.55um and « varies from 1 to 1.2. According to the
analytical model given by (5.5), resonance occurs at A, &~ 1.69um, which is well captured
by our model as shown in Figure 3, and that is absent in the Maxwell-Garnett theory.
However, a small shift in the resonance frequency can be seen between both models.
We have verified that the smaller the radius of the inclusion r;, the smaller the shift
in the resonance frequency. Since the wavelength is fixed, we attribute this fact to the
higher-order interaction effects between inclusions, which are predicted by our model. In

D=

(5.9)
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contrast, the analytical model (5.5) is derived assuming that the spherical inclusion is
isolated so that it does not account for interactions between the inclusions.

Wu et al. (2006)

————— Maxwell-Garnett |
e o o Proposed Model

1.00 1.05 1.10 1.15 « 1.20

FiGURE 3. Effective permittivities for r; = 0.25pum and varying wave-
lengths A\, = a\, with A = 1.55um and « from 1 to 1.2.

5.4. Example 3: Phase transition. In this last example, we test the validity of our
model in the scenario where the percolation transition occurs. To accomplish this we
compare our findings to the Bruggeman effective medium theory [15], one of the simplest
analytical models to predict the percolation transition, in a system composed of spherical
gold inclusions embedded within a polystyrene substrate. The wavelength is fixed as
A = 2um, which corresponds to a working frequency of 149.9THz. According to [25],
at this frequency the gold and polymer permittivities are respectively given by ¢, =
—158.08 4+ 19.58% and ¢, = 2.44. The diameter of the particles is fixed as d; = 10nm,
while the size of the cell £, varies from 40nm to 10nm. As said, we compare the predictions
of our model to the ones delivered by the Bruggeman effective medium theory [15], and
that are established by the following formula

e B 4 e B
(1 _Uf) ( - € Eoff = + = (5 Eeff) - )
Ceff + L(€e - Eeff) 2€eﬁ + (1 - L)(Ee - Eeff)
B B
€i — Eef 4(87« — geff)
=0 5.10
1 (5]3& + L(ei — ) " 2el + (L= L)(ei — ey) 7 ( )

where 0 < L < 1 is the depolarisation factor and the volume fraction occupied by the

3
spherical particle 0 < vy < 1 is trivially computed as vy = rd Therefore, once the

603 -
diameter d; of the inclusions is fixed, the smaller the size of the cell ¢, the higher the
volume fraction vy. The obtained results are reported through Figures 4 and 5, where
the red cross-dot highlights the moment in which the inclusions touch each other, namely
¢, = d;, because of the periodicity assumption. In particular, Figures 4 and 5 display,
the real and imaginary components of c.¢, respectively. From the analysis of these figures
it is clear that the proposed model qualitatively captures the presence of the percolation
transition, which according to the Bruggeman theory is expected to occur for f =1/3 in
the case of spherical inclusions [15]. On the one hand, in percolative composites enhanced
R{cerr} occurs when the volume fraction is slightly below the percolation threshold. On
the other hand, negative R{c.s} is expected to occur when the volume fraction exceeds
the percolation threshold. This effect has been observed experimentally in metal-dielectric
composites [42]. At the same time, a large absorption within the effective medium, en-
coded in S{een}, occurs at the critical point, which is intrinsically related to the universal
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properties of the percolation phase transition, in particular the enhanced and scale invari-
ant current and electric field fluctuations that take place close to phase transition [31].
These effects are well captured by our model as can be seen in Figures 4 and 5.

%{?eﬂ}

0L

-50 |

-100¢

Bruggeman
-150 e e e Proposed Model

0.0 0.2 0.4 0.6 0.8 vy 1.0

FI1GURE 4. Real component of the effective permittivities . as a function
of the volume fraction vy occupied by the spherical inclusion of gold em-
bedded in a host medium of polystyrene. The red cross-dot highlights the
moment in which the inclusions touch each other (¢, = d;).

%{geﬁ}

20+

Bruggeman
® ¢ ¢ Proposed Model

0.0 02 0.4 0.6 08 vy 10

F1GURE 5. Imaginary component of the effective permittivities c.¢ as a
function of the volume fraction vy occupied by the spherical inclusion of gold
embedded in a host medium of polystyrene. The red cross-dot highlights
the moment in which the inclusions touch each other (¢, = d;)

6. CONCLUDING REMARKS

In this article, we have derived a novel multiscale constitutive model in which the
electromagnetic macroscopic effective parameters are completely characterised by the un-
derlying microscopic properties. In contrast to conventional homogenisation approaches,
the proposed model is based on the variational framework given by the Method of Mul-
tiscale Virtual Power, which was applied here to Maxwell’s equations for the first time.
The resulting effective properties depend explicitly as well as implicitly on the working
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frequency. The implicit dependence comes out from the solution to the micro-cell prob-
lems, which encode the complex dynamics governed by Maxwell’s equations. As a result,
complex macroscopic behavior has been observed through numerical experiments, includ-
ing resonances and phase transitions. Indeed, we apply the method in different cases of
interest ranging from low-frequency to high-frequency regimes, providing not only a phys-
ical benchmark to validate our findings but also demonstrating the predictive capabilities
of the model in terms of determining effective electromagnetic properties.
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APPENDIX A. VECTOR AND TENSOR IDENTITIES

Let us introduce some vector and tensor identities that are useful in the derivations of
this work.
Consider two arbitrary constant vectors U, V, then, the following identities hold

U- (Vxy)=(yxU) V, (A.1)
curl, (U x y) = 2U. (A.2)

Consider arbitrary vectors U, V, W. Given the cross product U x V| let us also define
the tensor [U]y as the unique skew-symmetric tensor that satisfies

U xV =[U],V. (A.3)
Thus, we can write
UxV =|[V].U, (A.4)
and we also note that
curl V x U = [eurl V], U = 2(VV)"'U. (A.5)
As well, let us recall that
Ux(VxW)=(U- W)V —(U-V)W. (A.6)

Particularly, consider y the micro-scale coordinate vector. In a Cartesian coordinate

system, it is y = (y1, 92, y3) ', with y; = y - ;. Therefore, tensor [y], reads
0 —vys ¥
yix=1wv 0 —wu]. (A7)
—Y2 yi 0

In addition, [y]! = —[y]«.

The curl of a second order tensor L is defined as the second order tensor curl L that,
for any constant vector V, satisfies the following

(curl L)V = curl(LV). (A.8)

Observe that in Cartesian coordinates it is
I[L],
o0xm,

curl L = [€limn

(e; ® ej), (A.9)
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where € is the Levi-Civita third-order tensor, whose components in three spatial dimen-
sions are defined as follows
1 if (4,4, k) is an even permutation of (1,2, 3),
€] = < —1 if (i, 4, k) is an odd permutation of (1,2, 3), (A.10)
0 ifi=jorj=kori==%k.

APPENDIX B. DERIVATION OF TANGENT OPERATORS

The first step to characterize the tangent relations between the homogenised dual en-
tities (Dy,,H|,) and the primal variables (E|_, C,) consists in deriving the variational

problem (4.11) to characterize the tangent relation between E, and the pair (E,, Cy,).
This implies establishing the expression of the Gateaux derivative of operator M,, from
(4.12), with respect to the pair (E|,, C|,).

Consider problem (4.11), but instead of E| we put E|, +70E|, . This perturbation will

yield a perturbation in the fluctuation field of the form E, + T(SE]:]“. After taking the
derivative with respect to 7, and making 7 = 0, the linear problem reads

/ (11, ! curly 6gE,, - curly B, — ke, (5F,, + 0uE,) - E,)d2, =0  VE, € V,. (B.1)
Q.

For a given 0E,, this variational equation amounts to find (5EEM € \N)u such that

/ (u;: curly 0gE,, - curly ﬁu - kgsm(SE]:]u : Eu) a2, =
Q
/ ke, 0B, -E,dQ, VE,€V, (B2)

Expression (B.2) defines the following tangent operator
0sE, = IM,((E|,, Cy), (6E,,,0))
d
= — E E,C
g M B 7B, G
= MgiE,,. (B.3)

Since the variational problem (B.2) is uncoupled and linear, we can write 5EEM in terms
of the Cartesian components of §E|, as dgE, = [6E|X]iU5f), where [0E]; = /E), - e
and U;(f) € ‘}w for i = 1,2, 3, solve the set of canonical variational problems (4.22). In
addition, we have 6EEM = ((5E|x e])[Uff)]Z e, = [Ug)]z (ei®ej)5E|x, with [UELJ)]Z = UL]) 7R
From these elements, the tangent operator (B.3) can be characterised by

Similarly, consider the same problem (4.11), but now instead of C|, we insert C_ +
76C|,. Such a perturbation will result in a modification of the fluctuation field of the

form E, + 7'50]5)#. After taking the derivative with respect to 7, and making 7 = 0, the
corresponding linear problem is

/ {u;ﬂl (5C‘x + curly, 50Eu) - curly, Eu

~

1 ~ 2 2
— ]{JSEM (§5C|x Xy+ 5CEM> . E#} dQ, =0 VE, € V,. (B.5)
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Therefore, given 0C|,, the above variational equation implies finding 5CEM € \}M such
that

/ (u;: curly 5(;]5)# - curly, ﬁu — l{:gsméCEM . Eu) dQ, =

n

2 1 2 2 ~
/ [— ,u;uléqx -curly E, + ékgeTu(éCh( Xy)- E#} sy, VE,eV,. (B.6)
Q

o

In this case, expression (B.6) defines the following tangent operator

5CEM = (5M,u((E|xa C\x>7 (07 5C\x))
d
= —M,(E,C|, +76Cy,)

dr 7=0

— MciC,,. (B.7)

Following the same steps as before, we define 5CEN = [5C‘x]inf), where fo) € l}u, for
i =1,2,3, solve the set of canonical variational problems (4.23). Therefore, the tangent
operator from (B.7) can be characterised by

M

Q

I

Now, we can write (4.7) as follows

D (E,,Cy)

I
-
2~
S~
S
L]
:
=
QL
)
=
N———
e
»

1
o / e, E,(E,,C,)d,. (B.9)

The last term above brings additional high-order terms to the homogenisation of the
displacement field D. The expression (B.9) above is the multiscale version of (2.8). In
fact, using (B.3) and (B.7), we can write now the following tangent relation

d
—D|x (E|x + T(5E|x, C‘x + T(SC‘X)

ir = (DED\X)6E|X + (DCD|X)5C|X~ (BlO)

=0

where DgD), and DcD), are second-order tensors defined as

DED|X = ETH (I + ME)dQua (Bll)

2l Ja,

1 1
DcDy, = —/ er, | 5IY]% + Mg )dQ,. (B.12)
1l Jo, ™ \2

From the definitions (4.14), the effective electric relative permittivity is

1

Eott 1= —/ e, (I 4+ Mg)dQ,. (B.13)
12l Ja

n
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Analogously, we can write (4.10) as follows
1 .
Hlx(E|x7 C‘x) = ( Q I’L’I’MldQN) Clx
|l Jo,

1 ~
-+ m / ,UJT_: CuI‘ly E“<E|x, C|x)dQ#

1
_ = 2(9_/ XzsmdQ >E|x
1
(i [ heniviian, o,

ﬁ/ [Y]XemEM(E|xvC\x>dQu' (B14)

L
10
1
270

Rearranging terms, results
H (E,,C,)= <|Q ’/ {,U/m - —/fz Y}XEW[Y]Z} dQu) C.

a5 XrQ E
’“(rm/ enud ) -

. - 1 -
+ _|Q ‘ /{; |:I'L7”u1 curly EN(E|X, C|x) — §k(2)[y]><€mEM<E|x7 C|x) dQu (B15)
= w

As before, the last term in the previous expression accounts for the effect of high-order
terms in the homogenisation of the magnetizing field H. The previous expression (B.15)
is the multiscale version of (2.9). Hence, from (B.3) and (B.7) we can write now the
following tangent relation

d
d—H|x <E|x + T5E|x, C‘x + T(SC‘X)
-

where DgH,, and DcH|, are second-order tensors defined as

= (DEH\X)E\x + (D0H|X)C|x. (B.16)

=0

DEH|X = ’Q | / |: xem (I + ME) + "‘l’r Curl ME:| dQlM (B17)

1

1
DcH|, = o / [M;:(I + curly Mg) — =kglyxer, (—[y]Z + MC)] dsl,,. (B.18)
ul Q. 2 2

Hence, the inverse of the effective magnetic relative permeability is defined as

1 1 1
Mo = —/ {MWI(I + curly Mc) — =kg[y]<er, (—[y]z - MC)] dsy,,. (B.19)
2] Ja, 2 2

APPENDIX C. ON THE IMPOSITION OF THE VOLUME CONSTRAINT

Here we describe the method for imposing the volume constraint (3.12). The char-
acterisation of the tangent operators (B.3) and (B.7) requires the solution of problems
(4.22) and (4.23), respectively. According to the assumption of periodic micro-structured
material, these problems have to be solved in the space Vf defined in (3.18).

At the algebraic level, after a proper approximation of the functional spaces was intro-
duced, say VP c ij, these problems amount to solve a system of linear equations of the
form

~

AE-E=f-E VEeV’, (C.1)
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where V? is the finite-dimensional space in which the approximate solution is sought,
noting that it contains a boundary constraint related to the periodic assumption, and the
volume constraint (3.12).

Also, (C.1) can be interpreted as follows

AE —f 1L V7©. (C.2)

In practice, the prescription of periodic boundary conditions is relatively straightforward
and does not present challenges for the computational implementation.

In turn, volume constraint (3.12) involves coupling all the degrees of freedom in the
expansion of the approximate solution. One approach to address this problem is to write
an augmented system where the constraint has been removed from the space V¥ using a
Lagrange multiplier, say A € C3. Hence, the augmented algebraic system reads as follows

(Q% g) (Ef;) - (%) ’ (C.3)

where O € C3*? is the null matrix, 0 € C? is the null vector, block matrix B € C3m*3
stands for the discrete counterpart of the average operator, and BY € C3*3 its transpose,
being m the number of independent nodes in the finite element mesh (after removing
the nodes with the periodic boundary condition). Index p indicates that the operator
A, € C*3m and vector f, € C*" have been reduced consistently with the periodic
boundary condition, and therefore, the solution (Ep, A,) € C*™ x C3 corresponds to that
particular choice of boundary conditions.
Manipulating the first equation from (C.3), we get

AE,=f, — B\, (C.4)
then, using the second equation from (C.3), we obtain
B"E,=B"A '(f, — BX,) = 0. (C.5)

The explicit form of the Lagrange multiplier results from solving the following system of
three equations and three unknowns

[B"A 'B]A, =B'A 'f,. (C.6)
That is
A, =[B"A'B]'B"A S, (C.7)
Replacing (C.7) into (C.4) yields
AE,=f,—B[B"A 'B|'B"A'f,, (C.8)

Importantly, it is not necessary to compute the explicit form of A ! Instead, we have to
solve the following auxiliary problems

Ay=f, (C.9)
A,Z =B, (C.10)
where y € C*", and Z € C¥*3, Hence, (C.7) results
A, = [B"Z] "By, (C.11)
and (C.8) becomes
AE, =f,— B[B"Z]'B"y. (C.12)

Note that matrix BYZ € C3*? is not expensive to invert. In turn, problem (C.9) and each
one of the 3 problems (C.10) have the same cost as the original problem, all with size 3m.
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